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Abstract 

Societal, economic, and technological advancements have collectively led to a constant 

increase in the atmospheric CO2 concentration, thus giving rise to concerns about its harmful 

influence on the global climate. Against this backdrop, electrochemical CO2 reduction 

(CO2RR) is one particularly promising approach to alleviate the high CO2 concentration, 

thereby contributing to the closing of the anthropogenic carbon cycle. This process is 

considered appealing as it can be operated with renewable energy sources (wind, solar, etc.). 

However, one of the most challenging aspects of CO2RR is the design and fabrication of stable 

catalysts capable of selectively forming a specific target product at low over-potentials while 

remaining energetically efficient.  

This thesis focused on the development of novel monometallic and binary foam catalysts. In 

addition to developing robust catalysts, the objective was to investigate the transformation of 

the catalysts under reaction conditions through operando techniques complemented by ex-situ 

techniques. These catalysts were prepared by adopting the so-called dynamic hydrogen bubble 

template (DHBT) deposition approach yielding metal foams and revealing porosity on various 

length scales. An open-cell structure of interconnected pores of various sizes on the µm length 

results in a primary porosity, whereas a secondary porosity was found on a nm length scale at 

the dendritic sidewalls of the macro-pores. In this thesis, synthesis protocols for monometallic 

Ag, Cu, and Bi-foams were developed and are presented. A key aspect of improved catalyst 

performances is the catalyst activation via thermal annealing and the subsequent reduction of 

the formed oxidic precursor under operando CO2RR conditions. A variety of advanced 

operando techniques (XAS, XRD, and Raman) were applied to examine the oxidic precursors’ 

potential-dependent stability and to answer the question about the extent to which the oxidic 

species actively participate in the electrocatalytic reaction. The Cu and the Bi foam were 

identified as model systems (i) for a complete oxidemetal transition prior to the CO2RR (Cu) 

and (ii) for a partial oxidemetal transition during initial CO2RR, thus indicating an active 

role of the oxides. 

The preparation of metal foam catalysts could be further extended to bimetallic and binary 

alloy systems with a view to further improving the product selectivity of particular CO2RR 

products targeted in this Ph.D. project (e.g. ethanol, n-propanol, formate, and carbon 

monoxide). Specifically, CuPd alloy and bimetallic CuAg foams were identified as superior 

catalysts for selective n-propanol and ethanol formation, respectively. A detailed study was 

undertaken on the performance of CuIn and CuSn foams in dependence on their chemical 

composition demonstrating characteristic concentration-dependent transitions in the resulting 

product distribution (e.g. from CO to formate).  

Finally, the concept of metal foam electrodeposition was successfully transferred to technical 

support electrodes (carbon papers) which find use as gas diffusion electrodes (GDEs). This is 

considered an important step toward the application of this novel type of catalysts under more 

realistic experimental conditions.     
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1. Motivation

1.1 The Challenge: Rising CO2 Levels and Climate Change 

The rapid increase of the carbon dioxide (CO2) concentration in the atmosphere of our planet 

has resulted in an imbalance in the earth’s energy system.1 This imbalance has exerted adverse 

effects on the global climate, posing major challenges to all societies worldwide. For the 

longest time, the earth’s atmosphere maintained its composition in an entirely natural way, with 

the main constituents of nitrogen (N2: 78.1%), oxygen (O2: 20.5%), and argon (Ar: 0.9%), 

which sum up to 99.5%.2 The other constituents of the atmosphere include traces of CO2, CH4, 

N2O, O3, and water (vapor) accounting for the remaining 0.5% of the gaseous constituents of 

the atmosphere. These atmospheric trace gases are also known as greenhouse gases (GHGs) 

attributed to their capability of absorbing light in the “infrared” region radiated not only by the 

sun (solar radiation) but also by the earth’s surface. An estimate of electromagnetic radiation 

emitted by matter is typically based on Wien’s displacement law which gives the wavelength 

corresponding to the maximum spectral radiance of a blackbody (ideal solid) at a given 

temperature T. 

𝜆𝑚𝑎𝑥 =
𝑐𝑜𝑛𝑠𝑡. 𝐾

𝑇
=

2897.7 𝜇𝑚𝐾

𝑇

Assuming a temperature of ca. 5800 K of the solar surface, Wien’s law predicts a maximum of 

the spectral radiance in the visible range at max  491 nm which indeed finds concurrence with 

the maximum intensity of irradiated light experimentally observed in the solar spectrum.3 

Earth's atmosphere is largely transparent (i.e., ca. 50%) towards solar radiation in the visible 

range. In addition, sunlight is absorbed mainly by the oceans ( 90%) whereas the (ice-free) 

land and in particular polar regions contribute only to a small extent to the absorption of solar 

radiation ( 10%). Herein, the light (energy) is basically transformed into heat (energy) upon 

absorption. Assuming a mean surface temperature of about 289 K Wien’s law predicts a 

maximum of Earth’s spectral radiance in the infrared range (max  10 m). GHGs absorb 

the emitted infrared radiation through excitation of particular vibrational modes (e.g., the 

asymmetric stretch mode in the CO2, see Figure 1.1). By returning to the initial state, the GHGs 

re-emit IR- radiation (energy) in a complete non-directional manner, thus implying that 

Figure 1.1. Representative IR-spectrum of gaseous CO2 (NIST) adapted from Reference 3 showing

characteristic adsorption features in the “infrared” region which are assigned to the excitation of particular 

vibrational modes of the CO2 molecule. The most intense band at 2349 cm-1 can be assigned to the asymmetric 

stretching mode of the linear CO2 molecule (i.e., a major contributor to the capability of CO2 to absorb infrared 

radiation and to trap “heat”).    
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Figure 1.2. Schematic depiction of the so-called greenhouse effect. The maximum intensity of emitted radiation 

has been estimated based on Wien’s displacement law assuming mean temperatures of 5800 K and 298 K for the 

solar and Earth’s surface, respectively. Heat is trapped in Earth’s atmosphere through the absorption of infrared 

radiation (emitted by the Earth’s surface) by the greenhouse gases (GHGs). 

a certain fraction of the IR-radiation re-emitted by the GHGs does not leave the atmosphere to 

escape into space (Figure 1.2). This effect is known as the so-called greenhouse effect (GHE). 

Notably, the (natural) GHE is considered an essential prerequisite for the development of life. 

In the absence of any GHGs in the atmosphere, the mean temperature of the atmosphere would 

range from −15 °C to −21 °C, representing environmental conditions that are harmful to life.  

Starting with the industrial revolution in the second half of the 18th century, the anthropogenic 

(non-natural) effects have led to a steady raise of the CO2 content in our atmosphere due to the 

increasingly excessive combustion of fossil fuels 4 (namely, coal, oil, and natural gas) which 

serve as primary energy sources, even today. A significant percentage, i.e., 87% of today’s 

anthropogenic CO2 emissions originate from the burning of fossil fuels. Other main 

contributors are deforestation (in particular through fire clearance, ca. 9%) and the large-scale 

production of cement (ca. 4%).5Already in the year 1958, the atmospheric CO2 content was 

reported to increase by 47% to a value of ca. 317 ppm (parts per million) compared to the pre-

industrial era (i.e., before 1760; ca. 280 ppm).6 Since the end of the sixties of the last century, 

the CO2 content in our atmosphere has continuously been monitored via a dedicated measuring 

station located at the Mauna Loa observatory in Hawaii. This development can be attributed 

to the pioneering work of Charles Keeling (1928-2005) who developed precise analysis 

instruments and measurement protocols for the quantification of gaseous CO2 in the 

atmosphere. The resulting curve of measured data demonstrating the steady raise in the CO2 

content over time (since 1958) is, thus named after him ( Keeling curve, see Figure 1.3a). 

Reportedly, by 2020, the atmospheric CO2 concentration has already reached a level of 414.5 

ppm, a value which is ca. even 100 ppm above the one at the beginning of the recordings at the 

Mauna Loa observatory thus demonstrating the accelerated release of CO2 into the 
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Figure 1.3. a) So-called Keeling curve measured at the Mauna Loa observatory in Hawaii demonstrating the 

steady increase of the atmospheric CO2 content7 (for details see text); b) Increase of the mean temperatures and 

modelling anthropogenic and non-anthropogenic contributions. Adapted from References 8-9 

atmosphere by human activities. Note that the pronounced oscillations superimposed on the 

steady increase of the CO2 content are due to seasonal changes of the CO2 content in the 

northern hemisphere ( annual cycle of vegetation). Also, note that these oscillations are 

smaller in amplitude and shifted on the time scale when the southern hemisphere is considered. 

The increase of GHG concentrations in the atmosphere inevitably leads to a disturbance of the 

energy balance of our planet and in particular to global warming as a consequence of the 

amplified (anthropogenic) greenhouse effect. The causal relationship between an increased 

atmospheric CO2 concentration and global warming effects is already known to the scientific 

community since the end of the 19th century.  

Systematic meteorological measurements carried out worldwide confirm a steady increase of 

the global mean temperature (atmosphere and Earth’s surface, Figure 1.3b), an effect which 

conveys drastic consequences not only for the global climate but also for our entire ecosystem 

( desertification, extreme weather events, rising sea level, etc.). It should be further noted 

that the primary global warming effect might become further amplified by secondary effects, 

e.g., in the form of an accelerated release of methane due to the unfreezing of the permafrost

in the tundra of the northern hemisphere. Note that methane has a global warming potential 

that is substantially higher than the one of CO2 as it can produce 28 times more heat per mass 

unit, comparatively.10 Methane levels have also started to rise.10 Thus, indicating a drastic 

(negative) impact of the accelerated climate change on the socio-economic conditions 

worldwide. In response to this global threat policy makers and representatives from 197 

countries agreed to undertake measures in order to limit global warming to 2 °C above the pre-

industrial level ( Paris agreement).11 These measures aim at transforming our societies 

comprising the mid- and long-term carbon-neutral measures—a domain which is considered 

a truly intersectoral challenge requiring technology-driven conversions of (i) the energy 

sector, (ii) the industry sector, and (iii) the transportation sector.  

1.2 Approaches towards CO2 fixation and valorization  

To tackle the global CO2 problem a mixture of various approaches needs to be followed and 

realized in parallel to keep the temperature increase below 2 °C above pre-industrial levels. In 
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this context, the reduction or the avoidance of CO2 emissions through the combustion of fossil 

fuels constitutes the highest importance. Further, several concepts and strategies are being 

currently explored aimed at fixing or valorising CO2.
12-14 The latter vision considers CO2 not 

solely as environmentally harmful but as an abundant carbon source that can be used for the 

production of valuable chemicals ( “CO2 to value” concept).15 Irrespective of which concept 

of CO2 fixation/valorization is envisaged, each of these approaches needs to start with the 

capture of gaseous CO2.13 Most (energy) demanding is the capture from ambient air (direct 

air capture: DAC). As an example, Climeworks, a spin-off company from ETHZ, has 

developed and commercialized a DAC process based on amine scrubbing (see: 

https://climeworks.com/; Figure 1.4). Herein, the gaseous CO2 from air is fixed by a reversible 

chemical reaction with primary amines (R-NH2). The CO2 is subsequently released by thermal 

treatment of these chemical CO2 “filters” ( thermal looping).  

The limitation of this particular DAC process, at least from an economic point of view, is 

related to the costs of the thermal looping. As such, the pilot plants for this DAC are operated 

cost-efficiently in particular at sites where an excess of cheap (geo) thermal energy is available 

( Carbfix company in Iceland: https://www.carbfix.com/).16 Concepts of carbon” (CO2) 

capture and sequestration (CCS) on a particularly large scale are often based on long-term 

storage of CO2, e.g. in exhausted gas fields. An appealing alternative is a geological storage 

approach (geo- sequestration) where the CO2 is mineralized in basalts (or other reactive rock 

formations) in the form of carbonates ( Carbfix company). 16  

Figure 1.4. a) Schematic depicting the concept of direct air capture (DAC) based on amine scrubbing and thermal 

looping17Available via license: CC BY 4.0; b) Picture and figures of merit of Climeworks’s CO2 capture pilot plant in 

Hinwil (Switzerland).18 https://www.slideshare.net/IcelandGeothermal/c4-climeworkscapturing-CO2-from-air.

a 

b 

https://climeworks.com/
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In contrast to these storage approaches, CO2 valorization aims at chemically transforming CO2 

into something valuable. Not only the CO2 capture but also the required CO2 reduction is highly 

energy demanding ( highly endergonic, G > 0), as it represents formally the reversal of the 

highly exergonic, (G < 0) combustion of the fossil energy carriers (i.e., coal, oil, and natural 

gas). From a sustainability point of view, any CO2 valorization is therefore meaningful only if 

the energy input required for these endergonic processes originates directly or indirectly from 

renewable sources (i.e., solar, wind, or hydro energy).  

Various concepts of chemical CO2 conversion are being currently explored which differ in their 

technological readiness level (TRL).19-20 Most mature are processes based on classical 

heterogeneous catalysis (catalytic solid/gas systems). Prime examples thereof are the 

production of CO from CO2 via the reverse water-gas shift (RWGS) reaction,21  the synthesis 

of methanol from CO2,
22 and the production of renewable synthetic natural gas (SNG) through 

the hydrogenation of CO2 to methane.23 A major industrial player in this field of heterogeneous 

CO2 catalysis in Switzerland is Clariant located in Basel.  

(https://www.clariant.com/en/Corporate/News/2020/07/Clariant-Catalysts-powers 

Ineratecrsquos-green-fuel-production-technology).24 These processes become appealing not 

only because of the consumption of environmentally harmful CO2 serving as a reactant but also 

due to the sustainable production of the hydrogen required for these processes, e.g. by water 

electrolysis fed by renewable (“green”) electric power.  However, processes based on 

biocatalytic or photocatalytic approaches can be categorized as less mature and are still on an 

explorative stage.25-30 

Figure 1.5. Schematic depicting the overall vision of closing the anthropogenic carbon cycle by the sustainable 

conversion of CO2 into synthetic fuels or chemical feedstock (platform chemical) powered by solar energy (or 

wind, hydro). Adapted from Reference 31 with permission from John Wiley and Sons.

https://www.clariant.com/en/Corporate/News/2020/07/Clariant-Catalysts-powers%20Ineratecrsquos-green-fuel-production-technology
https://www.clariant.com/en/Corporate/News/2020/07/Clariant-Catalysts-powers%20Ineratecrsquos-green-fuel-production-technology
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Electrochemical means of CO2 valorization deserve, however, particular attention. This is 

because electrolysis can transform CO2 directly into value-added products in a fully sustainable 

manner, though notably, provided the required electricity is generated from renewable sources 

(i.e., solar, wind, and hydro).32-34 Figure 1.5 depicts the overall vision of closing the 

anthropogenic carbon cycle through the sustainable production of synthetic fuels and other 

valuable platform chemicals by direct H2O/CO2 co-electrolysis.  

 1.3 Assessment of possible CO2RR target products  

Depending on the catalyst material used (see discussion in section 1.4.3) the CO2RR can yield 

a variety of different reaction products ranging from CO and formate to hydrocarbons 

(methane,35 ethylene,36 ethane,37 propane38) and oxygenates (methanol,39 ethanol,40 n-

propanol41). Even traces of aldehydes have been reported in previous studies.42 Prior to 

initiating with any design of new catalyst materials, apparently it is important to identify the 

possible CO2RR reaction products which are desirable also from an economic point of view. 

Such assessments are highly complex and their outcome strongly depends on the initial 

assumptions these analyses are based on (e.g. electricity costs, product efficiencies, energy 

efficiencies of the overall process, etc.). In collaboration with the group of Thomas Schmidt 

from the Paul Scherrer Institute (PSI) in Villigen (Switzerland), our research group carried out 

an initial assessment in 2015 for the CO2RR.43 The results of this analysis including estimates 

of the production price by electrolysis are summarized in Table 1.     

Several factors are important for the decision on possible target products such as the global 

market size and the expected production costs in comparison to the existing mature processes 

in the industry. Durst et al.43 identified, in particular, CO and formate as potential CO2RR target 

products. In both cases, the electrolysis approach might become competitive to existing mature 

synthesis routes. In addition, the global market size for CO is particularly huge (i.e., ca. 210000 

Mt year-1). This is primarily because CO is a valuable platform chemical used on large scale 

for the production of long-chain hydrocarbons via the so-called Fischer-Tropsch process.44 A 

recent process development by Siemens/Evonik ( Rheticus project)45 already uses CO 

produced by CO2 electrolysis as intermediate for the production of higher alcohols by coupling 

the electrolysis unit to a biotechnological fermentation unit in which anaerobe bacteria 

transform mixtures of CO2/CO/H2 into butanol and hexanol. The latter serve as ingredients for 

the subsequent production of fine- plastics at Evonik.45  

The global market for formate/formic acid is much smaller (ca. 0.8 Mt year-1) compared to the 

one for CO. Formic acid finds wide use as a preservative and antibacterial agent in livestock 

feed. It should be noted that the estimated production costs are already today below the current 

market price. What could be clearly excluded from the list of desirable target products in the 

study by Durst et al. are hydrocarbons like methane and ethylene.43 In this initial assessment, 

C-C coupled alcohols such as ethanol and n-propanol were not included. Both oxygenates are 

liquid CO2RR products (beneficial for transportation purposes) and have an extremely high 

energy density (e.g., n-propanol: 27.0 MJ L−1) which makes them candidates that might be used 

in the future for temporary energy storage purposes or directly as synthetic fuels (see Figure 

1.6).     
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Table 1. Current market price and gross margin for various EC-CO2RR43, 46 

Product Produced by 

Current 

market 

price 

[$ kg-1] 

Current 

production 

volume 

[Mt y-1] 

Production 

price by 

electrolysis 

[$ kg-1] 

H2 
Steam reforming, partial oxidation o 

methane or gasification of coal 
2-4 65 4 

CH4 
Methanogenesis or hydrogenation of 

CO2 
<0.08 2400 2-4 

C2H4 Pyrolysis or vapocracking 0.8-105 141 1.6-3.2 

CO Boudouard reaction 0.65 210000 0.27-0.54 

HCOO‾/ 

HCOOH 

Hydrolysis from methyl formate and 

formamide or by-product of acetic 

acid production 

0.8-1.2 0.8 0.17-0.34 

CH3OH From natural gas, coal biomass, waste 0.4-0.6 100 0.70-1.4 

Figure 1.6 CO2RR products targeted in this Ph.D. project 

Based on these considerations this Ph.D. project was focussed on the CO2RR catalyst 

development/optimization for the production of CO, formate, and higher alcohols (ethanol, n-

propanol) as depicted in Figure 1.6.   

1.4. Thermodynamics and Kinetics Aspects: electrochemical CO2 reduction reaction 

1.4.1 Thermodynamic Aspects 

The discipline of chemistry that deals with the inter-relation of electrical and chemical effects 

are known as electrochemistry. Generally, it involves two types of processes, namely: 

spontaneous and non-spontaneous processes. To conduct these reactions, an electrochemical 

cell is required. An electrochemical cell that involves the generation of electric current as a 

result of the spontaneous reaction is called as galvanic or voltaic cell whereas an electrolytic 

cell involves the non-spontaneous reaction where an external bias is required to drive the 
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electrochemical reaction. An electrochemical reaction constitutes two half-cell reactions 

occurring at two electrodes. One of them is the oxidation (loss of electrons, at the anode) and 

the other one is the reduction (gain of electrons, at the cathode) occurring in two independent 

half-cells separated by ion exchange membrane (or salt bridge). Generally, three electrode 

arrangement is employed to carry out the electrochemical reaction. The electrode at which the 

half-cell reaction of special interest is carried out is referred to as the working electrode (WE), 

while the other is referred to as the counter electrode (CE). In this setup, a third electrode known 

as the reference electrode (RE) is utilized.  Interestingly, in the case of CO2 reduction reaction 

(CO2RR), the WE is the cathode as the reduction reaction is of interest here while at the CE, 

an oxygen evolution reaction typically occurs (OER). 

CO2 is known to be thermodynamically stable (O=C=O) with sp hybridization of the carbon 

atom and delocalized ∏ bond electrons. The C=O bond energy EC=O [187 (2×93.5) Kcal/mol] 

is much higher than the EO=O bond energy [116 (2×58) Kcal/mol] and the EC=C bond energy 

[145 (2×72.5) Kcal/mol].47 Thus, in order to break the C=O double bond a substantial amount 

of energy is required to obtain a certain reaction rate which scales, in an electrochemical 

electrolysis experiment, with the applied overpotential.  

The maximum of reversible work of a thermo-dynamical system at constant temperature and 

pressure that can be gained is represented by the change of the Gibbs free energy (under 

standard conditions, 298.15 K, 1 bar).  

∆𝐺° = ∆𝐻° − 𝑇∆𝑆° (1) 

Here, ∆H represents the enthalpy change, T is the system temperature, and ∆S refers to the 

entropy change. In an electrochemical system, the equation transforms for a reversible reaction 

at constant temperature and pressure to 

  ∆𝐺° = −𝑛𝐹𝐸°                                         (2)  

where n represents the number of transferred electrons, F is the Faradays’ constant (96485.33 

C mol−1), and E° is the standard potential. The reaction becomes spontaneous when the ∆𝐺° 

yields a negative value.  

From thermodynamics, we know that the Gibbs free energy is related to the concentration of 

reactants and products (reaction quotient, Q) and can obtain the relationship between electrode 

potential and reaction quotient, known as the Nernst equation.  

𝐸 = 𝐸° −
𝑅𝑇

𝑛𝐹
ln

𝐶𝑟

𝐶𝑜
(3) 

where Cr / Co is the bulk concentration of Reduced and Oxidized species, E° is the standard 

cell potential, R is the universal gas constant, and n is the number of electrons transferred. 

At standard conditions the conversion of CO2 to various products is an endergonic process, 

which implies that it will take a specific amount of energy to progress, depending on the 

intended product. Knowing the Gibbs free energy change, the corresponding standard electrode 

potential can be calculated. Relevant standard potentials for the OER (oxygen evolution 

reaction), the HER (hydrogen evolution reaction), and for the CO2RR (CO2 reduction reaction) 

products are listed in Table 2.48  



Motivation 

9 | P a g e

Table 2: Half-cell reactions and corresponding standard potentials relevant to the CO2RR. 48-49 

𝑹𝒆𝒂𝒄𝒕𝒊𝒐𝒏 n 𝑬° / 𝑽 𝒗𝒔 𝑺𝑯𝑬 𝑷𝒓𝒐𝒅𝒖𝒄𝒕 

𝟐𝐇𝟐𝐎 → 𝐎𝟐 + 𝟒𝐇 + +𝟒𝐞 − 4 1.23 Oxygen 

𝟐𝐇 + +𝟐𝐞 −→ 𝐇𝟐 2 0 Hydrogen 

𝐂𝐎𝟐 + 𝐞−→ 𝐂𝐎𝟐˙‾ 1 −1.90 CO2 anion radical

𝐂𝐎𝟐 + 𝟐𝐇 + +𝟐𝐞−→ 𝐂𝐎(𝐠) + 𝐇𝟐𝐎 2 −0.10  Carbon monoxide 

𝐂𝐎𝟐 + 𝟐𝐇 + +𝟐𝐞−→ 𝐇𝐂𝐎𝐎𝐇(𝐚𝐪) 2 −0.20 Formic acid 

𝐂𝐎𝟐 + 𝐇𝟐𝐎 + 𝟐𝐞−→ 𝐇𝐂𝐎𝐎 − +𝐎𝐇 − 2 −1.078 Formate 

𝐂𝐎𝟐 + 𝟖𝐇 + +𝟖𝐞−→ 𝐂𝐇𝟒 + 𝟐𝐇𝟐𝐎 8 0.17 Methane 

𝟐𝐂𝐎𝟐 + 𝟏𝟐𝐇 + +𝟏𝟐𝐞−→ 𝐂𝟐𝐇𝟒 + 𝟒𝐇𝟐𝐎 12 0.07 Ethylene 

𝐂𝐎𝟐 + 𝟔𝐇 + +𝟔𝐞−→ 𝐂𝐇𝟑𝐎𝐇 + 𝟒𝐇𝟐𝐎 6 0.030 Methanol 

𝟐𝐂𝐎𝟐 +  𝟏𝟐𝐇 + + 𝟏𝟐𝐞− →  𝐂𝟐𝐇𝟓𝐎𝐇(𝐚𝐪) + 𝟑𝐇𝟐𝐎 12 0.085 Ethanol 

𝟑𝐂𝐎𝟐 +  𝟏𝟖𝐇 + + 𝟏𝟖𝐞− →  𝐂𝟑𝐇𝟕𝐎𝐇(𝐚𝐪) + 𝟓𝐇𝟐𝐎 18 0.09 Propanol 

Note that the OER is the common counter-reaction to the CO2RR in aqueous reaction 

environments no matter which cell design (H-type cell, CO2-fed flow cell) is used. According 

to Table 2, it is obvious that the calculated standard potentials of the CO2RR fall within the 

same potential range as the one for the HER. Already from these thermodynamic 

considerations, the HER is inferred as a parasitic side reaction to the CO2RR, at least when the 

CO2 electrolysis is conducted in an aqueous reaction environment. However, in real electrolysis 

reactions, the CO2RR is typically carried out at substantially more negative (cathodic) 

potentials to account for the enormous kinetic hindrance associated with the CO2 activation.   

The CO2RR is a coupled (multiple) electron/proton transfer reaction (see Table 2). This is the 

reason for the strong pH dependence of this electrolysis reaction. 

Changes of the half-cell potential as a function of the electrolyte pH are displayed for a series 

of different CO2RR products in the form of a so-called Pourbaix diagram (Figure 1.7). Note 

that the slope of the standard potential changes (black solid lines) is the same in most cases as 

the number of transferred protons and electrons is identical for these reactions (see Table 2). 

The formation of formate from CO2 is an exception. The green dotted line in Figure 1.7 

represents the pH-dependent change of the HER half-cell reaction. What is also important for 

the thermodynamic consideration of the system is the stability of the CO2 and its reaction 

products in an aqueous environment. The pH-dependent stability of the carbonic acid (𝐻2𝐶𝑂3), 

the bicarbonate anion (𝐻𝐶𝑂3
−), and the carbonate anion (𝐶𝑂3

2−) are also displayed in the

Pourbaix diagram (see vertical green solid lines) along with the oxidative transformation of 

methanol, one possible CO2RR product (see Table 2), into the CO2 derivatives. Thus, two 

important conclusions can be drawn from the diagram: (i) products of the CO2RR, e.g., 

methanol, can easily be re-oxidized (at least from a thermodynamic point of view) at the anode. 

When considering a real electrolysis cell, a separation between catholyte and anolyte seems 

therefore to me mandatory thus avoiding fast re-oxidation of the formed CO2RR products at 

the anode. (ii) Dissolved CO2 is not stable at high pH values as it transforms into bicarbonate  
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or carbonate under strongly alkaline conditions. Physically dissolved CO2 is typically 

considered as the reactant whereas bicarbonate and carbonate are considered on most 

electrocatalysts as non-reactive. Therefore, it is imperative to study the changes of the solution 

pH during the concerted HER/CO2RR. The parasitic HER will, at least in non-buffered 

systems, inevitably lead to the consumption of protons (or the production of hydroxide anions 

through water splitting) thereby, shifting the pH to higher values and, as a consequence of this, 

further decreasing the concentration of free CO2 in the aqueous electrolyte.     

1.4.2 Kinetic aspects 

In addition to thermodynamics, the kinetic aspects of CO2RR also need to be considered. 

Potentials closer to standard potential computed using thermodynamics considerations are 

required for CO2RR, however, in practice, significant negative potentials are required as 

previously stated. Thermodynamics deals with the equilibrium conditions whereas kinetics 

comes into play when a certain reaction rate is achieved.  In general, the electrode reaction can 

be subdivided into three steps as detailed herein: It starts with the transport of reactant species 

from the bulk electrolyte to the electrode (first mass transfer process), followed by the 

heterogeneous electron transfer at the electrode surface, and completed by the transport of the 

formed product species into the bulk of the electrolyte (second mass transfer process).49  

To drive the non-spontaneous reaction, an excess of energy or overpotential (η =  𝐸 –  𝐸eq , it

is the difference between thermodynamically determined reduction potential and 

experimentally applied/observed potential) is required in order to overcome the resistances or 

energy barriers. The total observed resistance includes the activation overpotential at the 

cathode (Rcathode), the barrier related to OER at the anode (Ranode), ohmic losses due to 

conduction of ion in the bulk electrolyte (Rions), the resistance of the membrane (Rmembrane), 

resistance due to gas evolution (bubble) at the cathode (due to CO and H2)
51 and anode (OER), 

and the resistance associated with the cell components and contacts between these 

components.52-53

At least, upon excluding mass transfer effects on the reaction rate (at low overpotentials, low 

current densities) the current density is solely dependent on the applied overpotential ( pure 

Figure 1.7. Pourbaix diagram for several cathodic and anodic reactions relevant to the CO2 electrolysis at 25 °C 

(source: Hoang Le et al.)https://digitalcommons.lsu.edu/gradschool_theses/605.50 
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charge transfer control). Under these conditions, the current density/overpotential relation can 

be represented by the so-called Butler-Volmer (B-V) equation49  

𝑖 = 𝑖˳[𝑒−
𝛼𝐹𝑧

𝑅𝑇
 𝜂 − 𝑒

(1−𝛼)𝐹𝑧

𝑅𝑇
𝜂]  (4)  

where 𝑧 is the number of electrons involved in the electrode reaction, F is Faraday constant, R 

is the universal gas constant, T is the absolute temperature in K, 𝛼 is charge transfer constant 

or symmetry factor, a dimensionless quantity, 𝑖 is the faradaic current density, 𝑖˳ is the exchange 

current density and 𝜂 is the applied overpotential.  

From Eq. 4, it can be concluded that the lower the exchange current, the higher overpotential 

is required for a certain current impeding the kinetics of the reaction. Limiting case scenarios 

are evident at lower and higher overpotential (𝜂).  

At lower  𝜂: in case of sufficiently low 𝜂, the B-V equation can be expressed as 

𝑖 = −𝑖˳
𝐹𝑧

𝑅𝑇
 𝜂    (5) 

At higher  𝜂: in case of large negative or positive 𝜂, eq. 1.3 transforms into 

𝜂 =
𝑅𝑇

𝑧𝛼𝐹
[ln 𝑖˳ − ln 𝑖]  (6) 

Comparing it with the Tafel equation 𝜂 = 𝑎 + 𝑏 𝑙𝑜𝑔𝑖  (7)   

constants 𝑎 and 𝑏 could be determined as 𝑎 =
2.3 𝑅𝑇

𝑧𝛼𝐹
 𝑙𝑜𝑔𝑖˳ and  𝑏 =

−2.3 𝑅𝑇

𝑧𝛼𝐹
. A plot of 𝑙𝑜𝑔 𝑖

vs. 𝜂, known as the Tafel plot, is useful for the determination of kinetic parameters (asymmetry 

factor, exchange current density).  

1.4.3 Role of catalyst: Classification of metals 

The very first step in the CO2RR entails the reduction of CO2 to CO2
*− that involves a one-

electron transfer to bend the linear molecule, which, in turn, requires higher overpotentials 

(−1.9 V vs SHE).  

Figure 1.8 Schematic representation of the role of catalyst in the CO2 reduction reaction depicting energy profile 

in case of uncatalyzed (grey line) and catalysed reaction (orange line). Catalyst provides an alternative reaction 

pathway accelerating the reaction.  
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Thus, the formation of CO2
*− radical anion is regarded as the rate-determining step (RDS) in 

many studies and requires a proper catalyst to lower the energy barrier while suppressing 

hydrogen evolution reaction (HER). A catalyst accelerates the rate of reaction by reducing the 

activation energy Ea
 (→ Figure 1.8) while itself not undergoing any permanent change. In 

principle, chemical reactions occur faster in the presence of a catalyst because it provides an 

alternative reaction pathway than non-catalyzed reactions with no change in equilibrium. In 

other words, in a catalysed reaction, the overall reaction barrier is lowered by the catalyst, thus 

leading to faster conversion. It occurs by a different energetically favoured reaction pathway 

(Figure 1.8). In addition, the catalyst may further influence product selectivity, in scenarios 

where multiple products are formed. The pioneering work by Hori et al. classified 

monometallic catalysts into subgroups based on their selectivity towards CO2  reduction 

products.42 In Table 3, materials are listed according to the main reaction products formed at a 

current density of 5 mA cm−2. Basically, the metallic catalysts can be divided into four major 

groups according to the observed product selectivity.  

i) Group 1 consisting of Pb, Tl, Hg, Cd, In, and Sn selectively produces formate.

ii) Group 2 consisting of Ag, Au, Pd, Zn, and Ga selectively produces CO.

iii) Group 3 consisting of Ni, Fe, Pt, and Ti selectively produces hydrogen.

iv) Group 4: Cu is the only metal producing hydrocarbons to alcohols; C-C coupling is

possible.

However, this result was obtained on polycrystalline materials. Efforts have been made to 

develop different nanomaterials with different shapes and sizes to improve the selectivity 

toward a certain specified product. 

Catalyst I 

/mAcm−2 

E / V 

RHE 

Faradaic efficiency (%) 

H2 CO HCOO CH4 C2H4 EtOH PrOH Total 

Pb 

Tl 

Hg 

Cd 

In 

Sn 

5 

5 

0.5 

5 

5 

5 

-1.23 

-1.20 

-1.11 

-1.23 

-1.15 

-1.08 

5 

6.2 

0 

9.4 

3.3 

4.6 

0 

0 

0 

13.9 

2.1 

7.1 

97.4 

95.1 

99.5 

78.4 

94.9 

88.4 

0 

0 

0 

1.3 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

102.4 

101.3 

99.5 

103 

100.3 

100.1 

Au 

Ag 

Zn 

Pd 

Ga 

5 

5 

5 

5 

5 

-0.74 

-0.97 

-1.14 

-0.80 

-0.84 

10.2 

12.4 

9.9 

26.2 

79 

87.1 

81.5 

79.4 

28.3 

23.2 

0.7 

0.8 

6.1 

2.8 

0 

0 

0 

0 

2.9 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

98 

94.6 

95.4 

60.2 

102 

Ni 

Fe 

Pt 

Ti 

5 

5 

5 

5 

-1.18 

-0.57 

-0.67 

-1.20 

88.9 

94.8 

95.7 

99.7 

0 

0 

0 

tr. 

1.4 

0 

0.1 

0 

1.8 

0 

0 

0 

0.1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

92.4 

94.8 

95.8 

99.7 

Cu 5 -1.04 20 1.3 9.4 33.3 25.5 5.7 3 103.5 

Table 3:  Transition metals grouped according to their selectivity towards certain CO2RR products, adapted from 

Y. Hori et. al.42 
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Figure 1.9 Volcano plot for some CO producing catalysts, adapted from Kuhl et al.35 

This difference in selectivity can be rationalized based on so-called volcano plots that correlate 

the experimentally derived activity/selectivity of a given catalyst to a key descriptor of the 

reaction of interest. The latter is often derived from modeling / (DFT) calculations. An example 

from the literature is given in Figure 1.9 relating the CO2RR current density at a given 

electrolysis potential to the binding strength of CO which is considered as a key intermediate 

for multiple CO2RR products. According to the Sabatier principle, an effective catalyst should 

bind the reactant and the formed intermediates in a highly balanced manner. A binding that is 

too strong might lead to an irreversible poisoning (chemical degradation) of the catalyst. At the 

same time, in case the binding of the catalyst to the reactant is too weak, no reaction might be 

initiated at all. The catalysts included in the volcano plot in Figure 1.9 can be classified into 

three categories.  

Those located on the right-hand side of the volcano maximum (e.g., Au, Ag  weak CO 

binding) demonstrate a high selectivity towards CO as a CO2RR product. Due to its weak 

binding to the catalyst, the formed CO is easily released from the catalyst surface. Those 

catalysts located on the left-hand side of the volcano maximum (e.g., Ni, Pt  extremely strong 

CO binding) tend to get irreversibly poisoned by the CO intermediate. The main electrolysis 

reaction product in these cases is hydrogen. Only copper demonstrates a balanced interaction 

of the CO intermediate to the catalyst surface (close to the volcano maximum on the high 

binding energy side) thus explaining why Cu is capable to transform CO further into 

hydrocarbons (increased residence time of CO on the catalyst surface) and why Cu even allows 

the C-C coupling reactions. For the latter, a high abundance of chemisorbed CO on the catalyst 

surface is required. 

1.4.4 CO2RR possible reaction pathways 

CO2RR occurs at the interface between the electrode (catalyst) and electrolyte, therefore, 

involves three steps: CO2 chemisorption taking place at electrode surface followed by coupled 

electron/proton transfer forming key intermediates and the subsequent desorption of products 

from the catalyst surface. As several products can be formed in CO2RR, there are various 

possible pathways for obtaining a certain product. Previous literature shows that extensive  
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Figure 1.10 Reaction pathway for the formation of CO on a catalyst. Adapted from References54-56 . One 

pathway could be direct conversion to *COOH (top row) and the other one is through CO2*- (bottom).

efforts have been made to explore the mechanism of CO2 activation and reduction. 

Products such as CO, formate involving two-electron transfers are rather quite simpler and 

better explored than the ones involving more than two-electron transfers or complex C-C 

coupling (hydrocarbons and oxygenates). The reaction pathway for CO formation is depicted 

in Figure 1.10. CO2 to CO conversion involves the formation of carboxyl intermediate 

(*COOH) via concerted proton-electron transfer. Subsequently, a second coupled proton-

electron transfer (H+/e−) attacks the oxygen atom (OH) of carboxyl intermediate, and yielding 

CO and H2O (top row of the figure). Finally, the formed CO gets desorbs from the electrode 

surface as explained in the previous section.54In this mechanism, conversion of CO2 to form 

carboxyl intermediate (*COOH) and desorption of CO from the catalyst surface were assumed 

to be the limiting step.57 Alternatively, another pathway suggested electron transfer that gives 

CO2*
- radical anion adsorbed on the surface followed by proton absorption deriving to the 

carboxyl intermediate (*COOH, bottom row) (i.e., Ag, Au). The formation of CO2*
- radical 

anion is considered a rate-determining step in the CO formation. Both of the mentioned 

pathways were suggested to show dependencies on pH promoting the yield of *COOH over 

*CO with the increase in pH or pressure.58

Mechanistic investigations have revealed four different reaction pathways for formate 

formation (Figure 1.11). The reaction route is determined by a catalyst's capacity to adsorb and 

desorb particular reaction intermediates. Some of the reaction intermediates involve the CO2 

insertion, an O-bond intermediate, C-bound intermediate, or bicarbonate as intermediate.59 

CO2 insertion into the metal-hydrogen (M-H) bond could be one of the possible mechanisms 

to form *HCOO intermediate and subsequently followed by *HCOO reduction to form HCOOH 

(Figure 1.11 top route).55 This mechanism occurs on Pd-based catalysts.60 Pd has a strong 

binding affinity towards hydrogen so that H2 gets absorbed in the Pd lattice and the β-hydride 

formation takes place on the surface giving PdHx when driven at the potentials of <0 V vs. 

RHE.60 Consequently this surface hydride PdHx will carry out the further reaction to form 
*HCOO from CO2 thereby leading to the final product which is formic acid at low

overpotential.61-62

In particular, oxophilic (non-transition) metals (e.g., Sn, In) 63-64 favor those CO2RR reaction 

pathways that involve reductive CO2 adsorption via metal-oxygen (M-O) coordination.  
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Figure 1.11 Reaction pathway for the formation of HCOO- on a catalyst.Adapted from References56, 65. Top 

row suggests the pathway via CO2 insertion into M-H bond; the second pathway is via M-O coordination 

(middle row); an M-C bound pathway (bottom row) yielding formate. Formic acid can be subsequently formed 

via H+/ e- transfer or depending on pH. 

The first electron is transferred to CO2 forms a weakly adsorbed CO2
*−radical anion 

intermediate (Figure 1.11, middle route). Followed by the transfer of protons and electrons 

from the reaction occurring between the CO2
*−radical and proton donors like water, 

bicarbonate, and hydronium ions which in turn form formate.58, 60  In the M-O reaction 

pathway, HCOO* species emerged as the key intermediate for formate production. 

When the reaction pathway involves C bound, the CO2
*−radical anion gets attached by the C-

atom on the catalyst surface (Figure 1.11, bottom route). Followed by the interaction of this 

radical anion with H+, it yields to adsorbed *COOH. Finally, *COOH gets reduced to 

HCOO−/HCOOH. However, the *COOH intermediate decomposes into M-H+ CO2 or loses 

OH− through a nucleophilic attack to form the M-C=O + intermediate as it is unstable.66 This 

mechanism is likely to happen in carbophilic catalysts (i.e., Cu- and Ru) attributed to their basic 

natures and because the bond formed by electron transfer from CO2 to unoccupied metal 

orbitals is stabilized by back-donation from the d orbitals of the metal atom.59 

Another pathway involves adsorbed *OH and CO2 to form the adsorbed bicarbonate (CO3H*) 

species.67-68 Afterward, the reaction intermediate interacts with H+ and receives an electron to 

form *HCOO and *OH. When *HCOO undergoes reduction by taking up another electron, 

HCOOH is readily released. Catalysts with relatively high *OH binding strengths (like Bi-Sn, 

PdSnO2) 
67, 69are likely to show these reaction pathways. In the same vein, a recent report on 

BixOy reported a sub-carbonate pathway for formate.70 

The reaction route for C1 and C2 formation with more than two electrons transfer is even more 

complicated. Among C1 products, CH4 and CH3OH formation are quite complex as it requires 

8 and 6 electrons, respectively. Figure 1.12 depicts the mechanism for CH4, CH3OH, C2H4 

formation. *CO is a key descriptor towards C1 and C2 formation. There are two pathways for 

CH4 formation either by *HCO (middle route) or *COH (bottom route) routes. *CO can 

subsequently undergo hydrogenation to form *HCO, *H2CO, and *H3CO (methoxy). The  
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Figure 1.12 Reaction pathway for the C1 (CH4 & CH3OH) and C2 (C2H4) formation on a catalyst. Adapted 
from References 55-56, 71-72. Scheme A, B, and C show routes for the formation of CH3OH, CH4, and C2H4

respectively. 

methoxy intermediate can be reduced to CH4 and *O. Alternatively, *H3CO can also further 

get reduced to yield methanol CH3OH. Another possible route, as proposed, is via *COH 

intermediate formation which is further reduced to an adsorbed C. This surface C can further 

get reduced to form *CH, *CH2, *CH3, and finally yield CH4. Poorly oxophilic catalyst (Au) 

material is seen to yield CH3OH whereas strongly oxophilic catalyst is reported to produce 

CH4. Different possible pathways have been reported in the past few decades for C2 formation 

by mechanistic and theoretical elucidations. For example, ethylene (C2H4) formation occurs 

via the coupling of *CH2 species. An alternative pathway suggested dimerization of *CO which 

transforms to give C2O2
-, subsequently protonated to *CO-COH yielding higher carbon chain 

products.55, 73

1.4.5 Aim of the thesis 

This Ph.D. thesis focuses on the development of novel high surface area catalysts for 

electrochemical CO2 reduction. Novel metallic catalysts were synthesized by means of the 

dynamic hydrogen bubble template-assisted electrodeposition process. This method was 

employed to prepare monometallic and binary catalysts as well. An extensive investigation was 

done on the performance of the catalyst during the course of CO2RR through various 

characterization tools. Additionally, the role of oxides was studied by ex-situ and in-situ 

operando measurements. With the aim of up-scaling the process, the deposition method was 

successfully transferred to the 3D substrate such as gas diffusion electrodes (GDE) which is 

generally used in the flow cell. Other non-aqueous systems (i.e., ionic liquids) were also 

explored for the CO2 reduction process. 
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2a. Result and Discussion - Monometallic and Binary Systems 

2.1 CO2 electrolysis – Complementary operando XRD, XAS, and Raman spectroscopy 

study on the stability of CuxO foam catalysts 

In this study, the aim was to evaluate the stability of oxidic copper (CuxO) foam catalysts via 

the operando analysis techniques during CO2 electrolysis. As such, in this experiment based 

study, the potential-dependent changes of the chemical states of Cu species in the copper oxide 

foam catalyst were monitored through employing the advanced operando X-ray absorption 

spectroscopy (XAS), X-ray diffraction (XRD), and Raman spectroscopy. Cu and Cu based 

catalysts have gained significant attention particularly because of their capability to allow for 

C-C coupling reactions resulting in hydrocarbon and oxygenate products. Previous reports have 

suggested that the pre-treatment of the Cu catalyst affects not only the electrocatalytic activity 

but the resulting product distribution.1-3 Most of these strategies entail the formation of an oxide 

layer on the catalyst surface, namely, by oxygen plasma treatment1, 4, chemical oxidation5, and 

thermal annealing3, 6-8. It is important to note that such formed cuprous and cupric oxides (Cu2O 

or CuO) are thermodynamically unstable under harsh conditions during CO2RR thereby 

leading to oxide-derived Cu catalyst. However, there is still a lack of general consensus on the 

stability of surface oxides and the presence of sub-surface oxygen under harsh cathodic 

conditions, and their specific role in the resulting product distribution. For this reason, Cu 

foams were first electrodeposited on conductive graphite foil and subsequently annealed at 300 

°C (12 h) in the air thus yielding CuxO foams serving as precursors for the catalyst activations 

under CO2RR conditions. 

Ex-situ characterization 

Cu foams show a hierarchical porous structure yielding an architecture of interconnected open 

cell pores with a diameter ranging from 15 to 25 µm. Figure 2.11 depicts the SEM micrographs 

of an as-deposited Cu foam (panel a,b) and the same foam after the process of thermal 

annealing (panel c,d). The walls of the pores are composed of dendritic Cu structures thus 

introducing a secondary porosity into the foam structure. An important outcome of our studies 

is that the primary macro-porosity (pores) does not get affected by the thermal annealing,  

Figure 2.11. SEM micrographs of the (a,b) as-deposited Cu foam (5 s deposition time at −3 A cm−2); (c,d) 

Thermally annealed Cu foam (300 °C, 12 h) denoted as CuxO foam; (e) X-ray diffractograms of the as-

deposited (red) and the thermally annealed (blue) Cu foam.Readapted with permissions from Journal of 
Catalysis389(2020)592–603.0021-9517/©2020 Elsevier Inc. All rights reserved 
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whereas, the sidewalls of the pores undergo substantial structural alterations. Prior to the 

annealing, individual dendrites were composed of Cu nanoparticles—revealing well-defined 

surface facets (Figure2.11 b), and in contrast, a coalescence of the faceted nano-crystallites 

(Figure2.11 d) was observed after the thermal treatment. These morphological alterations can 

be attributed to the formation of intermixed CuO/Cu2O composite (denoted as CuxO). XRD 

analysis further supports the presence of face centred cubic (fcc) Cu and cuprous oxide (Cu2O) 

(Figure 2.11 e). The cuprous oxide, visible in the diffractogram of the as-prepared sample, can 

be attributed to surface-confined oxides. Note that Cu foams are prone to surface oxidation 

right after their emersion from the plating bath. After the thermal treatment, the diffraction 

peaks corresponding to metallic Cu present in the as-prepared sample have completely 

disappeared transforming it to the oxidic CuxO composite (i.e., a mixture of Cu2O & CuO).     

Product distribution 

Annealed Cu foam catalysts were screened for their electrocatalytic activity by potentiostatic 

electrolysis experiments in the potential range from +0.07 V to −0.87 V vs. RHE. The product 

distribution of the CO2 reduction reaction (CO2RR) of the annealed Cu foam is represented in 

terms of partial current density (PCD) for CO2RR products (Figure 2.12 a). CO is the primary 

product in low overpotential region reaching up to FECO = 28% at −0.27 V vs. RHE with jCO = 

−0.05 mA cm−2 (Figure 2.12 a,b). Formate was also detected in minor amounts (ca.10 %). C2 

formation started only at −0.67 V vs. RHE where FEC2H4 = 6% with jC2H4 = −0.47 mA cm−2 

and ethane (jC2H6 = −0.62 mA cm−2, FEC2H6 = 8%) were detected using the annealed catalyst. It 

is worth mentioning that the C1 pathway is fully blocked on the oxide-derived Cu foam catalyst 

(methane and methanol). The partial current density for ethanol formation increases from jEtOH 

= −0.86 mA cm−2 (FEEtOH = 5%) at −0.77 V vs. RHE to jEtOH = −1.61 mA cm−2 (FEEtOH = 6.7%) 

at −0.87 V vs. RHE (Figure 2.12c). The partial current density for n-propanol formation reaches 

a value of jPrOH = −1.72 mA cm−2 (FEPrOH = 7.1%) at −0.87 V vs. RHE. 

Figure 2.12. Product distribution after 1 h CO2RR electrolysis carried out in CO2-saturated 0.5 M KHCO3 using 

the CuxO foam (300 °C, 12 h, in the air) as the catalyst; (a) CO2RR product distribution represented as partial 

current densities; (b) CO2RR product distribution represented as faradaic efficiencies (FEs); (c) Faradaic 

efficiencies for alcohol formation (EtOH, n-PrOH, and total alcohol efficiency) highlighted for two selected 

electrolysis potentials. Reprinted with permissions from Journal of Catalysis 389 (2020) 592–603. 0021-9517/©
2020 Elsevier Inc. All rights reserved
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Operando analysis 

To probe changes in the chemical state of copper species prior to and during CO2RR, operando 

XAS, XRD, and Raman techniques were employed. Cu K-edge Quick-XAS measurements 

were conducted in CO2-saturated 0.5 M KHCO3 for both the annealed foam and as-deposited 

sample. Note that within the entire range of potentials applied, no significant changes in the 

electronic state of copper were found for the as-deposited Cu foam sample. Cu K-edge XANES 

(X-ray Absorption Near Edge Spectroscopy) spectra of the CuxO foam clearly depicts changes 

in the potential-dependent redox state of Cu species (Figure 2.13 a). The lowering of the CuxO 

foam mediated by the applied electrode potential is clearly seen by the trend of lowering Cu 

K-edge (transition) energies by applying higher negative (cathodic) potentials. Clearly, this 

chemical transition has already been accomplished at more positive potentials than the onset 

of hydrocarbon and alcohol production. Figure 2.13b depicts changes of the Cu(0), Cu(I), and 

Cu(II) contents in the CuxO foam as a function of the potential applied. According to the linear 

combination fitting (LCF) analysis, the CuxO foam at +0.6 V vs. RHE predominantly consists 

of Cu(II) species, which are attributed to cupric CuO, whereas only a small amount of Cu(I) 

(25–35 wt%) is assigned to cuprous Cu2O.  Cu(II) and Cu(I) species are in principle preserved 

in the range between 0 and 0.6 V vs. RHE. However, their relative abundance, changes, suggest 

a potential-induced shift from Cu (II) to Cu(I) prior to the reduction of the oxidic precursor to 

metallic Cu(0) which starts in the ‘bulk’ of the foam material at 0 V vs. RHE(Figure 2.13b).  

Figure 2.13. Survey of experimental operando results demonstrating the potential-dependent oxide-metal 

transition of the catalyst precursor (CuxO foam) in CO2-saturated 0.5 M KHCO3; (a) Operando XANES spectra 

(Cu K-edge); (b) relative content of Cu species: Cu(0), Cu(I), and Cu(II) derived from a linear combination fitting 

(LCF) of the XANES spectra shown in (a)); (c) Operando grazing-incidence X-ray diffractograms of the 

Cu2O(220) and Cu(200) reflections; (d) Integrated and normalized intensities of the diffractograms shown in (c); 

(e) Corresponding operando Raman spectra; (f) Integrated and normalized peak intensities of the Cu2O related 

Raman peaks (518 cm−1 and 624 cm−1) shown in (e).Reprinted with permissions from Journal of Catalysis 389 
(2020)592–603. 0021-9517/©2020 Elsevier Inc. All rights reserved 
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Cu(II) abundance reduces to zero at potentials below 0 V vs. RHE, but Cu(I) species are present 

in the bulk down to −0.5 V vs. RHE. The rise in Cu(0) abundance is obviously anti-correlated 

with the potential-dependent drop in Cu(I) content below 0 V vs. RHE. (Figure 2.13 b). The 

bulk transition from the oxidic precursor to metallic Cu is accomplished at approximately −0.7 

V vs. RHE.  

Furthermore, the structural transition of the Cu2O/CuO composite to the metallic fcc Cu was 

studied by operando XRD in gracing incidence geometry.9 Figure 2.13 c presents the evolution 

of the Cu2O(220) (fingerprint for the oxide precursor) and Cu(200) (fingerprint for the metallic 

fcc Cu) diffraction peaks. Interestingly, with the gradual shift in potentials from +0.5 V to +0.2 

V vs. RHE, the integrated intensity of the Cu2O(220) diffraction peak first increases. This trend 

is consistent with the hypothesis of an intermediate crystalline Cu2O phase accumulating in the 

foam material during the first stage of the oxide-metal transition at the cost of the partly 

amorphous/crystalline CuO phase. At −0.4 V vs. RHE, the extinction of the Cu2O associated 

diffraction pattern with negative going potentials is already complete (Figure 2.13 d), whereas 

the XAS experiment indicates the presence of Cu(I) species for potentials down to −0.8 V vs. 

RHE (Figure 2.13 b). This deviation in the potential dependent stability of Cu(I) species is most 

likely related to the intrinsic characteristics of both operando techniques. 

On the other hand, operando Raman is a more surface-sensitive technique unlike the other two 

which are more sensitive to the bulk of the catalyst. Raman modes observed at 148 cm−1, 518 

cm−1, and 624 cm−1 are ascribed to cuprous oxide species (Cu2O), whereas peaks at 298 cm−1 

and 346 cm−1 are assigned to cupric oxide.10-12 The CuO-related vibrational modes have totally 

vanished from the spectrum after being exposed to the electrolyte at OCP. Only vibrational 

modes of cuprous oxide (Cu2O) remain, revealing that in the early stage of the potential step 

experiment shown in Figure 2.13 e, the catalyst precursor surface is solely terminated by Cu(I) 

species. Notably, no such changes were found in the related XRD and XAS studies, indicating 

once more that these methods are essentially indifferent to the catalyst surface when applied to 

foam-type materials. The vibrational modes at 518 cm−1 and 624 cm−1 as spectroscopic 

fingerprints for the existence of cupric surface oxide species in the Raman spectra for 

quantitative investigation.

Their integrated intensities as a function of applied voltage are shown in Figure 2.13 f. The 

general pattern of decreasing integrated intensities with decreasing applied potentials is deemed 

to be qualitatively comparable to that of operando XRD (Figure 2.13 d). Slight differences 

were observed in the first stage of the oxide reduction process in the potential range of +0.5 V 

to +0.1 V vs. RHE, where the XRD reveals an early increase in the Cu2O(220) associated 

intensities passing a maximum at +0.1 V vs. RHE (Figure 2.13d). This trend can be attributed 

to a temporary rise in Cu2O concentration in the bulk of the foam material, which resulted from 

the partial reduction of amorphous CuO phases. It should be noted that this transformation 

occurred spontaneously at the surface when it came into touch with the electrolyte. Clearly, the 

‘surface oxide reduction' occurs faster and at somewhat more positive potentials than the 

comparable transition of the oxidic ‘bulk phases' investigated by operando XAS and XRD. The 

disappearance of the Cu(I) in the XAS experiment (Figure 2.13 b) was delayed (on the potential 

scale), implying that the decrease of residual Cu(I) in the final state of the transition process 
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(between −0.3 and −0.6 V vs. RHE) happens from a substantially disordered state that is still 

identifiable by the XAS but undetectable in the XRD. 

At a potential of +0.1 V vs. RHE, concerted chemisorption processes of carbonate/bicarbonate 

and CO2 related species are set in (highlighted green in Figure 2.13e and f). This includes the 

emergence of Raman characteristics at 283 cm−1/353 cm−1, which are typically attributed to 

Cu(0)–CO vibrational modes with metallic Cu as a binding partner.13-15 This observation led 

us to the conclusion that carbonate/bicarbonate and CO2 related species preferentially 

chemisorb on metallic Cu domains, which co-exist at these potentials (+0.1 V vs. RHE) with 

surface domains of cuprous Cu2O (Figure 2.13e). These surface-confined reactions were 

undetectable by the operando XAS and XRD at most positive applied potentials. With the 

potential-dependent CO2RR product distribution shown in Figure 2.12, it is clear that when 

significant CO evolution occurs at applied potentials close to −0.3 V vs. RHE (Figure 2.12b), 

neither CuO nor Cu2O species are detected at the catalyst surface. In the early stages of CO2RR, 

the foam as a whole must be treated as a mixed metal/oxide composite.  

We, therefore, conclude: All of the operando methods used herein indicate that the oxide 

is completely reduced to the Cu metallic state before the hydrocarbon and alcohol 

formation sets in. 

2.2 A Tandem (Bi2O3 → Bimet) catalyst for highly efficient ec-CO2 conversion into 

formate: Operando Raman spectroscopic evidence for a reaction pathway change 

Formate is one of the targeted CO2RR products that finds use in various industrial processes. 
Among the formate forming catalysts, Bi- and Bi-based materials are unique, particularly 

because of their ability to stabilize the adsorbed CO2 that is considered as a key intermediate 

in the reaction pathway towards formate formation16-18. Herein, we present Bi-foam catalysts 

prepared by the additive-assisted dynamic hydrogen bubble template (DHBT) method applied 

on carbon cloth (GDE) substrate which often finds use in electrolyzer systems. The 

electrodeposited Bi foams were further subjected to thermal annealing at 300 °C for 12 h (→ 

in air). Intermediate oxide species seem to play a crucial role in formate formation. However, 

to which extent these oxides play a role, is still unclear. To address the issue, the performance 

of as-prepared (ap) Bi/BixOy foams and the thermally annealed Bi2O3 foam catalysts was 

studied in detail.  

Synthesis and ex-situ characterization 

Figure 2.21. Scheme depicting the additive-assisted DHBT electrodeposition approach on the carbon cloth 

support (gas diffusion electrodes, GDE).19 Reprinted with permissions from ACS Catal. 2021, 11, 4988−5003, 
Copyright ©2021 AmericanChemical Society



Result and Discussion 

26 | P a g e

Firstly, Bi foams were deposited on planar copper (Cu) and graphite foil (C) supports. 

Following this, Bi foam deposition was successfully transferred to gas diffusion electrodes 

(GDE). The deposition mechanism involves the hydrogen evolution reaction (HER) along with 

the metal deposition (MD) process. Under the applied harsh conditions (−3 A cm−2) in a highly 

acidic environment (1.5 M H2SO4), HER relies on the superposition of proton reduction and 

water splitting (Figure2.21). The so forth prepared ap Bi/BixOy and annealed BixOy deposited 

on Cu foil and GDE (denoted by Bi/BixOy@Cu and Bi/BixOy@GDE) were characterized by 

employing SEM, XRD, and XPS measurements. The thickness of the ap foams and the 

respective size distribution of the surface pores increases with elapsed deposition time. 

Side-view micrographs showing the increase in thickness with the deposition time is depicted 

in Figure 2.22(a-d). Top- down SEM images of the four different deposition times on GDE (ap 

Bi/BixOy@GDE) are shown in Figure 2.22(e-l). The support material does not affect the 

dendritic nature (secondary nanoscale porosity) of pore side walls. However, the primary 

macroporosity was seen to experience alterations when changing the support material. This can 

be rationalized as the ratio of faradaic efficiencies (FEH2/FEBi) and so-called “bubble break-off 

diameter” both depend on the choice of the support material (chemical nature and surface 

morphology). Generally, the pore size distribution of the Bi foam is broader and less well 

defined compared to the planar Cu and C foil substrates. Due to the rough surface of the GDE, 

the formed hydrogen bubbles tend to be more stable and further coalesce resulting in bigger 

surface pores compared to the planar Cu and C foil supports. Both sides of the GDE used here 

were coated with a microporous carbon layer (C-MPL, →Figure2.21). 

Figure 2.22. (a-d) Side-view micrographs of the with an increase in deposition time (5s, 20s, 30s, 40s) denoted 

as ap Bi/BixOy@Cu; (e-l) ap Bi/BixOy foam deposited on a carbon fiber cloth support (denoted Bi/

BixOy@GDE); (m) XRD inspection of the Bi foam (20 s) denoted by numbers according to their preparation 

stage.Readapted with permissions from ACS Catal. 2021, 11, 4988−5003, Copyright ©2021 American Chemical 
Society
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This study was restricted to foams obtained by 20s of deposition yielding a thickness of ∼44 

μm (→Figure 2.22 b). XRD analysis of the Bi foams in three distinct preparation stages is 

shown in Figure 2.22(m). The diffraction pattern of the ap sample is dominated by features of 

polycrystalline Bi (rhombohedral crystal structure, space group P21/c denoted by no.1).20-22 

Additionally, minor contributions from α-Bi2O3 were observed—most likely because of the 

surface oxidation. The diffraction pattern of the thermally annealed sample exclusively shows 

the contribution from the monoclinic α-Bi2O3 phase. Note that this change from the ap sample 

to the thermally annealed sample can be seen in the form of color change from black (ap 

Bi/BixOy) to yellow (Bi2O3). Post-electrolysis XRD inspection (after 1 h at −1.0 V vs RHE in 

CO2-sat. 0.5 M KHCO3) suggests an electro-reduction of the α-Bi2O3 bulk phase back into 

metallic Bi. 

XPS analysis shows features related to Bi(III) species (162.1 eV) with minimal contribution of 

Bi(0) (156.8 eV) in the ap catalyst. The appearance of these peaks can be assigned to 

photoemission from the near-surface ‘bulk’ of the metallic Bi foam. After the annealing, the 

ap Bi/BixOy completely transforms into fully oxidized α-Bi2O3, thus eliminating the 

contribution from Bi(0). Post-electrolysis XPS analysis of the foam sample indicates the re-

appearance of satellite peaks corresponding to Bi(0). The O1s spectrum shows the presence of 

two different oxygen components, attributed to Bi−OH (BE (O1s) = 530.7 eV) and oxidic Bi−O 

species (BE (O1s) = 529.5 eV) in all of the preparation stages.  

Potential dependent operando Raman spectroscopy 

A deeper insight into surface oxide to metallic transitions can be studied by employing 

operando Raman spectroscopy. Three types of Raman bands were observed (i) strong Raman 

bands appearing at wavenumbers < 120 cm−1, typically assigned to displacements of cationic-

Bi(III)-entities with regard to the surrounding oxide matrix (at 119 cm−1)23; (ii) weaker bands 

appearing between 120 and 155 cm−1 due to the concerted vibrational motions of binuclear Bi-

O entities22, 24; and vibrational modes of mononuclear −O− entities typically found at 

wavenumbers>155 cm−1 (Bi−O stretching mode at 313 cm−1).23, 25-26 Figure 2.23 (a,b) depicts 

potential dependent Raman spectra of Bi2O3 foam in Ar- saturated and CO2  saturated  

Figure 2.23. Series of potential dependent Raman spectra showing the (oxide → metal) transition of the Bi2O3 

foam; the holding time at each potential was 3 min; (a) Ar-sat. 0.5 M KHCO3 solution; (b) CO2-sat. 0.5 M 

KHCO3 solution; (c) Normalized integrated intensities of the Raman peaks for CO2 saturated solution.Reprinted 
with permissions from ACS Catal. 2021, 11, 4988−5003, Copyright ©2021 American Chemical Society
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0.5 M KHCO3. All Raman features at 119, 313, and 475 cm−1, attributed to the Bi2O3 phase are 

preserved in the Ar- sat. bicarbonate solution. In addition, a new strong Raman feature appears 

at 162 cm−1 (red in panel a) which is assigned to the so-called sub-carbonate species present 

even at the OCP through the partial surface exchange of oxidic Bi−O or Bi−OH species by 

Bi−CO3−Bi ensembles according to Bi2O3 + CO2 → (BiO)2CO3.

The formation of sub-carbonate species can be accounted by the direct adsorption of either 

dissolved CO2 or the bicarbonate anion on the Bi2O3 foam. Obviously, with the gradual increase 

in potential (OCP of ca. +0.60 V to −0.9 V vs. RHE), both the oxide and sub-carbonate related 

Raman features disappear (→Figure 2.23 panel a). The intensity of sub-carbonate features at 

162 cm−1 becomes much more pronounced in the case of CO2- sat. electrolyte (→Figure 2.23-

panel b) compared to Ar- sat. electrolyte. These results suggest the CO2 adsorption on Bi2O3 

prior to actual CO2RR onset. Further, the pronounced intensity of sub-carbonate species 

suggests that this CO2 embedment into the oxide precursor is not only restricted to the 

outermost catalyst surface but also extends into the near-surface bulk of the catalyst. 

Quantitatively, oxide/sub-carbonate to metal transition can be explained in terms of their 

normalized intensities as a function of potential (→Figure 2.23-panel c). This data suggests 

that the oxide to the metal transition of Bi2O3 foam was completed at −0.8 V vs. RHE, whereas 

sub-carbonate species started to decrease at −0.6 V vs. RHE, thus depicting quasi-plateau 

behavior. All the oxides/sub-carbonate species got completely reduced at reductive potentials 

of −1.0 V vs. RHE resulting in oxide sub-carbonate derived catalyst (oc-d) at more cathodic 

potentials. 

Electrochemical characterization- CO2 electrolysis 

In order to test the performance of the catalyst, electrolysis experiments were conducted in a 

broad potential window from −0.3 V to −2.0 V vs. RHE (presented in Figure 2.24 for the ap 

Bi/BixOy, annealed Bi2O3, and Bi foil as reference). The product selectivity is represented in 

terms of the faradic efficiency (Figure 2.24 a) and the corresponding partial current density of 

formate is plotted in panel b of Figure 2.24. In this work, only hydrogen and formate were 

obtained as the main electrolysis products. The Bi foil (reference) exhibits a characteristic peak 

Figure 2.24. Potential dependent product distribution of the Bi 2O3/oc-d Bi foam, ap Bi/BixOy, and Bi foil in 

terms of (a) FE vs. E plot; (b) Partial current densities of formate vs. E.Reprinted with permissions from ACS 
Catal. 2021, 11, 4988−5003, Copyright ©2021 American Chemical Society
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like behavior with a maximum formate efficiency of FEformate =55 % and PCD formate = − 2.92 

mA cm−2 at −0.8 V vs. RHE. Apparently, both the ap Bi/BixOy and the Bi2O3/oc-d Bi exhibit 

excellent activity for formate reaching even FEs of ∼100% within an extended plateau regime. 

This plateau extends to 1100 mV (from −0.4 V to −1.5 V vs. RHE) in the case of Bi2O3/oc-d 

Bi foam whereas it is only 800 mV broad (from −0.7 V to −1.5 V vs. RHE) in the case of ap 

Bi/BixOy foam. This difference in the potential-dependent product selectivity suggests an extra 

reaction formate reaction pathway on the oxide/subcarbonate/ Bimet composite at these low 

overpotentials that is not active on the ap Bi/BixOy catalyst. The difference in the product 

selectivity can also be concluded from PCDs for polycrystalline Bi catalyst and the foam 

catalyst (Figure 2.24 b). The latter shows PCDformate reaching a value of – 88.4 mA cm−2 which 

is significantly higher compared to the planar Bi foil with PCD –7.27 mA cm−2 (–1.2 V vs. 

RHE). The ap foam catalyst exhibits slighter lower PCDs with maximum of –79.72 mA cm−2. 

This trend is due to the increased electrochemically active surface area (ECSA) after the 

reduction of the “bulk” oxide phases. Besides product distribution and selectivity, durability is 

one of the most important characteristics of high-performance catalysts. To demonstrate the 

excellent stability of the Bi2O3 foam, extended electrolysis over 100 h was conducted at low 

(−0.6 V) and higher overpotentials (−1.0 V). At −0.6 V vs. RHE, values of FEformate decline 

only by 10% from an initial value of 97.3% to a final 89.1% whereas at high potential (−1.0 V) 

FEformate decays from 91.7% to 79.1% over 100 h of electrolysis. These results were further 

complemented by identical location SEM investigations demonstrating changes in the catalyst 

morphology during the course of CO2RR.  

This study demonstrates the Bi2O3 foam as an efficient and stable catalyst for formate 

production with high current densities in the half cell configuration. Experimental 

evidence indicates the displacement of oxidic species by carbonate species. 

2b. Result and Discussion - Binary systems 

2.3 An operando study: selectively CO formation on CuO/SnO material over gas diffusion 

electrodes 

Porous CuSn was applied as the catalyst for promoting CO2 reduction to CO. Cu, as a one-of-

a-kind metal, may generate a diverse variety of products, however, it suffers from poor 

selectivity toward a specific product. Sn, on the other hand, creates formic acid preferentially as 

the major CO2RR product. When neither Cu nor Sn generates CO preferentially, both were 

combined to yield CO as the principal product in this study. The synergistic effect in materials 

composed of the binary or multicomponent system plays a significant role in catalysis. This 

effect arises due to the chemical identities on the surface of a catalyst that helps to control 

reactant adsorption, activation, and product desorption to form a certain product. Herein, we 

explored synergistic effects in CuO/SnO catalyst for CO production. Reports have suggested 

that an optimum amount of Sn is needed in the Cu matrix for selective CO production.27-29 In 

case, the amount of Sn is more in the catalyst, product selectivity will shift to formate rather 
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than forming CO. In some other studies, the role of oxide is well explained for the CuSn catalyst 

and claimed to be important for the path to form CO. Herein, a microporous carbon fibre cloth-

based gas diffusion electrode (GDE) was used as the substrate for the preparation of CuSn 

electrode. The deposition bath contained 0.02 M of Cu precursor, 0.002 M of Sn precursor, 1M 

of sodium citrate in 1.5 M sulphuric acid (H2SO4) with a ratio of Cu: Sn to be 90:10. The 

composition was confirmed by ICP-MS and EDX.  

Structural characterization 

The synthesis of SnCu bimetallic foam was done by the additive assisted-DHBT method as 

mentioned previously in Figure 2.21. The hierarchical multilayer porous structures of the SnCu 

catalyst were analyzed by white light interferometer (WLI) revealing the porous structure on 

GDE (Figure 2.31 a) and the depth of the foam deposited. Scanning electron microscopy (SEM) 

revealed the porous structure (mesoporous) (Figure 2.31 b) and dendritic-like structure on the 

sidewalls of these pores (Figure 2.31 c). Notably, due to macro porosity, some pores experienced 

some variations on GDE due to the difference in ‘break-off diameter’ as it is a 3-D substrate 

compared to a planar substrate such as Cu foil. The main catalyst was achieved after 

annealing the as-prepared (ap)-Sn9Cu91 at 200 °C for 12 h in the presence of air (Figure 2.31

d). The obtained thermally annealed ann-Sn9Cu91 sample was employed for the subsequent

electrolysis experiments. The morphology and pores structure did not seem to be affected by 

the annealing. However, changes can be seen on the nanoscale in the form of Cu2O@SnO2 

nanoparticles appearing on the surface (Figure 2.31 c and d). The crystallographic analysis of 

ap-SnCu and ann-SnCu catalyst was carried out through XRD. Diffraction peaks

corresponding to SnCu alloy were observed in (ap)-Sn9Cu91 sample, however, after annealing

alloy phases were transformed to Cu2O (Figure 2.31 d). Note that phase segregation takes 

place in the Cu domains and mixed SnCu oxide phase after the annealing process. The alloy 

phases seem to reappear after 1 h electrolysis at −0.7 V vs. RHE.  

Figure 2.31. (a) WLI image of binary alloy Sn9Cu91 foam deposited for 30 s on carbon cloth (GDE);  

(b) Corresponding SEM micrograph of foam showing the pores uniformly distributed at the micrometer scale; 

Micrograph at the nanometer scale (c) for ap-Sn9Cu91; and (d) ann-Sn9Cu91 
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Operando Raman analysis 

The stability of oxides was inspected using operando Raman spectroscopy. Potential dependent 

analysis was conducted where potential was stepped from less cathodic potential to more 

cathodic potentials after measuring spectra at the open circuit potential (OCP) in CO2 saturated 

0.5M KHCO3 solution. Raman spectroscopic measurements were performed for the annealed 

(ann) Cu (Figure 2.32 a) the Sn9Cu91 foams (Figure 2.32 b). The porous rough surface of CuOx

and ann-Sn9Cu91 foam facilitates surface-enhanced Raman spectroscopy (SERS). The steady-

state Raman spectra were acquired within three minutes at each potential set point for both 

samples (ann-Cu and Sn9Cu91). The peaks at 518 cm−1 and 624 cm−1 were observed at OCP and 

also at the applied potential at +0.4 V which corresponds to the Cu(I) oxide peak as reported in 

previous works.10, 30-31 However, as the potential is swept to more cathodic potentials, the peaks 

are gradually decayed confirming the instability of Cu oxides prior to the onset potential for 

CO2RR.10, 26 In the case of the ann-Sn9Cu91, Cu(I) appeared at 518 cm−1 and 624 cm−1 at OCP 

while Sn(II) or Sn(IV) were not observed in Raman spectra (Figure 2.32 b) suggesting the 

surface of the catalyst is fully covered with Cu(I) oxides. 

 An additional peak started to appear at ∼ 570 cm−1 when the potential was just stepped from 

OCP to + 0.4 V (RHE) and continued to increase until a potential of −0.1 V (RHE) (Figure 

2.32 b). After deconvolution of this peak, two peaks were clearly distinguished, one at ∼ 570 

cm−1(denoted by 4 in panel b) corresponding to A1g vibration mode of Sn4+ and the other at 

461 cm−1 (denoted by 6 in panel b) can be assigned to the E1g vibration mode of Sn=O 

species.32-33 Closer inspection of Figure 2.13 b reveals the peak at 570 cm−1 that is present in 

all the potential above −0.1V vs. RHE but started decay at E ≤ −0.1 V vs. RHE. The intensity 

of peak related to Cu(I) oxide rapidly dropped at E ≤ +0.4 V vs. RHE,  

Figure 2.32. Raman analysis in the range from OCP to −0.9 V vs. RHE (a) Cu foam annealed at 200 °C; (b) 

CuSnOx foam at 200 °C; (c) Product analysis of ann-Sn9Cu91 at different potentials; (d) Corresponding partial 

current densities and total current density as a function of potential; (e) FECO and PCDCO for ann-Cu foam and 

CuSnOx at −0.7 V vs. RHE; (f) Comparison of FEs of H2 & CO on CuSnOx on Cu foil and GDE substrate. 
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however, there is a possibility to camouflage under Raman peaks of SnO2. The intensity of the 

Sn(IV) related peaks first increase then gradually decreases with the appearance of a Sn=O 

related feature, monitored at −0.1 V vs. RHE, and both oxides reduce almost ~90 % until the 

applied cathodic potentials at E ≤ −0.7 V.  The mechanistic interpretation of CO2 conversion to 

CO on the SnCu surface is still under discussion. For example, Sarfraz et.al34 proposed the 

possibility of weakening the H adsorption on Cu by substitution of Sn, which consequently 

enhances the selectivity solely for CO. Formation of CO could be understood by the Raman 

spectra of ann-Sn9Cu91 where CO absorption peak has been shown. CO absorption peak can be 

seen at 339 cm−1 in both ann-Cu foam & Sn9Cu91. This peak refers to chemisorbed CO species 

ν (Cu−CO) and is considered as a spectroscopic fingerprint for the appearance of the formation 

of metallic Cu state15, 35 by partially/fully reduction of Cu2O to Cu (CuO2→ Cu) under reductive 

conditions. Interestingly, the peak related to CO absorption at 339 cm−1 is observed at +0.4 V 

vs. RHE in the case of ann-Sn9Cu91 that is significantly positive potential than Cu foam in 

similar conditions, in which CO peak is observed at a later stage at +0.1 V vs. RHE (Figure 2.32 

b). This shift in the potential of about 300 mV suggested the formation of CO at an early stage 

in ann-Sn9Cu91 than in pure Cu. The results are well supported by product distribution, wherein 

gaseous products were measured by gas chromatography and formed liquid products were 

measured by ion chromatography.   

Product analysis 

Faradaic efficiency of CO (FECO) was achieved up to 90% at −0.6 V versus RHE and reached 

the maximum at −0.7 V vs. RHE yielding close to ~95% with a partial current density of−9.5 

mAcm−2 at the GDE substrate (Figure 2.32 c & d). For a broad range of potential, FEs of CO 

were maintained reaching quite a high efficiency ≥ 80% with FE of H2 staying low in the range 

of 5-10%. With the increase in potential, CO efficiency tends to decrease (~ 50 %) with the 

steady increase in H2 reaching close to 20 % at −1.3 V vs. RHE. C2 products also started to 

appear with the increase in potential tending to Cu like behavior. However, efficiencies of C2 

products were not as high as it shows in pure Cu. A total of ~20% C2 products (C2H4 ~10 %, 

C2H6 ~2 %, EtOH ~7 %, PrOH ~2.8 %) were obtained at a high potential of −1.3 V vs. RHE. 

Formate was also obtained with an efficiency of around 8 % yielding the total efficiency to be 

close to 100 %. Total current density reached more than 60 mA cm−2 at −1.3 V vs. RHE. For 

comparison, FECO and PCDCO are plotted for ann-Cu foam and Sn9Cu91 foam at −0.7 V vs. 

RHE. FECO on Cu foam was ~28% and PCDCO was −2 mAcm−2 which is five-fold less than in 

the case of ann-Sn9Cu91 foam (Figure 2.32 e). A comparison of FEs for CO and H2 is shown on 

two substrates i.e Cu foil and GDE. Importantly, FE was inferred to be comparable in both the 

cases (Figure 2.32 f), however, the current density was almost five times higher for ann-

Sn9Cu91@GDE foam catalyst suggesting higher electrochemical active surface area (ECSA) on 

carbon cloth GDE substrate. 

Identical location (IL) –SEM and long-term electrolysis experiment 

The durability of the catalyst was investigated by an extended 150 h electrolysis at −0.7 V. 

FECO values were rather stable and maintained above 80 % for the first 90 h and decreased 

faster for the last 60 h with a decrease of 20-30 % reaching FECO = ~55%. The decrease in CO 
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Figure 2.33. Identical location (IL)-SEM on GDE substrate (a-c) as prepared (ap)Sn9Cu91; (d-f) CuSnOx foam at 

200 °C in air; (g-i) Long-term electrolysis of 150 h, at −0.7 V vs. RHE   

selectivity was counterbalanced with the increase in H2, thus, compensating for the overall total 

efficiency. Identical-location (IL) SEM was done at the same place before, after annealing, and 

after 150 h of electrolysis (Figure 2.33). After annealing, small particles seem to develop on 

the nanoscale (Figure 2.33 (d-f)), which after 150 h of operation in reduction conditions 

underwent a drastic structural change (Figure 2.33 (g-i)). Time-dependent ICP-MS analysis 

was done for 150 h since metal ions can get released in the electrolyte from the highly oxidic 

electrode surface thus causing reconstruction of the surface by re-deposition of the metal ions. 

This work demonstrates the SnCu foam as an efficient CO production. Operando Raman 

spectroscopic study indicates the CO related absorption peak occurring at more positive 

potential in case of CuSnOx as compared to CuxO. 

2.4 Selective n-propanol formation from CO2 over PdCu alloy foam electrocatalysts 

In this study, an alloyed PdCu catalyst was employed as the robust electro-catalyst for CO2 

reduction and was synthesized utilizing a DHBT-assisted deposition process. Cu is the only 

metal present in the periodic table that is capable to produce various hydrocarbons and 

oxygenates with a higher carbon chain.36 However, Cu suffers from poor selectivity thereby 

causing low efficiencies toward a specific product (e.g., ethanol, propanol). An enhancement 

in the efficiency towards alcohol formation can be achieved by various ways such as oxidation 

of the catalyst, different pretreatments, morphological and structural modifications.37-39 To 

achieve catalyst oxidation, thermal annealing in the air is an option to oxidize the catalyst or 

by supplying a controlled flow of oxygen. The formation of oxide (Cu(I) and Cu(II) oxide) on 

the surface is considered to be mainly responsible for catalyst activation and subsequently 

providing more abundant low coordinated active sites for C-C coupling forming alcohols.8, 40 

The C-C coupling or dimerization takes place in the initial stage of the CO2 conversion, and as 
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such, the availability of sufficient chemisorbed *CO is essential for this purpose that is the key 

intermediate in the reaction. This can be achieved by introducing a CO producing metal to the 

Cu matrix. Pd is one of the CO producing catalysts.41 One drawback of this metal is that the 

high affinity of Pd towards CO leads to the poisoning irrespective of the catalyst morphology 

thereby making it unstable for the long course of the reduction process.42-43 This problem can 

be solved by co-alloying with other metals, e.g. Cu. 

Herein, we prepared an alloy catalyst by introducing Pd in a small amount in the Cu matrix. 

The deposition bath consisted of solutions containing Cu and Pd in the ratio of 9:1 in 1.5 M 

H2SO4. The desired composition of these binary alloy materials was achieved by applying a 

current density of −3A cm−2 for 40 s to obtain an as-prepared sample (ap). Thermal annealing 

was applied at a temperature of 200 °C for 12 h in air. After thermal annealing, this ann- 

Pd9Cu91 catalyst was activated through the electrochemical reduction of this oxide surface by 

applying −0.65 V vs. RHE for 45 min in CO2 saturated 0.5 M KHCO3 solution resulting in 

phase segregated Cu- rich and Pd- rich phases as shown in the schematic (Figure 2.41c). This 

step is quite important in order to achieve the oxide-derived (od)-Pd9Cu91 catalyst for alcohol 

formation. The optimum composition was determined with the ICP-OES (9 at% Pd and 91 at 

% Cu) which was in agreement with EDX data that gave comparable data of 93% of Cu and 

7% of Pd. Morphological changes of the as-prepared sample (Figure 2.41a), thermally 

annealed, and the oxide-derived sample was studied by identical location SEM. Moreover, the 

structural robustness of the catalyst was also monitored by HR-SEM prior to and after 102 h  

Figure 2.41. (a) SEM image of binary alloy Pd9Cu91 foam deposited for the 40s; (b) corresponding white light 

interferometer image of foam showing the pores uniformly distributed; (c) Activation steps of ap-Pd9Cu91 sample

followed by annealing at 200 °C for 12 h in the air forming the corresponding oxides and pretreatment at −0.65V for 

45 min od-Pd9Cu91 sample which shows the phase segregation resulting into Cu-rich and Pd-rich domain; (d) XPS 

analysis of ap, ann, od-Pd9Cu91 showing changes in the peak of Cu; (e) XPS analysis of ap, ann, od-Pd9Cu91 showing 

changes in the peak of Pd; (f) ECSA of od-Pd9Cu91 compared to as-prepared sample and Cu foam showing more 

roughness; (g) Product distribution of alcohols as a function of potentials on od-Pd9Cu91 catalyst. Readapted from 
Green Chem., 2020, 22, 6497 with permission from the © The Royal Society of Chemistry 2020. All rights reserved
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long-term electrolysis. The primary porosity (mesoporous structure) of the catalyst seems to 

stay intact whereas the second porosity (dendritic structure) at the walls of the pores seemed, 

however, to change at the nanoscale. The diameter of the pores was determined to be around 

25 ± 2 µm from the white light interferometer (WLI) (Figure 2.41b), which is in good 

agreement with the mean surface diameter of 23 ± 3 µm obtained by SEM. The activation steps 

follow from metal to oxide formation after annealing, which, in turn is followed by reducing 

the oxide by pretreating it at −0.65 V for 45 minutes before conducting the electrolysis 

experiment. 

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) studies confirmed the 

presence of oxide in the annealed sample and regained metal form after the reduction of oxide 

when cathodic potentials were applied. For conducting XRD analysis, samples were deposited 

on graphite foil to eliminate the contribution from the substrate. XPS analysis displays spin-

orbit split Cu2p (Figure 2.41 panel d) and Pd3d (Figure 2.41 panel e) photoemissions spectra 

of the Pd9Cu91 samples in their respective processing states. For the thermally annealed sample 

ann-Pd9Cu91, characteristic shake-up satellites were observed to appear in the Cu2p 

photoemission spectrum suggesting the presence of cupric CuO in the sample (Figure 2.41 

panel d). However, the formation of cuprous oxide (Cu2O) cannot be confirmed by XPS as 

binding energy for metallic Cu and Cu2O lies in the same range (BE(Cu2p3/2) = ~933 eV). 44-48 

The Pd3d peak broadened after the annealing treatment and a Pd(II) component (PdO, 

BE(3d5/2) = ~336.7 eV) was evident after peak deconvolution. Both the Cu2p and Pd3d 

emissions in the od-Pd9Cu91 exhibit the same features as the metallic ap-Pd9Cu91 sample, thus 

signifying the complete conversion of the intermediately formed oxide into a metallic catalyst 

under the applied reductive conditions (45 min at −0.65 V vs. RHE). 

The instability of the oxides, under those electrochemical conditions applied for the catalyst 

activation (−0.65 V vs. RHE) and PrOH production was further supported by operando Raman 

spectroscopy. Notably, the Raman spectroscopy analysis is a surface sensitive technique.49 

Operando Raman spectra for od-Pd9Cu91 (after pretreatment at −0.65 V vs. RHE) and ann-

Pd9Cu91 were measured in CO2 saturated 0.5 M KHCO3 electrolyte to maintain similar 

conditions as electrolysis experiment, where the potential is stepped from the open circuit 

potential (OCP) to those potentials relevant for the oxygenate production. The oxides already 

disappeared at 0 V vs. RHE prior to the actual onset of the CO2RR. Notably, the chemisorption 

of reactants, intermediates, and products of the CO2RR occurs only after the disappearance of 

the oxidic species at 0 V vs. RHE. 

The roughness factor of the catalyst also changes with the morphology and the activation 

process. Geometric surface area is different than the actual area and one needs to determine 

this actual area to obtain the current density. The surface area which is mainly responsible for 

the activity of the catalyst is Electrochemical Active Surface Area (ECSA). The ECSA of the 

as-deposited, as well as the activated PdCu foam catalysts, was determined based on 

voltammetric measurements using di-methyl viologen as a reversible redox probe. In the ap- 

Pd9Cu91 sample, sidewalls of the pores consist of a dendritic structure with nano-meter 

crystallites often exhibiting cube-like shapes at very high magnification. After thermal 

annealing, the ann-Pd9Cu91 foam seems to change morphology by partial coalescence of the 
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cubic shapes dendrimers thereby completely dissolving the cubic shapes. Furthermore, 

morphological changes in the course of the electrochemical oxide reduction at −0.65 V vs. 

RHE for od-Pd9Cu91 sample give rise to the appearance of particles (10-50 nm) on the catalyst 

surface. The formation of the nano-sized particles further enhanced the electrochemically 

active surface area (ECSA) that is four-fold than planar Cu foil (Figure 2.41 panel f). 

Potentiostatic electrolysis experiments were conducted in CO2 saturated 0.5 M KHCO3 (pH 

7.2) to test the catalyst efficiency using both the ap-Pd9Cu91 and the od-Pd9Cu91 samples. 

The applied electrolysis potentials ranged from −0.45 V to −0.95 V vs. RHE. A multi-catalyst 

approach was applied for this screening where a newly prepared catalyst was used for each 

screening experiment (3 h duration). The main product as a result of CO2RR in ap-Pd9Cu91 

sample was formate reaching up to 42.7% at a low applied overpotential of −0.55 V vs. 

RHE. With increasing overpotentials, formate efficiencies showed a steady decrease reaching 

a value of FEformate = 12.5% at −0.95 V vs. RHE. FE of CO (FECO) was seen to observe a 

similar trend of decreasing efficiencies with increasing overpotentials, starting from a 

maximum value of FECO = 35.6% (jCO = −0.52 mA cm−2) at lowest applied potentials of

−0.45 V vs. RHE. Low amounts of hydrocarbons were obtained, with a maximum of C2 

hydrocarbon efficiency of 12.3% (FEC2H4 = 8.2%, FEC2H6 = 4.1%) at −0.75V vs. RHE. 

The results were different for the od-Pd9Cu91 catalyst reaching the total efficiency of around 

80% with 20% missing (attributed to the missing oxygenates formed during the CO2RR 

process). The efficiency of formate was less compared to the ap-Pd9Cu91 sample with a 

maximum of 26.8 % at −0.55 V vs. RHE. Additionally, formation of hydrocarbon was preferred 

(FEC2H4 = 7.8%, FEC2H6 = 11.6%) at −0.75V vs. RHE. For the od-Pd9Cu91 catalyst, both C2 

(EtOH) and C3 (PrOH) alcohols were formed as CO2RR products. A maximum selectivity of 

FEPrOH = 13.7% (jPrOH = −1.15 mA cm−2) is observed at −0.65 V vs. RHE that is approximately 

two-fold than ethanol production, EtOH (e.g., FEEtOH = 7.1% with jEtOH = −0.60 mA cm−2) 

(Figure 2.41 panel g). The onset potential of PrOH formation (−0.45 V vs. RHE) and the active 

potential with maximum PrOH efficiency (−0.65 V vs. RHE) are both significantly shifted 

towards the positive direction (200 mV) in comparison to the CO2 electrolysis reactions 

performed using ‘pure’ oxide derived copper catalysts. Additionally, catalyst durability was 

checked by a long-term electrolysis experiment at an optimized potential where the alcohol 

efficiency was highest (−0.65 V vs. RHE).  

Figure 2.42. (a) Current transient and time-dependent partial current densities of alcohols from the extended 

electrolysis carried out at −0.65 V vs. RHE over the od-Pd9Cu91 sample; (b) Corresponding alcohol efficiencies; 

(c) Corresponding CO, H2, and C2 hydrocarbon efficiencies.Reproduced from Green Chem., 2020, 22, 6497 
with permission from the © The RoyalSociety of Chemistry 2020. All rights reserved
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An electrolysis experiment of a total of 102 h (Figure 2.42) was carried out which consisted of 

one continuous long-term experiment of 30 h and six consecutive stressing experiments of 10 

h each and one last 12 h stressing experiment. In between the stressing experiments, the catalyst 

was stored in milli-Q water and dried in a gentle Ar stream prior to the electrolysis experiment. 

The continuous-discontinuous 102 h experiments demonstrate two-fold stability with 

prolonged CO2RR and switching on-off with repetitive loss of potential control. The current 

transient (wine curve) of 102 h of electrolysis is shown in Figure 2.42 (a).  

In a steady state, the average current density of −7.5 mA cm−2 with jAlcohol= −1.75 mA cm−2 

was achieved (Figure 2.42 a). Importantly, slightly higher current densities were observed at 

the start of the electrolysis experiment (discontinuous) indicating the corresponding reduction 

of surface oxide formed while the resting time of the catalyst at OCP. Alcohol and gaseous 

products are presented in terms of FE (Figure 2.42 (b) & (c)). PrOH formation was achieved 

with an initial value of FEPrOH = 12.9% to FEPrOH = 13.9% during the course of 30 h of 

electrolysis. Alterations in the catalyst’s activity towards C3 alcohol formation seem to start 

decreasing after 70 h of electrolysis. This decrease in FEs of PrOH and EtOH formation is anti-

related with hydrogen formation, thus indicating a more significant degradation pattern in the 

case of stressed electrolysis in comparison to continuous electrolysis.  

This contribution depicts the ann-PdCu foam as a robust catalyst towards propanol 

formation with 2 fold higher selectivity than ethanol formation at rather low 

overpotential. 

2.5 CO2RR to formate over porous In55Cu45 alloy: Suppression of HER 

A high surface InCu porous catalyst was employed for the selective formate formation as a 

target product from CO2RR. The post-transition metal Indium (In) is known to produce formate 

selectively, however, suffers from stability issue.50-51 To address this problem, a second metal 

was introduced which could help to stabilize the formation of intermediates during the long-

term operation. Cu was chosen as a second metal to combine due to its relatively low cost and 

higher availability. One benefit of such a two-component catalyst system could be the increase 

of CO2RR selectivity toward a certain target product that is predominantly or exclusively 

formed on one of the catalyst constituents. This work presents an In55Cu45 alloy foam catalyst 

with dendrimers in the sidewalls of pores. This notation for the alloyed catalyst was determined 

as in the bulk by the use of the ICP-OES analysis technique. Pure In deposited under similar 

conditions has a completely different morphology compared to the dendrimers. This change in 

the morphology gives rise to higher ECSA which grow in the following sequence: In@Cu (1.5 

cm2) < In55Cu45@Cu (2.7 cm2) < Cu-foam@Cu (3.6 cm2).  

White light interferometer (WLI) was used to get an idea about the thickness of the sample and 

the average thickness was found to be 19 ± 1 µm, whereas the corresponding cross-sectional 

SEM inspection revealed a slight increase in the thickness (20 to 23 µm) of the catalyst. This 

is simply because the WLI does not probe the catalyst completely down to Cu foil support. 

XRD analysis was done to understand the crystalline structure of the material. The In55Cu45 

catalyst showed peaks corresponding to the alloyed peak (InxCuy) revealing the formation of  
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Figure 2.51. (a) Potentiostatic product analysis of In55Cu45 catalyst; (b) Corresponding partial current densities of 

H2, CO, HCOO−  normalized to the geometric surface area; (c) FEs of respective CO2RR products a function of 

time at −1.0 V in long term operation of 30 h; (d) Long term operation at −1.0 V for pure In deposited under 

similar conditions; (e, f) SEM images of In55Cu45 catalyst prior to electrolysis; (g, h) Identical location SEM 

images of In55Cu45 catalyst after 30 h of electrolysis at −1.0 V.Readapted with permissions from ACS Appl. 
Mater. Interfaces 2021, 13, 35677−35688.Copyright ©2021 American Chemical Society. 

alloy in XRD analyses of material. Interestingly, there is no indication in the diffractograms of 

the presence of (surface) oxides that are reported for pure (as-prepared) Cu foams.6 It can be 

assumed that the oxidic skin on the ap-In55Cu45 alloy is either too thin or in a largely amorphous 

state to be probed by XRD, which is sensitive only to phases with sufficient long-range 

transitional order. XPS analysis, which is more surface sensitive was able to probe a thin oxidic 

layer on the ap-In55Cu45 alloy. In the case of Cu, Cu (0), and Cu (I) peak was obtained in the 

XPS spectra but due to their similar binding energy, it is hard to discern between metallic Cu 

and Cu (I).  Indium, however, showed two broad peaks for In3d3/2 and In3d5/2 corresponding 

to In (0) and In (III) components on the surface. The In (III) corresponds to the thin oxide layer, 

whereas the In(0)-related photoemission most likely resulted from contributions of the metallic 

In55Cu45 bulk. 

Electrochemical characterization of the catalyst was done utilizing the CO2 electrolysis under 

reductive conditions in the potential range from −0.5 V to −1.2 V vs. RHE. For every potential, 

a new catalyst was used for a 1 h electrolysis experiment each (so-called multi-catalyst 

approach). Starting from −0.5 V, FE for formate was 60.2% which started to increase with 

more negative overpotentials (Figure 2.51 a). FE of formate reached a maximum at −1.0 V 

with 96.8% and decreased slightly up to 90% at −1.2 V vs. RHE which is rather a high 

overpotential. Most strikingly, parasitic HER remains almost fully suppressed in the entire 

range of potentials studied herein. CO production as a minor product was evident at low 

overpotential reaching 36.1% at −0.5 V, decreases with increase in overpotentials and rise in 

formate efficiencies. Partial Current density (PCD), normalized to the geometric surface area, 

is presented as a function of applied potential (Figure 2.51 b) and the PCD for formate reached 

up to −14 mAcm−2 at the highest applied potential (−1.2 V vs. RHE). At the optimum potential 

of −1.0 V vs. RHE, where the FE for formate reached the maximum value, PCD for formate 

was observed as high as −8.9 mAcm−2. 



Result and Discussion 

39 | P a g e

To check the stability of the catalyst, a continuous long-term operation of 30 h was conducted 

at the best potential (−1.0 V) for formate production. FE of formate was found to never decrease 

below 90% and maintained an average value of 94.2 ± 2.1 % (Figure 2.51 c). The catalyst 

activity of the ap-In55Cu45 foam was compared with the In film deposited in the same 

conditions and at the same potential of −1.0 V vs. RHE. Initially, for long-term (30 h) 

conditions, the FE of formate was around 82% with the H2 efficiency of 15% which started to 

increase with time, finally reaching up to 42%. On the other hand, formate started to decrease 

leaving the efficiency to only ~50% at the end of 30 h showing degradation in the performance 

of pure In catalyst (Figure 2.51 d). Structural and morphological analysis during this long-term 

operation was done by IL-SEM. Both macroporosity and dendritic structures of the material 

(ap-In55Cu45) did not show significant changes before and after 30 h of electrolysis (Figure 

2.51 (e-h)) thereby supporting the long-term catalytic stability.  

Structure alterations by ICP-MS 

The partially oxidized catalyst undergoes further alterations when exposed to the electrolyte at 

OCP and subsequently under reductive conditions. Oxide reduction not only affects the surface 

of the catalyst but also can alter the electrolyte to which the catalyst is exposed. Releasing of 

metal ions preferentially occurs upon reduction of formed oxides and can cause the 

rearrangement of the catalyst surface by redepositing during the CO2RR. This can be done by 

ICP-MS measurement. Time-dependent ICP-MS analysis of In and Cu content in the 

electrolyte for two extreme potentials (−0.5 V and −1.2 V vs. RHE) is given in Figure 2.52. 

Both the metal ion concentration (In and Cu ion) showed a rapid increase within the initial 5 to 

10 min of exposure to the electrolyte before a (quasi) plateau was reached. Because of the 

continual bubbling of CO2 gas through the catholyte during electrolysis, the liberated metal 

ions are easily disseminated (diluted) throughout the whole electrolyte volume when the oxide 

reduction is complete. The dissolving properties were affected by the electrolysis potential 

used. At the lowest applied overpotentials (0.5 V vs. RHE), the Cu component of the oxidic 

skin dissolves preferentially into the electrolyte, while the In content of the electrolyte remains 

relatively low (Figure 2.52 a). This is most likely due to the In(III)/In's greater negative 

standard potential (E0(In3+/In0) = −0.34 V vs. SHE). Under these experimental settings, the 

reduction of indium oxide is expected to be significantly slower and incomplete. 

Figure 2.52. Time-dependent ICP-MS of the metal ion content in CO2- sat. 0.5 M KHCO3 (a) at −0.5 V vs. RHE; (b) 

at −1.2 V vs. RHE. 0.5 ml of electrolyte was taken out for the mentioned time-interval for 1 h. Reprinted with 
permissions from ACS Appl. Mater. Interfaces 2021, 13, 35677−35688,Copyright ©2021American Chemical Society.
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Surprisingly, at the highest applied potentials (1.2 V vs. RHE), the condition was reversed. 

Notably, In is preferentially dissolved following surface oxide reduction, whilst the Cu 

concentration in solution stays relatively low (Figure 2.52 b). 

Transfer of the catalyst to technical GDE substrates 

The ap-In55Cu45 alloy foam was then further transferred to technical support (GDE). Important 

to note that when the electrolyte comes in touch with the carbon fabric, it seeps into the 

uppermost layers of the carbon microporous layer (C-MPL) of the GDE support to some extent. 

Correspondingly, the catalyst deposition at the MPL's outermost region is advantageous 

because it increases the overall adhesion (wetting) of the porous metallic catalyst deposit onto 

the carbon substrate. To demonstrate the performance of the In55Cu45@GDE catalyst, a 1hr 

electrolysis from CO2-sat. 0.5 M KHCO3 solution at −1.0 V vs. RHE was performed and 

compared to data obtained for the In55Cu45@Cu catalyst (Figure 2.53). The remarkable 

selectivity toward formate was found to remain substantially unchanged (Figure 2.53 a). 

However, as compared to the In55Cu45@Cu, FECO was somewhat higher (15%). It is worth 

noting that the GDE support had a larger surface area than the Cu foil. During 

electrodeposition, this increased roughness is transmitted to the In55Cu45 catalyst layer. 

Improved total and partial CO2RR current densities were obtained, with PCDformate  −30 mA 

cm−2 at −1.0 V vs. RHE (Figure 2.53 b). 

Figure 2.53. Comparison of the performance using the In55Cu45@Cu and the In55Cu45@GDE as the catalyst 

at −1.0 V vs. RHE for 1 h in CO2-sat. 0.5 KHCO3 solution in terms of (a) Product distribution as FE;  

(b) Corresponding total (TCD), and partial (PCD) current densities normalized to the geometric surface area of 

the support.Reprinted with permissions from ACS Appl. Mater. Interfaces 2021, 13, 35677−35688, Copyright 
©2021 American Chemical Society.

This work showed excellent electrocatalytic performance toward formate production, 

with FEformate values never falling below 90% within the extended (400 mV) potential 

window (−0.8 to −1.2 V vs. RHE) and exhibiting long-term stability
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3. Results from other projects  

In addition to the aqueous systems, other reaction environments such as ionic liquids were also 

explored for the CO2RR in this thesis. Ionic Liquids (ILs) have received special attention as 

the alternative electrolyte to the conventional aqueous systems in the electrochemical reduction 

of CO2. Primary properties of ILs include enhanced solubility of CO2, ability to suppress 

hydrogen evolution reaction (HER) and wide potential window. Pioneering endeavours in this 

field have revealed the use of room temperature ionic liquid (RTIL), [EMIm][BF4] (1-ethyl-3-

methyl-imidazolium tetra fluoroborate) with the combination of Ag as working electrode for 

CO2RR can appreciably lower the CO2RR overpotential. ILs when combined with the water 

reportedly subdue parasitic HER. The comprehensive study of different metal electrodes 

altogether of thirteen different electrodes comprising of Platinum (Pt), Palladium (Pd), Silver 

(Ag), Gold (Au), Bismuth (Bi), Tin (Sn), Nickel (Ni), Molybdenum (Mo), Iron (Fe), Zinc (Zn), 

Copper (Cu) and Glassy carbon (GC) with combination of ionic liquid was explored. Metal 

electrodes were divided into three major groups depending on the activity towards CO2RR. 

First group comprised of metals (Pt, Pd, Ni, Fe, Mo & GC) shows negligible or no activity 

towards CO2RR. Second group was comprised of Cu, Zn, Bi, Pb, Au which are moderately 

active metals for CO2 reduction in IL. The third group of metals, Sn and Ag were found to be 

most active for CO2RR. Effect of cation and anion of IL was also explored in the study. High 

surface area catalyst obtained by DHBT method were also explored in Ionic liquid. Ag foam 

catalysts, when combined with 1-butyl-3-methylimidazolium tetrafluoroborate 

([BMIm][BF4]) ionic liquid exhibits preferable electrocatalytic performance towards CO 

production reaching upto FECO = ~100% within the broad potential window of ~400 mV and a 

shift in onset potential towards more positive was observed. A secondary enhancement for the 

CO2RR was observed from the addition of water (20% mole fraction) to the [BMIm][BF4] 

electrolyte resulting into furhter shifting of CO2RR onset.



Conclusion and Outlook 

45 | P a g e  
 

4. Conclusion and Outlook 

High surface area catalysts, primarily in H-type configuration, were developed and used in the 

CO2RR. A range of different products was obtained from these large surface area catalysts 

ranging from CO, COOH, C2H5OH, and C3H7OH. Previous studies have shown that pre-

treating the catalyst influences not only the electrocatalytic activity but also the product 

distribution. One method for increasing catalytic activity and selectivity is to form oxide, 

however, the significance and stability of oxide in CO2RR are not well understood. In the case 

of monometallic oxidic Cu foam, the stability of oxide was evaluated utilizing operando XAS, 

XRD, and Raman techniques. The fact that the oxide was fully reduced to metallic Cu prior to 

the production of hydrocarbons and alcohols was a significant finding in this work. Another 

mono-metallic foam (Bi) catalyst demonstrates higher stability when it is subjected to form 

Bi2O3. Bi2O3 was found to be an efficient and stable catalyst for formate production with FEs 

reaching up to ~100% within an extended potential window (~1100 mV) compared to the ap 

Bi/BixOy. Experimental investigations have suggested the formation of sub-carbonate species 

at low overpotentials indicating the alternate reaction mechanism (through sub-carbonate).   

Following this approach, bimetallic/alloyed catalysts were developed. More specifically, Cu 

was combined with the other metals such as Pd, In, and Sn. The combination of Cu with Pd 

resulted in the formation of propanol with an efficiency of FEPrOH = 13.7%, which was 2 times 

higher than ethanol formation FEEtOH = 7.1%. The overpotential required for propanol 

generation was − 0.65 V vs. RHE, which is significantly lower than for pure Cu foam. It is 

important to note that the as-prepared sample showed no alcohol formation. To obtain the 

catalyst, a two-step treatment was performed, followed by thermal annealing in air at 200 °C 

to obtain the thermally annealed sample, and subsequent reduction of the oxide at − 0.65 V for 

45 min, resulting in an oxide-derived catalyst that was subsequently used in electrolysis. A 

long-term analysis (100 h) was carried out to monitor the catalyst performance during 

continuous operation and subsequent loading experiments by switching the potential on and 

off. Formate was obtained as the main product when Cu was combined with In to give the 

composition of In55Cu45. FE of formate was obtained by 97% at −1.0 V vs. RHE and by 90% 

for a wide potential window from − 0.8 V to −1.2 V vs. RHE.  

This process of deposition was successfully transferred to 3d substrates such as gas diffusion 

electrode (GDE) as used in flow cell. An optimum amount of Sn was introduced into the Cu 

lattice, resulting in Cu91Sn9 with a lower Sn content for the formation of CO, and with further 

annealing, the CuO/SnO catalyst was prepared. CO was prepared with nearly 95% efficiency 

at −0.7 V vs. RHE with a potential window of 500 mV for more than 85% of the production of 

CO. Operando characterizations are very important to study the oxide reduction to a metallic 

state particularly under reductive conditions. Operando Raman spectroscopic analysis was 

performed to investigate the role of oxide in CO production when none of the components 

produced CO catalyst. The degradation of the catalyst was studied after 150 h of operation. 

Simultaneously, IL -SEM was performed in order to observe structural changes for the 

respective steps used for catalyst production. 
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Certainly, the avenues to improvement remain open, notwithstanding the progress that already 

made in this area. On the same lines, one of the topics that has to be thoroughly investigated is 

the reason for the catalyst's deterioration. Several characterisation technologies may be used to 

study the structural and morphological scales at the nanoscale range, for example, IL-SEM and 

IL-TEM. Another critical component would be to garner mechanistic insight in order to analyse 

the intermediates created during the reaction, as well as to investigate the role of oxide and 

construct a reaction mechanism. Operando techniques are useful to identify the intermediates 

formed during the reaction and the role of the oxides, e.g., operando IR, in-situ Raman, 

operando EXAFS (Extended X-ray absorption fine structure). Moreover, to scale up the 

process, the future goal would be to use the catalysts in a flow cell configuration. Some of the 

key issues with this setup are flooding of the electrolyte and catalyst stability. During CO2RR, 

H2 is also formed as a result of the parasitic reaction that occurs, which again proves to be a 

problem for long-term operation. An inverted rotating disk (IRDE) electrode could be one of 

the interesting ways to deal with this problem, as in this configuration the electrode surface is 

turned upside down to get rid of the H2 bubble that forms on the surface of the electrode. 
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a b s t r a c t

We employ a novel type of nanostructured silver foam electrocatalyst to the electrochemical CO2

reduction reaction (CO2RR) in 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim][BF4]) ionic liquid.
The Ag catalyst is prepared from an aqueous electroplating bath by means of an additive-assisted
electrodeposition approach, yielding macro-porous Ag foams. The pore sidewalls are composed of Ag
nanoneedles having diameters of ~50e100 nm and lengths that can exceed 1 mm. We demonstrate that,
when combined with the [Bmim][BF4] electrolyte, this Ag electrocatalyst significantly shifts the onset of
CO2 electroreduction by ~220mV to less negative potentials as compared to a polished Ag foil electrode.
The addition of moderate amounts of water (optimum water mole fraction of 20%) to the pure [Bmim]
[BF4] electrolyte leads to a further ~120mV decrease in the CO2RR overpotential. The combination of the
Ag foam catalyst with the [Bmim][BF4]/water mixture results in a ~300mV wide potential window
where CO is selectively produced with Faraday efficiencies >94%. The structural stability of the catalyst is
supported by identical location scanning electron microscopy.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Since the industrial revolution, the consumption of fossil fuels
has steadily increased, which, in turn, can be regarded as one of the
major origins of today's environmental problems [1]. The most
challenging one among them is certainly the global warming which
has its primary origin in the continuous rise of the atmospheric
carbon dioxide (CO2) content which already reaches a level of
>400 ppm [2]. This is why the CO2 problem has received consid-
erable attention worldwide, not only in the scientific community.
As a result, a number of different approaches have been proposed
for CO2 capture [3], sequestration [4], and its conversion into value
added products with the aim at contributing to a future closing of
the anthropogenic CO2 cycle [5e7]. The electrochemical reduction
of CO2 (hereinafter referred to as CO2RR) deserves particular
and Biochemistry, University

nev), peter.broekmann@dcb.
attention [8] since it can convert CO2 into high energy density fuels
[7] (e.g., methanol [9,10], ethanol [11e14], and n-propanol [12,14])
and various chemical feedstock compounds (e.g., formate [12,15],
ethylene [11,14,16] and CO [17e19]) by using a surplus of electricity
originating from renewable wind, solar or hydro sources (so-called
power to value approach) [12,20]. Among these valuable target
products, CO is particularly promising due to the strong demand
from the chemical industry [20] as primary reactant of the so-called
Fisher-Tropsch process [21].

However, to become economically feasible, the CO2RR must
meet various criteria such as (i) high CO2 conversion rates, (ii) a
high product selectivity, (iii) a high energy efficiency, and (iv) a high
catalyst durability [20]. In particular when using aqueous electro-
lyte media, the competing parasitic hydrogen evolution reaction
(HER) significantly reduces the efficiency of CO2 conversion. To
avoid HER, room temperature ionic liquids (ILs) have been pro-
posed as alternative electrolytes to common aqueous systems
[22,23], particularly due to their unique physico-chemical proper-
ties, such as nearly zero vapor pressure (therefore considered as
green solvents) [24], a wide stability potential window of up to 5 V
[25], a relatively high electric conductivity [26], and a high affinity
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towards CO2 absorption [27]. It has also been reported that ILs can
suppress the parasitic HER even in diluted IL/water mixtures
[28,29]. Among the ILs studied so far, imidazolium-based ILs belong
to the most promising and therefore most widely studied ones, also
because of their extra electrocatalytic properties [30]. The presence
of imidazolium based ILs can significantly reduce the CO2RR over-
potential [29,31], e.g. when combined with Ag catalysts. Imidazo-
lium cations can therefore be considered as effective CO2RR co-
catalysts [32].

Of high importance to the overall activity of the CO2RR catalysts
is the abundance of low-coordinated reaction sites on the catalyst
surface. This is why metallic nanomaterials (e.g. Ag [33e36], Cu
[37], Au [38,39], Pd [40], and Zn [41]) have received considerable
attention [42] with Ag being the most selective one towards CO
formation [43]. Besides the wet chemical synthesis of nanoparticles
[44,45] (NPs) and nanowires [45] (NWs) various nanostructuring
approaches have been proposed [46] including, but not restricted
to, catalyst activation through repetitive cycles of electro-
anodization/electro-of Ag substrates [34,35], O2 plasma treatment
followed by the electroreduction of the formed surface-confined
oxides [19], and the selective dealloying of Ag based bimetallic
precursors, e.g. Ag-Al alloys [42]. Often, these activated and nano-
structured Ag catalysts are superior over conventional Ag-NP and
Ag-NW type of catalysts in terms of efficiencies and partial currents
at a given applied overpotential [47].

In this work, we introduce a novel type of porous and nano-
structured Ag foam catalysts [48] which demonstrates superior
electrocatalytic performance in CO formationwhen combined with
1-butyl-3-methylimidazolium tetrafluoroborate (denoted herein-
after as [BMIm][BF4]) ionic liquid. [BMIm][BF4] has similar excellent
properties as [EMIm][BF4] (EMIm¼ the 1-ethyl-3-methyl-imida-
zolium cation), which is considered as the benchmark RTIL co-
catalyst [29]. Electronanofoaming of metals [49,50] is a fast,
experimentally robust approach towards high-surface area CO2RR
catalysts [37,48,51] and therefore a promising alternative to thewet
chemical synthesis of nanomaterials and to the activation/nano-
structuring of the respective bulk materials [16]. Since it is not only
the CO2RR activity itself which defines the overall catalyst perfor-
mance, but also the stability of the combined catalyst/electrolyte
system, we apply herein NMR spectroscopy and so-called identical
location microscopy techniques [12,52,53] to elaborate under
which experimental conditions the combined catalyst/IL system
remains stable against structural and compositional degradation.

2. Experimental

2.1. Chemicals

The ionic liquid 1-butyl-3-methyl-imidazolium tetra-
fluoroborate [BMIm][BF4] was purchased from Merck (high purity
grade, >99%) and used without any further purification. The water
content was measured by NMR spectroscopy to be ~0.2% of mole
fraction. A calculated volume of Milli-Q water (R> 18.2MU,
TOC< 3 ppb) was added to the IL to obtain 20% water mole fraction.
pH of the IL was changed from ~6.4 to 6.2 after addition of 20%
water.

2.2. Electrochemistry

Cyclic voltammetry was performed using a PGSTAT30 poten-
tiostat (Autolab, Netherlands) and a custom-designed single-
compartment glass cell. The cell was equipped with a gas inlet/
outlet, enabling atmospheric control (Ar or CO2). The cell used for
the experiment and all other glassware were cleaned in hot 25%
nitric acid (Grogg-Chemie AG) followed by several heating-rinsing
cycles (3 times) with Milli-Q water (R> 18.2MU, TOC< 3 ppm).
Cleaned components used were dried in an oven at 105 �C over-
night. A volume of 1.6mL of IL was added to the glass cell in a glove
box under N2 atmosphere (N50, Carbagas). The sealed cell was then
transferred to the ambient atmosphere and the solution was first
purged with Ar (~30min) for oxygen removal followed by CO2
saturation (~40min). Voltammograms were recorded in both Ar-
and CO2-saturated electrolytes at a potential sweep rate of dE/
dt¼ 0.5 V s�1.

As working electrodes (WEs), we used an Ag foil (99.9%,
0.25mm thickness, Sigma Aldrich) and an electrodeposited Ag
foam catalyst. Prior to the measurements, the Ag foil was me-
chanically polished with 1 mm Alumina paste on a polishing cloth,
ultrasonicated for about 1min, rinsed with Milli-Q water and then
dried in a gentle stream of Ar gas. A leakless Ag/AgCl3M (eDAQ)
electrode served as a reference (RE) and a platinized Pt foil was
used as a counter electrode (CE). Prior to use, the electrodeposited
Ag foam (WE) and the AgjAgCl3M (RE) were dried in a gentle Ar
stream and afterwards transferred into the IL containing electrol-
ysis cell. Automatic IR compensation was applied for the voltam-
metric measurements after measurement of the solution resistance
by the positive feedback approach. The measured current was
normalized to the geometric surface area.

2.3. Preparation of Ag foam catalysts

Firstly, a ~4� 4mm2 sized Ag foil (99.9%, 0.125mm thickness,
Mateck, Jülich, Germany) was mechanically polished on polishing
cloth using 1 mm Alumina slurry (Buehler), followed by ultra-
sonication for about 1min and extensive rinsing with Milli-Q water
before the sample was dried in a gentle Ar stream. The Ag elec-
trodeposition on the Ag foil substrate was adopted from the dy-
namic hydrogen bubble template method [37,48e50]. The metal
foaming process results from of the superposition of the HER
(proton reduction, water splitting) taking place under such harsh
experimental conditions and the metal deposition (Scheme S1)
[48]. The Ag deposition was carried out under galvanostatic con-
ditions (nominal current density of J¼�3 A cm�2 for 20 s). The
aqueous plating bath contained 0.02M Ag2SO4 (Sigma-Aldrich,
purity �99.5%), 0.1M trisodium citrate dihydrate (ACS grade
>99.7%, Merck), and 1.5MH2SO4 (ACS grade, Sigma-Aldrich).
Before use, the plating bath was ultrasonicated until all precursor
salts were dissolved. A Pt foil (15� 15mm2) and Ag/AgCl3M glass
electrode (with double-junction system, Metrohm) were used as
counter (CE) and reference electrode (RE), respectively. The dis-
tance between working and counter electrode was 3.5 cm (face-to-
face WE/CE geometry). After deposition, the formed Ag foam was
thoroughly rinsed with Milli-Q water, dried in a gentle Ar stream
and kept in a glovebox under N2 atmosphere.

2.4. Online gas chromatography analysis

Gas chromatography (GC) analysis was carried out in an H-type
cell with catholyte (the IL) and anolyte (0.5MH2SO4, prepared from
KHCO3, �99.95%, Sigma Aldrich and Milli-Q water) compartments
separated by a polymer membrane (Nafion 117, Sigma-Aldrich).
During electrolysis, the catholyte was continuously stirred by
magnetic agitation to facilitate the CO2 mass transport towards the
cathode. Potentiostatic control was provided by a PGSTAT128 N
(Metrohm Autolab) instrument. The headspace of the catholyte
compartment was continuously purged with CO2 gas, thereby
transporting volatile reaction products from the electrochemical
cell into the sampling loops of the online gas chromatograph (SRI
Instruments). The Faraday efficiency (FE) for a given gaseous
product was obtained by normalizing the partial current density for
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a given reaction product to the total current density [54]:

FEð%Þ ¼ Ii
Itotal

100% (1)

Ii ¼
ci,v,F,z
106,Vm

(2)

Ii represents the partial current for the conversion of CO2 into
product i, ci the volume fraction of the products measured via on-
line GC using an independent calibration standard gas (Carbagas), z
is the number of electrons involved in the reaction to form a
particular product, F is the Faraday constant (96485 Cmol�1), v is
the flow rate [L s�1], Vm represents the molar volume, Itotal refers to
the total current at the time of measurement. Gas products were
analyzed online during steady-state potentiostatic CO2 electrolysis.
For further details we refer to SI (Section 5).
2.5. NMR spectroscopy

NMR datawere recorded on a Bruker Avance IIIHD spectrometer
operating at the nominal proton frequency of 400MHz, equipped
with a dual direct broadband 5mm probehead (SmartProbe©) with
an additional z-gradient coil. All 1D and 2D NMR measurements
were carried out at room temperature (298 K). Topspin (versions
3.2 and 3.5, Bruker BioSpin GmbH) software was used to process
the NMR data. The quantitative 1H NMR spectra were recorded
using a standard one-pulse experiment (zg30 pulse sequence from
the Bruker pulse-program library). Typically, 8 transients were
acquired over a spectral width of 20 ppm, with a data size of 64 k
points, and a relaxation delay of 30 s. Quantitative 13C NMR spec-
troscopy data were measured with 8 transients into 128 k data
points over a width of 200 ppm by using a classical one-pulse
experiment with inverse-gated 1H decoupling (zgig pulse
sequence from the Bruker pulse-program library). A relaxation
delay of 180 s was applied between the transients (the 13C T1
relaxation time of CO2 amounts 35 s). Quantitative 19F NMR spectra
were measured with 32 transients over a spectral width of
200 ppm, with a data size of 256 k. A specific antiring sequence
(“aring” from the Bruker pulse-program library) to flatten the
baseline was used. The relaxation delay was 6 s.
Fig. 1. (a)e(b) White-light interferometric characterization of the primary macro-porosity o
porosity (panel c) and the meso-porosity of the pore side-walls of a nm length scale (pane
2.6. Identical location scanning electron microscopy and energy
dispersive x-ray spectroscopy (EDX)

SEM imaging and EDX analyses were carried out by means of a
Hitachi S-3000 N Scanning Electron Microscope and a Noran SIX
NSS200 energy-dispersive X-ray spectrometer, respectively. High-
resolution SEM (HR-SEM) and identical location images were
recorded using a field emission scanning electron microscope DSM
982 Gemini (Zeiss) by applying an accelerating voltage of 5 kV at a
working distance of 9e11mm. For the identical location imaging,
reference point was made with the help of marker to get the same
location before and after electrolysis.

2.7. White light interferometry

The surface morphology of the prepared Ag foam electrodes was
analyzed by means of a white light interferometer (Contour GT,
Bruker).

2.8. X-ray diffraction

The crystallinity of the Ag catalyst was studied by means of
powder XRD techniques. An STOE Stadi P system with a Cu Ka ra-
diation source (l¼ 0.1540 nm, 40mA) generated at 40 keV was
used. XRD spectra were recorded in reflection mode (Bragg-Bren-
tano geometry) between 10 and 90� 2q in steps of 1� mine1. To
exclude Ag diffraction peaks originating from the Ag foil substrate,
the silver foamwas deposited onto a graphite substrate (99.8%, Alfa
Aesar, 0.13mm thickness) for this measurement. The obtained XRD
patternwere analyzed and compared to JCPDS (Joint Committee on
Powder Diffraction standards) for Ag, Ag2O, and AgO.

3. Results and discussion

3.1. Structural characterization

The microscopic investigation of the electrodeposited Ag cata-
lyst (Fig. 1) shows a metal foam with an open-cell architecture of
interconnected macro-pores (denoted as primary porosity [48])
having dimensions in the mm range: pore diameters range from
10 mm to 50 mm. As known from electrodeposited Cu foams [37,50]
this Ag foam also reveals a distinct gradient in the pore diameter
f the Ag foam; (c)e(f) SEM characterization of the Ag foam showing both the macro-
ls eef).



Fig. 2. CVs comparing the electrocatalytic activity of the Ag foam and the Ag foil
reference: (a) CVs in the Ar- and CO2-saturated [BMIm][BF4] (dashed and solid lines,
respectively); (b) CVs of the Ag foil in CO2-saturated [BMIm][BF4] with and without
water; (c) CVs of the Ag foam in CO2-saturated [BMIm][BF4] with and without water.
Potential sweep rate: 0.05 V�1.
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along the surface normal with the smallest pores close to the Ag foil
substrate level and the largest ones at the outer-most surface of the
foam. This characteristic can be rationalized in terms of a dynamic
hydrogen bubble template (DHBT) [37,48e50] with initially smaller
H2-gas bubbles that tend to coalesce to larger ones in the course of
the concerted electrodeposition/HER process. It is the increased
residence time of the gas bubbles on the evolving foam surface
which also increases the so-called bubble break-off diameter d0 and
thereby the surface pore diameter [48,55e57]. Such multilevel
characteristics of the Ag foam can be deduced from white light
interferometry inspection in panels a and b of Fig. 1 as well as from
the SEM image shown in panel c. The interferometry introduces an
extra depth resolution into the morphological characterization and
allows for an estimation of the thickness/depth of the Ag foam of
~22 mmassuming that the deepest pores reach the substrate level. A
closer SEM inspection reveals that the pore sidewalls of the Ag
foam are not compact but composed of loosely agglomerated Ag
nanoneedles (Ag-NNs) having diameters ranging from 50 to
100 nm and lengths that can even exceed 1 mm (Fig. 1cee). The
particular anisotropy of the Ag-NNs in the pore sidewalls results
from the citrate additive action during the electroplating (see
Scheme S1) which serves as a surface active surfactant and com-
plexing agent for Agþ ions impacting the nucleation and growth
behaviour of the Ag deposit [48]. Note that Ag foams deposited
under similar experimental conditions but in the absence of the
citrate additive are composed of more isotropic Ag-NPs [48]. Ag
foils were used as reference catalysts for the characterization of the
CO2RR performance on the Ag foam. SEM and white light inter-
ferometry indicate a comparably flat Ag foil surface (Fig. S1).

The XRD analysis of the Ag foam reveals dominant fcc diffraction
pattern of polycrystalline Ag bulk material as expected from the
random distribution of the needle-like Ag crystallites in the pore
side-walls (Fig. S2). Only minor traces of an oxidic Ag phases are
visible in the XRD spectrum at 2q values below 38�, thus confirming
the lack of 3D translational order of the surface confined oxide
phases [48]. The polycrystalline Ag foil shows a somewhat anom-
alous texturing with relative peak intensities of I(111): I(200):
I(220)¼ 1 : 0.79: 4.76 which differ from regular polycrystalline Ag
samples (I(111): I(200): I(220)¼ 1 : 0.4: 0.15). EDX data demon-
strate high-purity Ag foam deposit (Fig. S3). Electrochemical char-
acterization of the Ag foam electrode in an aqueous solution
demonstrates the presence of (110) and (111) surface domains
(Fig. S4).

3.2. Electrochemical characterization

The dotted curves in Fig. 2a display the voltammograms of the
Ag foam and the foil substrate in the Ar-saturated [BMIm][BF4]
electrolyte. The exponential increase in the cathodic current
observed at potentials<�1.84 V for the Ag foil and < �1.71 V for
the Ag foam has to be attributed to the massive reductive degra-
dation of the [BMIm]þ cations [58]. Interestingly, the IL decompo-
sition starts in case of the Ag foam at more positive potentials as
compared to the Ag foil (see also Fig. S5). Obviously, the Ag foam
promotes the [BMIm]þ decomposition more effectively than the
planar Ag foil.

Characteristic changes in the voltammetric responses occur,
when the electrolytes are saturated with CO2 (solid lines in Fig. 2a).
The most prominent difference to the measurements in the CO2-
free and Ar-saturated environment concerns the appearance of an
irreversible cathodic peak which has to be assigned the electro-
chemical reduction of CO2 in the IL. The peak-like behaviour in the
voltammetric responses points to a CO2RR which becomes, at a
certain rate of reaction, limited by the CO2 mass transport [28]. One
can see that the highly porous Ag foam displays an only moderately
larger CO2RR peak as compared to the Ag foil electrode. It clearly
demonstrates that the overall CO2RR rates are not further increased
on the high-surface area metal foam catalyst, when, at higher
overpotentials, the reaction gets controlled by the reactant mass
transfer. A primary enhancement of the CO2RR is related to an
increased electrocatalytic activity of the Ag foam itself. Both the
CO2RR onset (�1.33 V and �1.55 V for the foam and foil, respec-
tively, as defined at �0.2mAcm�2 after correction for capacitive
currents) and the CO2 reduction peak maximum are shifted by
~200mV towards lower overpotentials when compared to the Ag
foil reference system. A similar enhanced electrocatalytic activity of
electrodeposited Ag foams towards CO production at particularly
low overpotentials has recently been reported by Dutta el al [48].
for CO2-saturated aqueous bicarbonate electrolytes and rational-
ized by an improved binding strength of the *CO (the asterisk *
refers to an adsorption state) on the highly anisotropic Ag-NNs. This
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has been deduced from an almost quantitative suppression of the
HER at low overpotentials in the aqueous electrolyte [48] which
substantially differs from the characteristics of common Ag foil
catalysts showing a peak-like behaviour in aqueous media for the
FECO in the respective FECO vs E plots [59,60]. We assign the
improved electrocatalytic performance of the novel Ag foam for the
particular anisotropy of NNs the foam is composed of (Fig. 1, see
also discussion of electroactive surface area in SI, Section 3 and
Fig. S6).

A secondary enhancement of the CO2RR results from the addi-
tion of water (20% mole fraction) to the [BMIm][BF4] electrolyte
(panels b and c of Fig. 2). The CO2RR onset and the CO2 reduction
peak maximum are further upward shifted by 120mV for the Ag-
foam and 140mV for the Ag foil with respect to the water-free
case. This water-mediated enhancement of the CO2RR is observed
for both the Ag foam and the Ag foil reference system and is
therefore independent on the catalyst material used. It is important
to note that this extra shift of the CO2RR onset potential is not
related to an undesired change in Ag/AgCl3M reference potential
upon water addition. A ferrocene/ferrocenium (Fc/Fcþ) redox
couple has been used to confirm the stability the Ag/AgCl3M
reference electrode in ILs. As seen in Fig. S7 the shift of the Fc/Fcþ

formal potential is only ~10mV upon addition of 20% water. The
extra enhancement of the CO2RR upon water addition may be
explained by increasing proton availability near electrode surface,
which facilitate the reaction of CO2 reduction (eq. (3)):

CO2 þ 2e� þ 2Hþ/ CO þ H2O (3)

Also, a water-mediated acceleration of the CO2 diffusional
transport in the IL needs to be taken into account. By using
advanced pulse gradient spin echo (PGSE) NMR techniques we
recently demonstrated that the presence of water could, within a
Fig. 3. (a, c) FE vs E plots for the potentiostatic CO2RR on the Ag foam (a) and Ag foil (c) cataly
CVs in the CO2-saturated ILs are shown. (b, d) Long-term potentiostatic CO2RR experiments
indicated at the plots).
certain concentration range, lead to an increase of the CO2 diffusion
constant without compromising the excellent CO2 solubility in the
IL [28]. For the pure (as-received) [BMIm][BF4] electrolyte we
determine a CO2 diffusion constant of DCO2¼1.66� 10�10m2 s�1. A
residual water content (mole fraction) of xH2O¼ 2,x 10�4 was
determined by NMR. The addition of extra water (xH2O¼ 0.18)
resulted in an increase in the diffusion constant to
DCO2¼ 2.41� 10�10m2 s�1 (see details in SI and Fig. S8). A water
mole fraction of 20% was chosen based on recent investigations on
water effects on CO2RR from ILs [28]. At this water concentration
the anodic shift of the CO2RR onset potential is nearly maximized
without considerable contributions from the HER, which starts to
dominate the product distribution at high water contents
(xH2O� 50%).

We notice that the magnitude of CO2RR peaks expressed in
current density, normalized to geometric area, is rather similar for
Ag-foil and Ag-foam electrodes, although the surface roughness of
the latter is certainly higher than that of the foil electrode (Fig. 1).
Thus, increasing the electrode surface area by nanostructuring and/
or increasing porosity does not necessarily result in a higher
diffusion-limited current of CO2RR, at least in viscous media such as
ILs (see also discussion of electroactive surface area in SI, Section 3).
This observation can be rationalized by a slow diffusion of CO2 into
pores and gaps between nanoneedles and the fact that the CO2RR
occurs mostly on the topmost electroactive sites of the Ag foam
catalyst.
3.3. CO2RR online product analysis

For the quantification of the CO2RR products by means of online
gas-chromatography we applied a so-called single catalyst
approach [48], where one single catalyst was used for the entire
potential dependent electrolysis campaign (Fig. 3, the FE values are
sts in CO2-saturated [BMIm][BF4] þ 20% water; for comparison purposes the respective
on the Ag foam (b) and Ag foil (d) in the same solution (the electrolysis potentials are
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also given in Tables S1eS4). In this standard approach, the CO2RR
was carried out for 20min in the [BMIm][BF4]/water mixture at a
given electrolysis potential before the headspace was analyzed for
the volatile electrolysis products. Only two gaseous products, CO
and H2, were detected. Fig. 3a shows the resulting CO2RR product
distribution obtained for the Ag foam catalyst represented as FE vs E
plot. For comparison purposes the CV of the Ag foam measured in
the two-compartment electrolysis cell is superimposed on the
respective FE data. The respective current transients are given in
the SI file (Fig. S10). The FE vs E can be subdivided into three
characteristic sections. At potentials >�1.3 V (Fig. 3a), the product
distribution shows comparably low efficiencies values of 16% for
CO, but noticeable contributions from the HER (FEH2¼ ~44%). At
lowest overpotentials the parasitic HER is obviously well compet-
itive with regard to the targeted CO2RR. FECO and FEH2 values are
both strongly depending on the electrolysis time at these low
overpotentials as demonstrated by the extended electrolysis
experiment presented in Fig. 3b (E¼�1.28 V). After a transient
non-steady-state period of about 1 h, FECO and FEH2 values reach
both plateaus in the FE vs t plot at ~5% and 47%, respectively. The
decrease in FE with time at low overpotential seems to be due to
poisoning the active Ag foam surface at extended electrolysis times.
It is evident that the sum of partial FEs does not reach 100% in this
low overpotential regime at any electrolysis time (Fig. 3b and
Table S2). It can therefore be hypothesized that a further cathodic
process, e.g. an IL degradation, substantially contributes to the total
reduction current in this potential regime. A first experimental hint
for such an extra IL degradation pathway at particularly low over-
potentials comes from the observation that the prolonged CO2RR in
the [BMIm][BF4]/water mixture already leads at �1.28 V to the
appearance of a yellowish color of the afore colorless IL (Fig. S11a).
The scheme in Fig. 4a depicts the proposed reaction mechanism for
these low overpotentials, which involves the formation of carbene
intermediates from the [BMIm] cation, their subsequent reaction
with CO2 to a carboxylate (or other) species and the production of
hydrogen. The formation of carboxylate was proposed previously as
a side product during CO2RR on a lead electrode in water-free 1-
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide IL
dissolved in acetonitrile [61]. Nevertheless, apparently, rather a low
concentration of IL decomposition products even after 3 h of elec-
trolysis did not allow us detecting these products by NMR (Fig. S13).

In this scenario, it might not only the reductivewater splitting in
the [BMIm][BF4]/water mixture, which contributes to the observed
HER, but also the reductive H abstraction from the [BMIm]þ cation
Fig. 4. Scheme demonstrating the proposed reaction mechanism at low (�1.28
in the presence of CO2. H2 can be detected also in the CO2-saturated
and water-free [BMIm][BF4] electrolyte, but on a lower level
(Fig. S12), thus supporting the hypothesis on an additional IL
degradation pathway operative at low overpotentials.

A further (minor) source for parasitic HER can be HF, which
forms in the course of partial hydrolysis of BF4� anions in the
presence of water [62]. 19F NMR spectroscopy of the [BMIm][BF4]þ
H2O sample carried out after the electrolysis reveals an additional
minor 19F resonance (Fig. S13) attributed to a product of the [BF4]�

hydrolysis [62].
At medium potentials, in the range from �1.38 V to �1.68 V, the

CO efficiency reaches a stable ~300mV wide plateau where the
FECO values never fall below 94% (CO2RR-CO regime) whereas the
FEH2 values never exceed 2%. At potentials close to the pronounced
CO2 reduction peak in the CV, the CO efficiency reaches a maximum
value of ~100%. The corresponding time-resolved product analysis
carried out at potentials close to themaximum of the CO2 reduction
peak (�1.48 V in Fig. 3b) shows (i) no delayed catalyst conditioning
in the early stage of electrolysis and (ii) no catalyst and IL degra-
dation upon prolonged CO2RR with FECO values never falling below
95% (see also Table S2). In full agreement with these considerations
also the color of the IL remains unchanged upon prolonged elec-
trolysis (Fig. S11b). Obviously, the predominant CO formation pre-
vents IL degradation in this medium potential regime. The
overpotentials are sufficiently high to allow for the rapid formation
of the CO2�

� intermediates on the Ag surface in the presence of the
[BMIm]þ co-catalyst followed by the transformation into CO and its
release from the catalyst (see reaction scheme in Fig. 4b) in accor-
dance with [31,61].

Below �1.68 V the FECO starts to drop down, interestingly
without corresponding increase in the H2 efficiencies. This obser-
vation can be rationalized by the onset of a massive reductive IL
degradation which becomes superimposed on the CO2RR thereby
decreasing the overall CO Faraday efficiency. This argumentation is
in full agreement with the voltammetric data (Figs. 2c and 3a)
showing the onset of a further cathodic process below�1.68 V after
passing the CO2-related reduction peak at �1.45 V. Note that the IL
degradation pathway at high overpotentials is different from the
one described at low overpotentials (Fig. 3a). The FEH2 values which
remain on a low level at E<�1.68 V indicate that no reductive H
abstraction (carbene formation) is involved in this IL degradation
process. Also, the color change upon electrolysis is less severe at
these high overpotentials than observed for the low overpotential
degradation pathway (Fig. S11c). We also notice that the addition of
V vs Ag/AgCl) and high (�1.48 V vs Ag/AgCl) overpotentials, respectively.
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water (20%) to the IL leads to the less negative onset of the IL
degradation: e.g. for the Ag-foam electrode, �1.80 V in the absence
of water and �1.68 V with xH2O¼ 20% (cf. Fig. 3a and Fig. S12). On
the other hand, the CO2RR onset shifts by 140mV upon water
addition (see also Fig. 2c), which preserves thewide region of stable
CO production without IL decomposition. Recently, Schmid et al.
[63] reported severe decomposition of 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate IL in the presence
of 50% water due to an increase in local pH. However, such
decomposition took place at high current densities (50mAcm�2

and higher) by employing flow cell and a gas-diffusion electrode.
The same authors did not observe the IL decomposition at a mod-
erate CO2RR current density (~6mAcm�2) and overpotential
[63,64], which agrees well with our results.

To further support our hypothesis of an improved electro-
catalytic activity of the Ag foam as concluded from the voltam-
metric experiments (Fig. 2), the corresponding potential-
dependent (Fig. 3c) and time-resolved (Fig. 3d) electrolysis was
conducted using the Ag foil as a reference catalyst. The data show
qualitatively the same electrolysis characteristics as the Ag foam
including the three sections in the FE vs E plot (low/ mixed HER/
CO2RR-CO/IL degradation; medium/ CO2RR-CO; high/ mixed IL
degradation/CO2RR-CO). However, the ~300mVwide plateau of the
FECO is shifted to more negative potentials with respect to the Ag
foam, thus, confirming the enhanced CO2RR activity of the Ag foam
concluded from the CV data in Fig. 2.

3.4. Identical location SEM analysis

The stability of the Ag foam electrocatalyst is further confirmed
by so-called identical location investigations [12,52] performed
prior and after a 5 h lasting CO2RR at �1.55 V (Fig. 5; current
transient and FECO are presented in Fig. S14). Neither the primary
macro-porosity nor the secondary micro-porosity of the pore side
walls is affected by the prolonged CO2RR (Fig. 5). Moreover, no
visible electrochemical and morphological degradation of Ag
nanoneedles is observed. This finding confirms a high stability of
the foam catalyst in the IL during CO2 electrolysis.

4. Conclusions

We employed a novel Ag foam type of catalysts composed of Ag
nanoneedles for the electrochemical conversion of CO2 into CO
from ionic liquid solutions. The catalyst was prepared by a versatile
galvanostatic deposition approach utilizing high current densities
(�3 A cm�2) and an aqueous Ag(I) solution as silver source, yielding
macro-porous Ag foamswith pore diameters ranging from 10 mm to
50 mm. The pore sidewalls are composed of Ag nanoneedles (Ag-
NNs) having diameters of ~50e100 nm and lengths that can exceed
1 mm. The loosely packing of the Ag-NNs in the pore sidewalls in-
troduces a secondary meso-porosity into the catalyst system. The
obtained Ag foam catalyst significantly decreased the required
cathodic potential for CO2RR by about 220mV compared to the Ag
foil reference system.

The addition of moderate amounts of water (20% mole fraction,
optimized conditions) to the [BMIm][BF4] ionic liquid leads to the
further ~120mV decrease in the CO2RR onset potential. CO2RR
product analysis confirmed for the [BMIm][BF4]/water mixture an
anodically shifted 300mV broad potential plateau, where the CO
efficiency reaches almost 100%. Both prolonged electrolysis ex-
periments in the CO forming region and identical location SEM
imaging confirmed a superior electrochemical and structural sta-
bility of the Ag foam catalyst.

Thus, in the combination with nanostructured Ag catalysts IL-
based electrolyte solution provide rather low overpotentials of
CO2RR, selective product formation, the suppression of parasitic
HER as well as electrolyte and catalyst stability. However, the
problem of high viscosity of ILs and slow CO2mass transport should
be considered, and possible solutions for this problem should be
further investigated.
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A B S T R A C T

Bimetallic AgCu metal foams (15 at% Ag, 85 at% Cu) have been synthesized by means of an additive-assisted 
electrodeposition process using the dynamic hydrogen bubble template approach. Ag and Cu remain fully 
phase-segregated in the as deposited bimetallic foam exhibiting a high degree of dispersion of pure nm-sized Ag 
domains embedded in the Cu matrix. An activation of this bimetallic material towards ethanol formation is 
achieved by thermal annealing of the as deposited foam under mild conditions (200 �C for 12 h). Such annealing 
quantitatively transforms the Cu in the bimetallic system into a mixture of crystalline Cu2O and amorphous CuO 
whereas the Ag remains in its metallic state due to the thermal instability of Ag2O above temperatures of 180 �C. 
The selective oxidation of Cu in the bimetallic Ag15Cu85 catalyst goes along with an enrichment of Cu oxides on 
the surface of the formed mixed AgCuxO foam. 

Both operando X-ray diffraction and operando Raman spectroscopy demonstrate, however, that the oxide 
reduction is completed before the electrochemical CO2 reduction sets in. The thus formed oxide-derived (OD) 
bimetallic Ag15Cu85 foam catalyst shows high selectivity towards alcohol formation with Faradaic efficiencies of 
FEEtOH ¼ 33.7% and FEn-PrOH ¼ 6.9% at � 1.0 V and � 0.9 V vs RHE, respectively. Extended electrolysis exper
iments (100 h) indicate a superior degradation resistance of the oxide-derived bimetallic catalyst which is 
ascribed to the effective suppression of the C1 hydrocarbon reaction pathway thus avoiding irreversible carbon 
contaminations appearing in particular during methane production.   

1. Introduction

In recent years, the electrochemical conversion of environmentally
harmful CO2 into products of higher value is considered a promising and 
technologically feasible approach to mitigate the increase of atmo
spheric CO2 [1–3] which reaches already levels above 410 ppm [4]. 
Because of this global threat, a paradigm shift currently drives both the 
energy and mobility sectors away from fossil-based (coal, oil, and nat
ural gas) towards renewables (hydro, wind, and solar) energy sources. 
The chemistry sector follows this trend which will surely affect entire 
production chains of most commodity and fine chemicals. This so-called 
‘energy transition’ can therefore be considered as a truly intersectorial 
challenge which calls for new transsectorial strategies. Several 

technologies including capture [5] and sequestration [6] have already 
been devised in order to reduce levels of CO2 in the atmosphere. 
Amongst these, CO2 reduction by electrochemical means [7] deserves 
particular attention as it can transform CO2 directly back into synthetic 
fuels (so-called e-fuels) or other platform chemicals of high value [1,2]. 
In particular the electrochemical co-electrolysis of water and CO2 has a 
great potential to directly interlink the energy sector to the chemistry 
sector (see ‘Rheticus’ process as a prime example thereof) [8]. The CO2 
reduction reaction might become not only economically feasible in the 
future but also truly sustainable, in particular when the surplus of re
newables originating from solar radiation, wind power, and hydro 
sources is used as energy input to drive this electrochemical CO2 con
version. This so-called ‘power to value’ concept might, in future, become 
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one important element among others contributing to the closing of the 
anthropogenic carbon cycle [3,9,10]. 

This electrocatalytic process typically relies on the oxidative splitting 
of water (OER: Oxygen Evolution Reaction) and the reductive conver
sion of CO2 (CO2RR: CO2 Reduction Reaction). Oxygen (O2) is the only 
product that can form on the anode side when using aqueous environ
ments, irrespective of which anode material is used (e.g., RuO2, IrO2, or 
FeNi based systems) [11,12]. However, a variety of different CO2RR 
products are typically produced on the cathode side [7], ranging from 
formate [13–15], carbon monoxide (CO) [16–27], saturated and 
non-saturated hydrocarbons (e.g. methane [16,20,28], ethylene 
[29–32]) to oxygenates of various chain length and energy density (e.g., 
methanol [20,28,33], ethanol [29,34,35], and n-propanol [34,36]). The 
specific CO2RR product distribution is mainly governed by chemical 
nature [7], the structure, and the morphology [30] of the electro
catalyst. Cu stands out in the group of monometallic CO2RR catalysts [7] 
as it is capable to produce hydrocarbons [7,16,37–41] and oxygenates 
[32–35] of variable C–C chain length. 

In particular, the multi-hydrocarbon and oxygenate formation from 
CO2 typically requires the balanced interaction between catalyst active 
sites and chemisorbed *CO (Sabatier principle), the latter being 
considered as the key intermediate in the CO2RR. Such balance gua
rantees a sufficiently high abundance and residence time of the *CO at 
the reactive sites as mechanistic pre-requisites to undergo further C–C 
coupling and reductive hydrogenation reactions [42]. For several 
CO2RR catalysts, Kuhl et al. [28] derived a Volcano like interrelation 
between the *CO binding strength and experimentally determined 
CO2RR current densities at � 0.8 V vs RHE. Au and Ag were found on the 
low binding energy side of the volcano curve, rationalizing the facile 
release of the formed CO as main product when the CO2RR is carried out 
over Ag and Au. Cu was found on the high binding energy side next to 
the volcano maximum with the right balance of the *CO binding 
strength to prevent irreversible poisoning of the catalyst (e.g., as in case 
of Pd [13,15]) but allowing for C–C coupling reactions. 

One major drawback of the Cu catalysts is, however, their poor 
product selectivity [7]. One recently discussed experimental concept 

towards improved selectivity of C–C coupled hydrocarbons (e.g., 
ethylene) is based on the use of bimetallic materials consisting of a CO 
producer (e.g., Ag, Au, or Zn) and the C–C coupler (Cu) [29,43–46]. A 
high abundance of CO is achieved, e.g. through selective CO2RR on the 
Ag component in the bimetallic system. CO is subsequently transported 
to Cu sites in close proximity that are active for the C–C coupling. Short 
diffusion paths from Ag to Cu on the catalyst surface are essential for this 
‘CO spillover’ concept. Further, CO2RR efficiencies are per se improved 
when using AgCu bimetallics as the Ag reveals an intrinsically higher 
overpotential for the parasitic hydrogen evolution reaction (HER). It is 
the high surface concentration of chemisorbed *CO which leads to a 
further suppression of the HER by blocking surface sites, at least within a 
certain range of potentials applied [44]. 

In this present study, we further develop this approach by selectively 
activating the Cu component in the bimetallic AgCu system for alcohol 
formation. This can be achieved by thermal annealing, which leads to 
the selective formation of Cu oxides, whereas the Ag remains in its 
metallic state. Electroreduction of the formed oxidic Cu precursor under 
CO2RR conditions transforms the bimetallic AgCu system into a C–C 
coupling and alcohol forming catalyst. The latter is denoted in the 
following as oxide-derived (OD) Ag15Cu85. 

A combination of operando Raman spectroscopy and X-ray diffrac
tion is used, along with TEM, STEM and so-called identical location (IL)- 
SEM imaging, to probe compositional and structural changes of the 
catalyst which go along with its activation for alcohol production. 

For the preparation of model catalysts we apply the so-called dy
namic hydrogen bubble template approach, originally developed for the 
electrodeposition of monometallic metal foams [47,48], to the bime
tallic AgCu system [27]. Also we will show that the use of complexing 
plating additives (e.g., citrate) plays a vital role for the required 
dispersion of the Ag in the Cu matrix. 

Fig. 1. Morphological and compositional analysis of the as deposited Ag15Cu85 foam deposited on a Cu foil substrate. a) White-light interferometric image of the 
bimetallic foam; b) and c) SEM analysis; d) ADF-STEM analysis of an individual dendrite; e) EDX mapping of the dendrite (Ag, Cu); f) spatial distribution of the Ag 
component; g) spatial distribution of the Cu component. 

A. Dutta et al.                 



Nano Energy 68 (2020) 104331

3

Fig. 3. Structural and compositional analysis of the thermally annealed Ag15Cu85 (12 h at 200 �C) foam; a) - c) HR-TEM micrographs of the thermally annealed 
Ag15Cu85 foam; d) ADF-STEM micrograph of the annealed Ag15Cu85 foam; e) – h) EDX mapping of an isolated dendrite of the annealed Ag15Cu85 foam. The yellow 
square in panel g highlights the section shown in panel h. The inset in panel h depicts one-dimensional line-scans over the feature (exhibited from panel g). 

Fig. 2. a) Ex situ XRD analysis of the as deposited Ag15Cu85 foam, the annealed foam (12 h at 200 �C), and the OD-Ag15Cu85 (after 1 h CO2RR at � 1.0 V vs RHE); b) 
and c) Corresponding XPS analysis of the bimetallic foam. 
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2. Results and discussion

2.1. Synthesis and activation of the Ag15Cu85 foam catalyst 

The as deposited Ag15Cu85 foam - The bimetallic Ag15Cu85 foam 
catalyst (this notation refers to the bulk composition derived from the 
ICP-OES analysis, see Table S1) has been electrodeposited on a Cu foil 
substrate at j ¼ – 3 A cm� 2 (20 s) using a plating bath containing 1.5 M 
H2SO4, 20 mM CuSO4, 2 mM Ag2SO4, and 0.1 M Na3C6H5O7. Key to this 
process is the hydrogen evolution reaction (HER, secondary process) 
that is superimposed on the metal deposition (primary process) when 
such high cathodic current densities are applied [30,47,48]. Hydrogen 
bubbles, which appear on the cathode during the massive HER, thereby 
serve as transient geometric template for the metal foaming process [30, 
47,48]. Proton consumption and water splitting (OH� formation) lead to 
the appearance of pronounced pH gradients at the interface thus 
resulting into the deprotonation of the citric acid (10� 1 M tri-sodium 
citrate di-hydrate) in the reaction boundary layer [18]. The formed 
citrate tends to chemisorb on the cathode thus altering the nucleation 
and growth characteristics of the emerging foam deposit [18]. In addi
tion, citrate anions undergo fast chelating reactions with the Agþ and 
Cu2þ cations in the near electrode surface reaction boundary layer [18]. 
It can therefore be assumed that the actual deposition process occurs 
from a complexed metal ion solution produced in situ in the near surface 
electrolyte (see schematic in Fig. S1) [18]. In this present study, we 

restrict ourselves to the discussion of one particular composition of the 
bimetallic AgCu foam catalyst containing 15 at% Ag and 85 at% Cu. 
Detailed compositional studies of this kind of catalysts are hampered by 
the fact that any changes of the bath composition (e.g., the Agþ: Cu2þ

ion ratio or the citrate additive concentration) will inevitably affect the 
Faradaic efficiencies of hydrogen production and metal deposition [27]. 
As a consequence of that not only the chemical composition of the de
posit is altered but also its morphology on various length scales [27]. 
Compositional and morphological effects (e.g., pore size distribution, 
morphology of the pore side-walls) can therefore not be studied inde
pendently from each other when applying the dynamic hydrogen bubble 
approach [48] to these bimetallic systems. 

Fig. 1 shows representative white-light interferometry (panel a) and 
SEM micrographs (panels b and c) of the as deposited Ag15Cu85 foam 
which resembles in appearance to the pure Cu foams with their multi- 
level 3D architecture of interconnected pores [30,48,49]. A 
cross-sectional SEM inspection reveals a thickness of ~18 μm (see 
Fig. S2) of the as deposited Ag15Cu85 foam. A similar bimetallic AgCu 
foam has recently been reported by Kottakat et al. [27] which has, 
however, been deposited from an additive-free plating bath and showed 
therefore different structural and morphological characteristics 
compared to the one discussed herein. The mean outermost surface pore 
diameter of the Ag15Cu85 foam discussed herein amounts to ~25 μm. 
Note that these metal foams typically reveal a gradient in pore size along 
the surface normal due to the coalescence of hydrogen bubbles in the 
course of the metal deposition [30,48]. Similar to the pure Cu metal 
foams deposited from an additive-free Cu plating bath [30,48,49], also 
the sidewalls of the bimetallic Ag15Cu85 foam reveal a dendritic nature 
with individual dendrites composed of AgCu particles having di
mensions of <50 nm (panel c). Note that individual dendrites in the pure 
Cu foams deposited from additive-free plating baths are composed of 
shaped Cu crystallites showing preferential (111) and (100) facets on 
their surface [49]. No such texturing is, however, visible on the bime
tallic Ag15Cu85 foam. Also note that pure Cu catalysts deposited under 
identical plating conditions (current density and plating time) in the 
presence of the citrate additive do not show a well-developed foam 
morphology at all (Fig. S3) thus demonstrating that the presence of the 
citrate not only impacts the nucleation and growth of the metal depo
sition process but also the formation and release of the hydrogen bubbles 
from the electrode. 

The correlation between the catalyst morphology and its composi
tion has been achieved by means of ADF-STEM imaging (Fig. 1d) com
bined with EDX mapping, the latter providing information on the spatial 
distribution of Cu and Ag, respectively (Fig. 1e–g). The EDX analysis 
confirms that the electrodeposition approach yields bimetallic foams 
with a high degree of dispersion of Ag in the Cu matrix, which is 
considered as a crucial prerequisite for the intended CO ‘spillover’ 
concept [50]. The presence of the citric acid additive in the plating bath 
is found to be essential to yield a bimetallic catalyst material where the 
nm-sized Ag and Cu domains form a maximum of phase boundaries. By 
contrast, the respective metal foam deposited in the absence of citric 
acid resembles more a physical mixture of loosely packed Ag and Cu 
particles (see Fig. S4). 

Activation of the Ag15Cu85 foam: ex situ XRD and XPS analysis - An 
activation of the as deposited Ag15Cu85 foam for the selective formation 
of ethanol from CO2 requires a further treatment which is typically 
based on an oxidation of the catalyst material. Both thermal annealing 
[34,49,51–55] and the exposure of Cu-based catalysts to oxygen plasma 
[40,56,57] have already been demonstrated to be beneficial for the 
formation of oxidic catalyst precursors which, under CO2RR conditions, 
reductively transform into their metallic form thereby creating those 
reactive sites which are actually active towards C–C coupling and the 
formation of alcohols [34]. In addition, the C1 hydrocarbon (methane) 
reaction pathway gets effectively suppressed by this oxidation/re
duction cycle [34]. This side effect of the thermal treatment has been 
found to be particularly beneficial for the degradation stability of the 

Fig. 4. Operando XRD experiment demonstrating the electro-reduction of Cu2O 
in the annealed Ag15Cu85 foam as function of the applied electrode potential; a) 
Potential dependent XRD spectra; b) Integrated and normalized intensities 
derived from spectra shown in panel a (orange: integrated intensity of the Cu2O 
(220) peak; red: integrated intensity of the Cu (200) peak; blue: integrated 
intensity of the Ag (220) peak). 
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CO2RR catalysts [34]. The formation of methane via the coupled C1/C2 
reaction pathway [34,58] typically involves an undesired and irrevers
ible carbonization of the catalyst surface [59–61]. 

A mild thermal annealing treatment in air at 200 �C was applied for 
12 h to the as deposited Ag15Cu85 foam. Fig. 2a depicts representative 
diffraction patterns of the as deposited Ag15Cu85 foam, the thermally 
annealed one, and the catalyst after 1 h of CO2RR at � 1.0 V vs RHE (OD- 
Ag15Cu85 foam). For the sake of interpretability also the respective 
JCPDS reference data for fcc Cu, fcc Ag, Cu2O and Ag2O are presented 
(see also Table S1). From the XRD analysis, it can be concluded that the 
as deposited Ag15Cu85 foam is composed of pure Cu and Ag phases with 
minor contributions originating from Cu2O and Ag2O. Qualitatively 
similar diffraction patterns of bimetallic CuAg thin films were recently 
reported by Clark et al. also showing peaks coinciding with those of pure 
fcc Ag and Cu [44]. In the latter case, a small contribution from an AgCu 
surface alloying was observed. In the present case there are, however, no 
experimental hints in the XRD analysis for any alloying (see Table S1) in 
agreement with recent results by Kottakat et al. [27]. These different 
experimental observations can be rationalized by the particular prepa
ration route of AgCu film formation used by Clark et al. which actually 
facilitates AgCu surface alloy formation [44]. The phase-segregation of 
Cu and Ag is indeed expected as the respective binary phase diagram 
indicates an immiscibility of Ag and Cu for a wide range of temperatures 
and compositions relevant to this study [50]. Minor oxidic components 
visible in the diffractogram of the as deposited sample might originate in 
particular at the surface of the deposit after its emersion from the metal 
ion containing plating bath and the subsequent drying procedure in air 
[30,49]. 

Thermal annealing in air at 200 �C partly transforms the Cu into 
crystalline Cu2O whereas the diffraction pattern of metallic Cu almost 
disappears. Diffraction patterns of crystalline Ag2O are not detected due 
to thermal instability of the Ag2O which decomposes at temperatures 
above 180 �C [62]. From the XRD analysis it can be concluded that the 

thermally annealed Ag15Cu85 is a mixed metal/oxide (AgCuxO) com
posite material. 

As expected, the post-electrolysis XRD analysis reveals again major 
contributions from metallic Cu and Ag whereas the oxidic components 
have almost been disappeared (see also the inset in Fig. 2a). Only trace 
amounts of crystalline Cu2O can be detected which have likely been 
formed on the catalyst surface after the CO2 electrolysis during exposure 
of the catalyst to air. 

As the XRD experiment is only sensitive to bulk phases revealing 
long-range translational order, complementary XPS analysis has been 
applied being more sensitive to the chemical state of the catalyst surface. 
Panels b and c of Fig. 2 depict Cu2p and Ag3d core level emissions of the 
bimetallic catalyst material representing different stages of its prepara
tion and use. As reference, also XPS spectra of pure Ag and Cu foil 
samples are provided. Obviously, Cu(II) species are already present on 
the as deposited foam. 

This can be deduced from the satellite features on the high binding 
energy side of the Cu(0)/Cu(I) related Cu2p emission. In addition, 
characteristic shake-up features are visible in the XPS spectrum of the as 
deposited sample, thus further confirming the presence of Cu(II). Cu(II) 
related XPS features might originate from residuals of the complexed Cu 
(II) precursors which were trapped inside the metal foam after its 
emersion from the plating bath. Note that Cu foams deposited from a 
non-complexed (citric acid free) solution do not show these character
istic Cu(II) features in the XPS (Fig. S5) [49]. Further, the annealed 
Ag15Cu85 foam sample contains Cu(I) and Cu(II) species which, in this 
case, can be assigned to oxidic Cu as product of the thermal treatment 
[49]. The annealing temperature of 200 �C is, however, not high enough 
to induce sufficient translational order in the formed CuO phase to be 
detected in the XRD (Fig. 2a) in full agreement with the literature [49]. 
After the electrolysis, the sample contains metallic Cu as well as minor 
amounts of cuprous and cupric oxides. The latter can be attributed to the 
post-electrolysis re-oxidation of the sample when exposed to air in 

Fig. 5. a) Representative Operando Raman spectra 
of the thermally annealed Ag15Cu85 foam (12 h at 
200 �C) as function of the applied electrode poten
tial; b) Enlarged section of the operando Raman 
spectrum of the thermally annealed sample at � 0.2 
V vs RHE focusing on the intramolecular stretching 
mode of chemisorbed CO demonstrating three 
different adsorption sites; c) Integrated intensities of 
Raman peaks assigned to the intramolecular CO 
stretching modes. For comparison purposes also the 
results for the as deposited Ag15Cu85 foam and for 
the pure Cu catalysts (deposited in the presence and 
absence of citrate and thermally annealed at 200 �C 
for 12 h) are presented.   
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agreement with the XRD analysis. 
Also the Ag3d core level emissions of the Ag15Cu85 foam (panel c) 

confirm our ex situ XRD analysis. After electrodeposition of the Ag15Cu85 
foam both Ag(0) and Ag(I) species are observed in the XPS. For instance, 
the Ag3d5/2 peak at BE ¼ 367.9 eV is downward-shifted by ΔBE �0.3 eV 
with respect to the Ag reference (BE(Ag3d5/2) ¼ 368.2 eV thus indi
cating the presence of Ag(I) species. One possible origin of the Ag(I) 
might be residual Ag(I) complexes trapped inside the metal foam after 
the deposition. Note that similar Ag(I) features appear in the photo
emission spectra of pure Ag metal foams deposited from a citrate con
taining plating bath [18]. In accordance with the XRD analysis, the Ag3d 
core level emission of the annealed Ag15Cu85 foam does not show any 
contribution of Ag(I). This once more confirms the thermal instability of 
the Ag2O phase and the AgCuxO composite nature after its annealing at 
200 �C. For the discussion of the CO2RR product distribution (see below) 
it is important to note that the relative abundance of Cu and Ag on the 
catalyst surface differs from the respective bulk composition determined 
by ICP-OES and further changes in the course of the thermal oxidatio
n/ec reduction treatment as evidenced by the quantitative analysis of the 
Cu2p and the Ag3d core level emissions. Their integrated intensities 
(ICu2p:IAg3d) change from 62:38 (as deposited) to 91:9 (annealed at 200 
�C) and 77:23 (after 1 h CO2RR at � 1.0 V vs RHE). In particular the

surface of the annealed foam sample seems to be substantially enriched 
by (oxidic) Cu. Basis for this quantification was the XPS data set pre
sented in Fig. S6. 

This scenario becomes further supported by a combined HR-TEM and 
ADF-STEM inspection of the annealed Ag15Cu85 foam sample (Fig. 3) 
providing information of the spatial distribution of the metallic Ag and 
oxidic CuxO domains in the bimetallic foam. From the HR-TEM image in 
Fig. 3c it can be seen that the surface of the dendrite is composed of 
amorphous CuxO and crystalline Cu2O whereas metallic Ag is found 
predominantly in the interior of the dendrite (see also the EDX analysis 
in Fig. 3h). Diameters of the CuxO and the metallic Ag domains in the 
composite are in the range of 4–8 nm. Spatially resolved EDX analysis 
combined with ADF-STEM imaging (Fig. 3) confirms a uniform disper
sion of nm-sized Ag and CuxO domains in the bulk of the dendrite as 
already concluded from the EDX analysis of the as deposited sample 
(Fig. 1). 

Activation of the Ag15Cu85 foam: operando XRD and Raman spectro
scopic analysis - Applying cathodic electrode potentials relevant for the 
CO2RR leads to further structural and compositional changes in the 
mixed metal-oxide foam involving in particular the electro-reduction of 
the cupric and cuprous oxides. These compositional changes can be 
probed under reactive conditions by means of the operando XRD tech
nique using characteristic diffraction features of the crystalline Cu2O as 
fingerprint for the presence of oxidic copper (Fig. 4a). Fig. 4b depicts the 
normalized intensities of the (220) diffraction peak of Cu2O as well as 
intensities of the Ag and Cu related to (220) and (200) reflections, 
respectively, as a function of the applied electrode potential. Again, 
crystalline CuO was not detectable in the XRD due to its amorphous state 
(see also Fig. 3c). The intensity of Cu2O related diffraction peaks first 
increase when going from þ0.5 V to þ0.25 V vs RHE before dropping 
down to zero at potentials < � 0.5 V vs RHE. Such initial rise in the 
normalized intensity of the Cu2O related diffraction peaks can be 
attributed to the reduction of amorphous CuO to metallic Cu which 
proceeds via crystalline Cu2O as an intermediate. In general, the 
decrease of the Cu2O related diffraction intensity at potentials < þ0.25 
V vs RHE is anti-correlated to the raise in the integrated peak intensity of 
the metallic Cu. Fig. 4 suggests that the reduction of the oxidic Cu 
‘precursor’ is already completed before the CO2RR sets in (�-0.3 V vs 
RHE). The normalized intensity of the Ag related (220) peak remains 
constant, at least in the potential range relevant for the Cu oxide-metal 
transition (þ0.5 V vs RHE to � 0.5 V vs RHE). A certain decrease in the 
integrated intensity is, however, observed at potentials < � 1.0 V vs 
RHE. One possible explanation might be a preferential leaching of the Ag 
component under CO2RR/HER conditions. 

Operando Raman spectroscopy further supports the conclusion on the 
metal-oxide transition occurring at potentials more anodic than the 
CO2RR onset. Not only is this technique more sensitive to the chemical 
state of the catalyst surface than the XRD, it is in addition suitable to 
probe chemisorbed intermediates of the CO2RR [27]. Fig. 5a shows a 
series of potential dependent steady-state Raman spectra covering a 
potential window from the open circuit potential (OCP) down to � 0.9 V 
vs RHE. According to the literature, the vibrational modes observed at 
518 and 624 cm� 1 originate from Cux(OH)y and Cu2O species at the 
catalyst surface [63]. Their peak intensities drop down to zero already at 
potentials < þ0.2 V vs RHE (Fig. 5a). This value is even more positive 
than the oxide-metal transition probed by the operando XRD (Fig. 4). 
Differences in the observed oxide-metal transition potential might be 
related to technique specific. Also note that neither the operando XRD 
nor the operando Raman spectroscopy can exclude the presence of traces 
of so-called sub-surface oxygen after completion of the 
potential-induced oxide-metal transition [64]. 

CO stretching modes of chemisorbed carbon monoxide appear in the 
operando Raman spectra at applied potentials < þ0.1 V vs RHE. The 
discernable Raman peaks at 2031 cm� 2, 2093 cm� 2, and 2133 cm� 2 

(Fig. 5b) are due to different adsorption sites of CO chemisorbed either 
on metallic Cu or on Ag of the Ag15Cu85 foam [65,66]. A clear 

Fig. 6. Potential dependent CO2RR product distribution for (a) the as deposited 
Ag15Cu85 foam and (b) the (oxide-derived) OD-Ag15Cu85 foam catalyst after the 
annealing at 200 �C. 
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improvement of the bimetallic Ag15Cu85 foam with regard to pure Cu 
catalysts is a higher abundance of chemisorbed CO at more cathodic 
potentials (Fig. 5c, Fig. S7). Note that the peak maximum of the inte
grated peak intensity of the CO stretching mode is shifted by ~200 mV 
towards more cathodic potentials in case of the thermally annealed 
Ag15Cu85 foam. A similar increased abundance of chemisorbed CO is 
observed for the as deposited Ag15Cu85 foam (Fig. 5c). This character
istic feature of the bimetallic Ag15Cu85 foams can be regarded as bene
ficial for the ethylene and the alcohol formation which require both a 
high abundance of chemisorbed CO on the catalyst surface [67]. The 
stabilization of chemisorbed CO on the catalyst surface under CO2RR 
conditions can be regarded as crucial mechanistic prerequisite for any 

further improvement of the ethanol efficiency. 

2.2. Electrochemical performance of the Ag15Cu85 foam catalysts 

The electrocatalytic performance of the Ag15Cu85 foam has been 
evaluated by means of potential dependent electrolysis experiments (1 h 
duration) from CO2-saturated 0.5 M KHCO3 electrolytes (pH ¼ 7.2). 
Results of these electrolysis experiments are shown in Fig. 6a for as 
deposited Ag15Cu85 foam. In principle, the potential dependent product 
distribution can be subdivided into three distinct potential regimes. In 
the range from � 0.3 to � 0.7 V vs RHE CO is the predominant CO2RR 
product reaching a maximum Faradaic efficiency of FECO ¼ 81.45% 
(Table S2) at � 0.3 V, which corresponds to a partial CO current density 
of jCO ¼ - 0.24 mA cm� 2 (Table S3). It can be assumed that it is the Ag 
component in the as deposited Ag15Cu85 foam catalyst on which the 
CO2RR preferentially takes place at these low overpotentials. This 
bimetallic catalyst outperforms pure Cu catalysts in terms of CO pro
duction at low overpotentials. One reason might be related to the almost 
quantitative suppression of the formate production (Fig. 6a, Table S2) 
which is typically produced over pure Cu electrocatalysts at these con
ditions (e.g. FEformate ¼ 49.2% at � 0.7 V vs RHE [34]). Comparably high 
efficiencies of formate formation are also observed for pure Cu catalysts 
deposited in the presence of citrate additives (see Fig. S3 and Fig. S8 in 
supplementary information). 

A similar effect of suppressed formate production has recently been 
discussed by Kottakat et al. for electrodeposited bimetallic AgCu foams 
[27]. In this latter case a maximum CO efficiency of ~FECO ¼ 58.4% at 
� 0.6 V vs RHE was reported [27]. Highest CO efficiencies at particularly 
low overpotentials similar to those reported herein were so far reported 
only for pure Au [68] or Ag [69] electrocatalysts. An example related to 
this present work is the pure Ag foam electrocatalyst also deposited from 
a citrate-containing plaiting bath [18]. In this latter case the FECO values 
did not fall below 90% within a 800 mV broad potential window ranging 
from � 0.3 to � 1.2 V vs RHE [18]. It should be emphasized, however, 
that the bimetallic AgCu foams are superior over the pure Ag catalyst in 
terms of Ag mass activity [27]. 

In the present case the FECO values start to drop down at potentials <
� 0.5 V vs RHE not only because of the HER which becomes more 
favored with increasing cathodic potentials, but also because of the C1 
(methane) and C2 (ethylene, ethane) hydrocarbon pathways which are 
opened at potentials < � 0.4 V and < � 0.9 V vs RHE, respectively. The 

Fig. 7. Proposed reaction scheme illustrating the coupling of the CO pathway and the C2 hydrocarbon/alcohol reaction pathways.  

Fig. 8. a) Current density/time transient curve of the 100 h lasting catalyst 
stressing experiment at � 1.0 V vs RHE (note the electrolysis current is 
normalized to the geometric surface area); b) Corresponding CO2RR product 
distribution focusing on the alcohols (ethanol and n-propanol). 
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ethylene efficiency reaches its maximum of FEC2H4 ¼ 36.56% (jC2H4 ¼

� 11.32 mA cm� 2) at � 1.1 V vs RHE. These efficiencies are comparable 
to those reported for Cu nano-foams [70] or Cu nano-cubes with (100) 
surface orientation [71,72]. Table S4 provides an overview on the best 
performing Cu-based catalysts for ethylene production. Interesting to 
note is that, in contrast to pure Cu foams [30], the C2H6 formation re
mains on a low level on the bimetallic catalyst within the entire potential 
range studied herein never exceeding 1% (Table S2). 

As known from polycrystalline Cu electrocatalysts [73], methane 
production sets in at slightly higher overpotentials as compared to 
ethylene reaching on as deposited Ag15Cu85 a maximum of FECH4 ¼

25.6% at � 1.2 V vs RHE (Fig. 6a). C2 and C3 alcohol formation is 
negligible on the as deposited Ag15Cu85 foam. The n-propanol effi
ciencies never exceed 1% whereas a maximum ethanol efficiency of 
FEEtOH ¼ 4.6% (jEtOH ¼ � 1.11 mA cm� 2) is obtained at � 1.0 V vs RHE. 
The second characteristic potential regime in the product CO2RR dis
tribution (<-0.7 V vs RHE) is obviously dominated by the Cu component 
in the as deposited Ag15Cu85 foam with its capability of enabling C–C 
coupling reactions. It can be assumed that the C–C coupling reaction 
benefits from the high abundance of CO inside the porous catalyst. Due 
to the small domain sizes of the metallic components of the as deposited 
Ag15Cu85 foam (Fig. 1, see also below discussion on Fig. 9i) the CO in
termediate is rapidly transported from the Ag (CO producer) to the Cu 
domains (C–C coupler) either by surface diffusion (‘spillover’) or by 
diffusion through the liquid electrolyte phase inside the pores of the 
bimetallic foam (re-adsorption of trapped CO). 

In principle, this basic concept holds true also for the thermally 
annealed (oxide-derived) Ag15Cu85 foam (Fig. 6b). The C1 and C2 hy
drocarbon pathways are, however, substantially suppressed on the OD- 
Ag15Cu85 foam (Table S5). A maximum value of only FEC2H4 ¼ 10.2% 
(jC2H4 ¼ � 3.1 mA cm� 2) is observed at � 1.1 V vs RHE. Instead, ethanol 
is the predominant CO2RR product at electrolysis potentials < � 0.8 V vs 
RHE reaching a maximum value of FEEtOH ¼ 33.7% (jEtOH ¼ � 8.67 mA 
cm� 2) at � 1.0 V vs RHE. Important to note is that the efficiency for 
n–propanol formation remains on a low level (e.g., FEn-PrOH ¼ 6.9%, jn- 

PrOH ¼ � 1.8 mA cm� 2 at � 0.9 V vs RHE) thus pointing to a catalyst 
which is selective towards C2 alcohol formation (Table S5 and Table S6). 
Rahaman et al. recently reported a high alcohol efficiency for thermally 
annealed dendritic Cu of FEalcohol ¼ 24.8% (jalcohol ¼ � 7.73 mA cm� 2) at 
� 1.0 V vs RHE [34]. The alcohol selectivity itself was, however, poor 
with almost equivalent efficiencies for ethanol and n-propanol [34]. 

The OD-Ag15Cu85 is currently among the best performing catalysts 
for the production of higher alcohols (an overview is provided in 
Table S7 and Table S8). 

A certain drawback of the thermal annealing of the Ag15Cu85 foam is 
the decrease of the Ag (CO producer) content at the catalyst surface in 
the course of the thermal oxidation/ec reduction treatment (see dis
cussion of the XPS data). This structural and compositional alteration of 
the catalyst surface becomes apparent also from the CO2RR product 
distribution, in particular in the low overpotential regime ranging from 
� 0.3 V to � 0.8 V vs RHE (Fig. 6b). In comparison to the as deposited 
sample (Fig. 6a) the Faradaic yield of CO production is substantially 
lower for the oxide-derived catalyst at lowest overpotentials, e.g. at 
� 0.3 V vs RHE (FECO ¼ 37.4% instead of FECO ¼ 81.45% (as deposited)) 
and slightly lower at medium overpotentials, e.g. at � 0.6 V vs RHE 
(FECO ¼ 52.0% instead of FECO ¼ 60.7% (as deposited)). However, the 
Ag content on the catalyst surface after the reduction of the oxides seems 
to be sufficient to substantially improve the total alcohol efficiency 
FEalcohol compared to pure Cu foams (see also discussion of Fig. 9). 

Fig. 7 summarizes the suggested mechanism of alcohol formation on 
the bimetallic AgCu catalyst surface which is consistent with published 
models on alcohol formation on Cu [34]. CO forms selectively on the Ag 
domains and is subsequently transported to the Cu via surface diffusion 
(‘spillover’) or alternatively via CO transport through the solution phase 
(desorption/re-adsorption). Besides the increased abundance of CO in
termediates it is the stabilization of the chemisorbed *CO on the catalyst 
surface which further directs the CO2RR towards C–C coupling and 
alcohol formation. This stabilization is deduced from the potential 
dependent integrated intensity of the CO stretching mode (Fig. 5c). Its 
maximum is downward-shifted on the potential scale in case of the 

Fig. 9. a) – d) Identical location (IL) SEM analysis of the catalyst before (panel a and b) and after (panel c and d) 72 h CO2RR at � 1.0 V vs RHE; e) – i) ADF-STEM 
micrograph and EDX mapping of a single dendrite after CO2RR at � 1.0 V vs. RHE. The yellow square in panel h highlights the section shown in panel i. 
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Ag15Cu85 foam compared to the pure Cu foam (Fig. 5c). Note that the 
Raman experiment does not allow for a direct comparison of the CO 
surface concentration on the pure Cu and the Ag15Cu85 foam due to 
differences in the surface morphology (e.g. roughness) and chemical 
composition of both catalyst materials. 

2.3. Stability of the annealed Ag15Cu85 foam catalyst 

Besides the CO2RR product selectivity and activity, it is the long term 
stability of the catalyst which defines its overall performance. Therefore, 
long term CO2 electrolysis experiments were performed at � 1.0 V vs 
RHE corresponding to the maximum ethanol efficiency in the potential 
dependent screening experiment (Fig. 6b). Fig. 8 depicts the current/ 
time transient curve (panel a) and the corresponding FE/PCD vs t plot 
(panel b) of a 100 h continuous electrolysis experiment. The partial 
current density (PCD) for ethanol formation drops down slightly from 
� 8.4 mA/cm2 to � 7.3 mA/cm2 thus pointing to an excellent degrada
tion stability of the bimetallic catalyst. Note that, when the electrolysis is 
carried out in a discontinuous fashion, the degradation process proceeds 
faster (see discussion on Fig. S9 in the supplementary information). 

Structural and compositional changes upon catalyst activation via 
the precursor reduction and the CO2 electrolysis itself become apparent 
from identical location IL-SEM analyses of the Ag15Cu85 foam in Fig. 9 
after anneal at 200 �C (panel a–b) and after 72 h of continuous CO2 
electrolysis (panel c–d). The electroreduction of the precursor and the 
CO2 electrolysis at � 1.0 V vs RHE leaves the mesoscopic pore structure 
on the μm scale fully unaffected (panel a and c) similar to what is known 
from Cu and Ag foams [18,30]. Distinct structural changes are, however, 
visible on the nm length scale (panel b and d). After the 72 h of elec
trolysis (panel d) smaller particles have been evolved, most likely in the 
initial stage of the electrolysis where the CO2RR is superimposed on the 
Cu oxide reduction (see e.g. Fig. 4). Similar morphological changes 
become apparent from an extended IL-analysis of the catalyst carried out 
at discontinuous operation mode (Fig. S10 in the supplementary 
information). 

Combined ADF-STEM imaging and EDX mapping (Fig. 9) clearly 
indicate a high degree of dispersion of Ag and Cu domains. The pref
erential segregation of Cu in the form of cuprous and cupric oxides has 
disappeared under CO2RR conditions in full agreement also with the XPS 
analysis. 

3. Conclusions

Bimetallic Ag15Cu85 foam catalysts have been produced by means of
an additive (citrate) assisted electrodeposition approach utilizing the 
dynamic hydrogen bubble template approach. Whereas the as deposited 
catalyst is selective towards CO at particularly low overpotentials (FECO 
¼ 81.45%, jCO ¼ � 0.24 mA cm� 2 at � 0.3 V vs RHE) and towards C2H4 at 
higher overpotentials (FEC2H4 ¼ 36.56%, jC2H4 ¼ - 11.32 mA cm� 2 at 
� 1.1 V vs RHE) an activation of the catalyst for selective alcohol for
mation is achieved by thermal annealing of the Ag15Cu85 at 200 �C for 
12 h. This treatment leads to a metal/oxide composite material con
sisting of metallic Ag and oxidized Cu (denoted as AgCuxO foam), the 
latter being accumulated at the surface of the foam. Electroreduction of 
the oxidic components in the AgCuxO precursor leads to an oxide- 
derived (OD) bimetallic AgCu catalyst which outperforms in terms of 
ethanol selectivity (FEEtOH ¼ 33.7%, jEtOH ¼ � 8.67 mA cm� 2 at � 1.0 V 
vs RHE) and durability (100 h). 

A key feature of the OD-Ag15Cu85 foam catalyst is the high dispersion 
of nm-sized domains of metallic Ag (CO producer) and Cu (C–C coupler, 
alcohol former) in the bimetallic catalyst thus allowing for a facile 
transport of the CO intermediate to those Cu surface sites that are 
particularly active for C–C coupling and ethanol formation (CO spillover 
concept). The excellent performance of the OD-Ag15Cu85 foam catalyst 
is due to the synergistic effects of an increased CO abundance at higher 
overpotentials and the selective activation of the Cu component by the 

oxide formation and its electroreduction under CO2RR conditions. 
Operando Raman spectroscopy and X-ray diffraction both clearly 

demonstrate that the activation (electro-reduction) of the annealed 
Ag15Cu85 foam is completed before the CO2RR sets in. 

4. Experimental section

4.1. Chemical and materials 

Cu foils were purchased from Alfa Aesar (thickness 0.25 mm, purity 
� 99.95%) and cut into pieces having dimensions of ~8 mm � 22 mm. 
Prior to the electrodeposition of the CuAg foam, Cu foils were subjected 
to an electropolishing treatment in ortho-phosphoric acid (50w%, ACS 
grade, SigmaAldrich) using a two-electrode arrangement. A graphite foil 
thereby served as counter (cathode) and the Cu foil as working elec
trodes (anode), respectively. A constant potential difference of 2.0 V was 
applied between both electrodes for the duration of 2 min. During the 
electropolishing treatment, the Cu foil was gently moved in the phos
phoric acid solution to remove oxygen bubbles formed upon electrode 
polarization on the Cu. The resulting surface morphology was charac
terized by means of atomic force microscopy (AFM, NanoSurf, see 
Fig. S11 in the supplementary information). 

4.2. Electrolyte solutions 

The standard plating bath for the bimetallic AgCu foam deposition 
was composed of 1.5 M H2SO4 (prepared from 96% H2SO4, ACS grade, 
Sigma-Aldrich) serving as supporting electrolyte, 20 mM CuSO4 (Fluka), 
2 mM Ag2SO4 (Sigma Aldrich, purity � 99.5%), and 0.1 M Na3C6H5O7 ⋅ 
2H2O (tri-sodium citrate di-hydrate, >99.7%, Merck). For comparison 
purposes AgCu electroplating experiments were performed also in the 
additive-free bath. Furthermore also pure Cu catalysts were deposited 
from a plating bath in the absence of Ag containing 1.5 M H2SO4 (ACS 
grade, Sigma-Aldrich) and 20 mM CuSO4 (Fluka). This deposition was 
carried out in the presence and the absence of 0.1 M Na3C6H5O7 ⋅ 2H2O 
(tri-sodium citrate di-hydrate, >99.7%, Merck). See the operando Raman 
results in Fig. 5c and SEM images in Fig. S3 in the supplementary 
information. 

The electrochemically active surface area (denoted hereinafter as 
ECSA) was estimated by means of cyclic voltammetry (CV) using di- 
methyl viologen dichloride (DMVCl2) as reversible redox-probe 
following a protocol described previously [30]. Scan-rate dependent 
CVs were measured in aqueous 1 M Na2SO4 (ACS grade, Sigma-Aldrich) 
solution containing 10 mM DMVCl2 (Sigma-Aldrich). The estimated 
ECSA of the bimetallic AgCu foams (as deposited) used herein amounts 
to 2.66 cm� 2 (referring to 1 cm� 2 geometric surface area). Note that the 
ECSA further increases to 4.45 cm� 2 after the thermal annealing. For 
details of the ECSA determination see Fig. S12 in the supplementary 
information. 

All CO2RR experiments were carried out in 0.5 M KHCO3 (ACS grade, 
Sigma-Aldrich) electrolyte solutions saturated with CO2 gas (99.999%, 
Carbagas, Switzerland). For blank experiments the same electrolyte was 
saturated with inert Ar gas. 

4.3. Electrochemical experiments 

The AgCu foam deposition was carried out in a glass-beaker con
taining 100 mL of the plating solution. For the galvanostatic deposition 
process, a nominal current density of j ¼ � 3.0 A cm� 2 (referred to the 
geometric surface area of the Cu foil support electrode) was applied for 
20 s. The three-electrode arrangement consisted of a leakless Ag/AgCl3M 
reference electrode (RE, EDAQ), a bright Pt-foil (15  mm � 5  mm) 
serving as counter electrode (CE), and the Cu foil (substrate of the 
bimetallic AgCu foam) catalysts serving as working electrode (WE). The 
electrodeposition was performed in a face-to-face configuration (WE- 
CE) as indicated in Fig. S13 in the supplementary information. Note that 
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the deposited bimetallic foam is sufficiently thick (>15 μm) so that any 
contribution from the substrate to the resulting CO2RR product distri
bution is excluded. 

Electrodeposited bimetallic AgCu and the pure Cu foams were 
further activated by thermal annealing in air at 200 �C for 12 h using a 
tube furnace (GERO Hochtemperaturofen GmbH, Germany). 

All voltammetric and CO2RR electrolysis experiments were carried 
out in a custom-built, air-tight glass-cell (H-type) described elsewhere 
[30]. 

Possible chloride ion cross-contaminations in the working electro
lytes originating from the Ag/AgCl3M reference electrode were moni
tored and excluded by ion exchange (IC) chromatography (Metrohm). 
Technical details of the CO2RR product analysis based on online gas- 
chromatography and ion exchange (IC) chromatography were 
described elsewhere [30]. 

All potentials given herein are iR-corrected and referenced to the 
reversible hydrogen electrode (RHE) by using the following equation:  

ERHE (V) ¼ EAg/AgCl(3M) (V) þ 0.210 V þ (0.059 V � pH)

4.4. Structural and compositional characterization 

For the XRD analysis an STOE Stadi P system with a Cu Kα radiation 
source (λ ¼ 0.1540 nm, 40 mA) operated at 40 keV was used. XRD 
spectra were recorded in reflection mode (Bragg-Brentano geometry) in 
steps of 1� min� 1 with 2θ values ranging from 0 to 90�. To exclude Cu 
diffraction peaks originating from the Cu foil support, the bimetallic 
foam was deposited onto a graphite substrate (99.8%, Alfa Aesar, 0.13 
mm thickness). The obtained XRD patterns were analyzed and compared 
to JCPDS (Joint Committee on Powder Diffraction standards) data of 
polycrystalline Ag, Ag2O, AgO, Cu, Cu2O, and CuO (File No. 04–0783, 
43–0997, 43–1038, 04–0836, 05–0667, 41–0254). 

Elemental analysis of the bimetallic foams was carried out by means 
of inductively coupled plasma optical emission spectrometry (Agilent 
5110 inductively coupled plasma optical emission spectrometry (ICP- 
OES)). 

X-ray photoelectron spectroscopy (XPS) studies were carried out 
using a PHI VersaProbeII scanning XPS micro-probe (Physical In
struments AG, Germany) equipped with a monochromatic Al Kα X-ray 
source operated at 24.8 W with a spot size of 100 μm. Peak positions 
were referenced to the carbon C1s peak at 285.5 eV and curve fitting was 
performed using the Casa-XPS software. 

The morphology of the bimetallic foams was characterized by means 
of Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 
spectroscopy (EDX) using a Hitachi S-3000 N Scanning Electron Mi
croscope and a Noran SIX NSS200 energy-dispersive X-ray spectrometer. 
For the high-resolution identical location IL-SEM imaging a Zeiss DSM 
982 instrument was used. In addition the mesoscopic surface 
morphology of the bimetallic AgCu foam was analyzed by means of a 
white light interferometry (Contour GT, Bruker). 

For the transmission electron microscopy (TEM), the Ag15Cu85 
catalyst was dispersed on a carbon coated TEM Au grid (200 mesh) after 
initial electrodeposition on a Cu foil substrate, followed by dispersion in 
absolute ethanol. For the HR-TEM imaging an FEI Tecnai F2 instrument 
was used with an accelerating voltage of 200 kV. Annular dark-field 
scanning transmission electron microscopy (ADF-STEM) in combina
tion with EDX measurements were carried out using a FEI Titan Themis 
operated at 300 kV equipped with a SuperEDX detector. 

4.5. Operando Raman spectroscopy 

Raman spectroscopic measurements were performed using a Lab
RAM HR800 confocal microscope (Horiba Jobin Yvon). A large working 
distance objective lens (50 times magnification, 8 mm focal length) has 

been applied with a numerical aperture of 0.1 in order to focus a diode- 
pumped solid-state laser beam (excitation wavelength 632 nm, power 3 
mW) on the sample. The Raman signal was collected in backscattering 
geometry using a home-made spectro-electrochemical cell (see Fig. S14 
in the supplementary information) [74,75]. 

4.6. Operando X-ray diffraction (XRD) 

Operando XRD experiments (see Fig. S15 in the supplementary in
formation) were performed at the European Synchrotron Radiation Fa
cility ID31 high energy beamline. The 69 keV monochromatic X-ray 
beam was focused to the size of 5 � 20 μm2 (vertical x horizontal) at the 
sample position. The 2D XRD patterns were collected with a Dectris 
Pilatus 2 M CdTe detector. A custom made PEEK electrochemical cell 
consists of a Pt counter electrode, an Ag/AgCl (3 M KCl) reference 
electrode (EDAQ) and the sample working electrode supported on car
bon paper electrically connected with an Au wire. The measurements 
were performed in CO2-saturated 0.5 M KHCO3 electrolyte and in 
grazing incidence geometry. The sample was first measured at OCP after 
the electrolyte was introduced to the cell and then at subsequently 
decreasing potentials in steps of 0.1 V. The resting time at each potential 
before the measurement was 2 min. The raw 2D diffraction patterns 
were radially integrated to the final 1D patterns using the pyFAI package 
[76]. The 1D patterns were further analyzed by integrating the char
acteristic peak intensities and fitting the Gaussian function to determine 
the FWHM. 
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The development of Co interconnects by electrochemical means is more challenging than that of Cu interconnects not only due to
the ever decreasing critical feature dimensions but also to intrinsic complications of the water/Co system, as Co electrodeposition
processes are inevitably plagued by the competing hydrogen evolution reaction (HER). We present herein a novel custom-made
inverted RDE instrument, particularly suitable for studying additive-assisted metal deposition processes that are accompanied by
HER or any other gas evolving side reactions. We investigate the influence of a model redox-active suppressor additive on the
electrochemical deposition of cobalt by means of linear sweep voltammetry and galvanostatic electrolysis coupled to online gas
chromatography analysis. We find that under specific experimental conditions, addition of minor amounts of the additive to the
standard Co-based virgin make-up solution significantly decreases the rate and efficiency of Co deposition, and favours instead the
competing HER. Moreover, we identify and quantify the reductive conversion of the additive that accompanies the primary metal
deposition process. Importantly, our approach complements standard screening Co plating studies as it succeeds to directly
deconvolve the overall process into its three individual components, namely the metal ion reduction, the HER and the additive
activation process.
© 2020 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
ab7984]
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For the last two decades, the manufacture of state-of-the-art
back-end-of-line (BEOL) interconnect structures has been based on
Cu electrodeposition processes.1,2 However, the critical dimension
of such structures has currently approached the electron mean free
path (MFP) of copper, introducing new challenges to the continuous
scaling of interconnects for the 7 nm technology node and
beyond.3–5 Reports on shorter MFP metals (e.g., Ni, Co, Mo, and
Ru) that are less prone to resistance scaling effects keep promise to
continue downsizing device dimensions.3,6–12 Similarly to what was
done for copper, the electrochemical screening of additive-assisted
cobalt plating processes for cutting-edge interconnects is based on
rotating disc electrode (RDE) approaches.13–17 Nonetheless, the
manufacture of Co interconnects by wet methods is found to be
more challenging than it was in the case of Cu, not only due to
the ever decreasing critical feature dimensions but also due to the
intrinsic complications of the water/Co system. Co electrodeposition
processes, carried out from aqueous plating baths, are unavoidably
accompained by the hydrogen evolution reaction (HER). The
standard reduction potential of Co2+ to metallic Co lies 280 mV
more negative than that of H+ to H2.

16,18,19 This implies that, unlike
Cu, a complete description of the Co electroplating process requires
quantification of the parasitic gas evolving process. Obviously, the
realization of gas analysis coupled to RDE experiments is challen-
ging, since it requires a hermetic sealing of the cell around rotating
elements and the implementation of gas analysis techniques, e.g., gas
chromatography (GC). Additionally, a fraction of the electrochemi-
cally generated gas bubbles typically adheres to the surface of both
the RDE working electrode and its embedding shaft, preventing
them from reaching the solution-gas interface. This partial shielding
of active electrode sites by bubble retention at the RDE tip
undermines the accuracy of the electrochemical measurements and
hinders quantitative analysis of the gaseous products collected from
the headspace of an electrochemical reactor. Therefore, we present
here an inverted RDE (iRDE) cell design, coupled to GC for the first
time, that helps overcoming these technical limitations.20 Note that
although alternative iRDE-based investigations have been

previously reported demonstrating that the analytical equations of
mass and charge transfer valid for the conventional RDE also
comply with the proposed iRDEs, no quantitative analysis of
electrochemically generated gaseous products was carried out in
these cells.21–27 Our home-developed instrument features important
assets: i) it is amenable to the same mathematical treatment as
standard (downward facing) RDEs; ii) it can be operated air-tight
and coupled to online GC; and iii) due to its upward facing design,
the electrode surface is less prone to blockage by any formed gas
bubbles.

In this paper we investigate the influence of a model redox-active
suppressor additive on the electrochemical deposition of cobalt by
means of linear sweep voltammetry and galvanostatic electrolysis,
coupled to an online detection of gaseous products by gas chroma-
tography. We find that the addition of minor amounts (60 ppm) of
the model suppressor additive to the standard Co-based virgin make-
up solution (VMS) significantly decreases the efficiency of Co
deposition and favours the competing hydrogen evolution reaction
instead, when lower current densities than those corresponding to the
limiting current density value of H+ reduction are applied. In
addition, we are able to identify and quantify a reductive conversion
of the additive that comes along with the deposition process.
Importantly, as schematically depicted in Fig. 1, our approach
complements standard screening Co plating studies because it
succeeds to deconvolve the overall process into its individual
components, e.g., Co2+ reduction to metallic Co, HER and reductive
additive activation.

Experimental

CoSO4∙7H2O (ReagentPlus, ⩾ 99%) and H3BO3 (ReagentPlus,
99.97%) were purchased from Sigma-Aldrich. H2SO4 (96%
Suprapure) was purchased from Merck. The VMS cobalt plating
solution (50 mM CoSO4∙7H2O, 0.5 M H3BO3, adjusted to pH 2.5 by
H2SO4 addition) was prepared with as-received chemicals and Milli-
Q water (18.2 MΩ cm, TOC ⩽ 5 ppb, Millipore).15,18 The electrolyte
was deoxygenated by Ar bubbling (99.9999%, Carbagas,
Switzerland) through the solution for 20 min prior to the measure-
ments. All electrochemical measurements were performed at room
temperature by a potentiostat/galvanostat system (Metrohm AutolabzE-mail: pavel.moreno@dcb.unibe.ch; peter.broekmann@dcb.unibe.ch
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128 N, The Netherlands) in a three electrode configuration using a
custom-made H-type glass cell fitted on top of the iRDE. Ionic
conductivity between the two cell compartments was achieved via a
proton exchange membrane (Nafion 117, Sigma-Aldrich). A leakless
Ag/AgCl3M electrode (Metrohm, Switzerland) and a Pt wire
(99.99% MaTeck) were used as reference and counter electrode,
respectively. The support working electrode for Co deposition was a
5 mm diameter, 4 mm thick Pt disk purchased from MaTeck. The
electrode was pressed and embedded into the home-made polytetra-
fluoroethylene (PTFE) shaft of the iRDE setup. Prior to the
electrochemical measurements, the electrode was first polished on
a polishing cloth (Buehler) to a mirror finish with 0.05 μm alumina
particles (Micropolish, Buehler) and thoroughly rinsed by Milli-Q
water. The Pt surface was then covered for 1 min by a drop of fresh
piranha solution followed by rinsing with Milli-Q water. Finally the
surface was electrochemically polished in 1 M H2SO4 by sequential
oxidation/reduction at ±4 V, respectively, for 30 s each, and the
surface was then rinsed and protected by a droplet of Milli-Q water.

All electrochemical investigations were carried out on Co-seeded
Pt electrodes. The seed was deposited at −10 mA cm–2 and 100 rpm
for 25 s.

The ohmic resistance of the solution was determined by means of
electrochemical impedance spectroscopy (EIS) at various applied
sample potentials where no electrochemical reactions take place. The
applied potentials for linear sweep voltammetry and galvanostatic
Co electrodeposition accounted for the IR drop accordingly.

The Co current efficiencies (FECo) in galvanostatic electrodepo-
sition measurements were determined by integrating the current of
anodic dissolution experiments of the respective Co layers at E =
0.5 V vs Ag∣AgCl3M. The Co seed contribution was taken into
account (subtracted) for the efficiency determination. Gaseous
products generated during Co deposition from the HER (or any
other side reaction) were analyzed by online gas chromatography
(GC, SRI Instruments Multi-Gas Analyzer #3) hermetically con-
nected to the iRDE. The continuous flow of Ar through the
electrolysis cell during Co deposition carried the volatile reaction

products from the headspace of the iRDE cell ensemble into the
sampling loops of the gas chromatograph. The partial current density
ji of any gaseous product is calculated using Eq. 1:

=j x n F v 1i i i m· [ ]

where xi represents the volume fraction of product i measured via
online GC using an independent calibration standard gas (Carbagas,
Switzerland), ni the number of electrons involved in the electro-
chemical reaction to form it (here 2 for H2 evolution), F the Faraday
constant (96485.3 C mol–1) and νm the molar Ar gas flow rate
measured by a universal flowmeter (7000 GC flowmeter by Ellutia)
at the exit of the electrochemical cell. The partial current density for
the produced H2 was normalized to the total current density thus
providing the faradaic efficiency of H2 production (FEH2).

To demonstrate the usefulness of our iRDE&GC approach for
additive-assisted metal deposition screening investigations, dedi-
cated linear sweep voltammetric and galvanostatic deposition
experiments employing VMS plating baths containing 60 ppm of a
model suppressing additive were also carried out. The additive-
carrying VMS solution is denoted as VMS-ADD hereafter.

Ex situ SEM-EDS analyses of the iRDE working electrodes at
different stages of the Co electrodeposition were performed using a
Zeiss instrument (Gemini 450 SEM, Germany). The recorded SEM
images were acquired at 3 kV, 3.4–3.6 mm and 100 pA as
accelerating voltage, working distance and current. The corresponding
applied values for the EDS investigations were 18 kV, 8.5 mm and
300 pA. These results are shown in Fig. S1 (available online at stacks.
iop.org/JES/167/042503/mmedia) of the Supplementary Information
file.

Results and Discussion

iRDE and cell assembly.—In this section we provide a brief
description of the custom-made iRDE&GC setup. Detailed descrip-
tion of the instrument can be found in Ref. 20. The hermetically tight
iRDE cell consists of two separable compartments made of modified
80 ml round borosilicate glass flasks (see upper part in Fig. 2A).
Reference electrode, counter electrode and gas input and outlet
necks with custom winding are attached hermetically to the flasks by
custom-made polytetrafluoroethylene (PTFE) caps and O-ring fit-
tings. Physical connection between compartments is provided by a
Nafion proton exchange membrane separating catholyte from
anolyte. Both compartments are provided with gas inputs and outlets
via PTFE caps to feed Ar gas to the cell and chromatograph,
respectively. The main features of the iRDE setup are shown in
Fig. 2. The contacting part (b, b’) of the iRDE with the glass cell is
machined of polyoxymethylene polymer (POM). It provides rigid
connection to the RDE rotator (AFMSRCE from Pine, not shown)
and bears a cone joint to fit the outer socket of the iRDE cell (size
29/32, ground glass joint standard). The rotation momentum is
transferred by a modified RDE shaft (a, a’) that fits the MSR rotator.
It bears two ceramic sleeves (q) that pass through radial shaft seals
(k). A pressure chamber (l) confined between the radial shaft seals is
fed by N2 or Ar gas (99.999% Carbagas Switzerland) through a
lateral pressuring gas inlet (j) to enforce a constant pressure of
0.2–0.4 bar above the ambient pressure. Note that the enforced
pressure inside the gland chamber (l) has no influence on the inner
part of the electrochemical cell. It simply ensures that the electrolyte
contained by the working cell compartment (c) does not leak through
the seal surrounding the upper rotating ceramic fitting (q). The
pressurized chamber is a single POM tube fixed in the main housing.
The latter also holds both radial shaft seals in place. The shaft exact
coaxial position is maintained by a ball bearing (m) situated in the
upper part of the pressure chamber. The radial shaft seals are made
of high quality Vitton rubber and operate oil/grease-free. Note that
the upper seal (k) comes in contact with the solution in the iRDE cell
compartment. The RDE working electrode is pressed into a lab made
PTFE holder (n), which is fitted into the upper ceramic sleeve.

Figure 1. Scheme representing the deconvolution of the overall cathodic
process into its individual components by the iRDE&GC approach.
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Tightness between the RDE holder and the upper ceramic sleeve is
maintained by an O-ring placed in the groove of the PTFE holder
(p). The spring contact from the shaft (o) provides the electrical
contact for the working electrode. The whole system is maintenance
friendly and the radial shaft sealings can be straightforwardly
exchanged once they are worn out.

Quantification of Co and H2 current efficiencies by iRDE&GC
during galvanostatic deposition.—Figure 3 displays an overview of
the iRDE&GC-based metal deposition approach that we introduce to
quantitatively describe the overall electrochemical process. Similarly
to superconformal Co deposition on patterned wafers, the plating
studies are performed on Co-seeded supports to match the experi-
mental conditions of metal interconnect manufacture as closely as
possible.13–15,17 Prior to Co layer deposition, a thin Co seed was

deposited from the additive-free VMS solution at –10 mA cm–2 and
100 rpm for 25 s. This condition ensures high Co deposition
efficiencies necessary to yield a compact, homogeneous Co seed
layer on the Pt-RDE support without the interference of generated
bubbles. Figures S1A–S1B show typical SEM characterization of a
Pt-iRDE working electrode before and after Co seed deposition. The
corresponding EDS spectra displayed in Figs. S1F–S1G reveal the
presence of the thin Co layer on top of the underlying Pt support that
forms upon electrochemical deposition. This seed layer was then
anodically dissolved back into the plating bath at 0.5 V vs
Ag/AgCl3M. This seed deposition/dissolution procedure was applied
three times to estimate the average Co seed current efficiency from
the respective Qdiss/Qdep ratios before every Co bulk deposition
experiment was carried out (Figs. 3A–3B). A typical example of
such calculation is displayed in Fig. S2. Based on a significant

Figure 2. Schematic representation of the (A) H-type cell mounted on the iRDE assembly and (B) cross-section of the iRDE setup. Components of the design
are a/a’: rotating shaft; b/b’: iRDE housing; c: working cell compartment; d: reference electrode inlet; e: purging gas outlet for GC analysis; f: purging gas inlet/
outlet; g: counter electrode inlet; h: counter cell compartment; i: H+ exchange membrane; j: pressurized gas inlet; k: radial shaft seals; l: pressurized gland
chamber; m: ball bearing; n: PTFE iRDE tip with embedded electrode; o: spring contact node; p: PTFE tip groove for O-ring fitting; q: ceramic fittings.

Figure 3. Schematic representation of the iRDE&GC approach for quantification of the galvanostatic Co deposition and accompanying HER efficiencies: (A)
galvanostatic Co seed deposition on rotating Pt disk support; (B) anodic Co seed dissolution; (C) galvanostatic Co layer deposition on Co-seeded Pt – iRDE and
simultaneous analysis of gaseous products by online gas chromatography; (D) Anodic dissolution of the whole Co deposit.
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amount of iterations, the Co seed deposition efficiency was found to
be (72.6 ± 4.8) %. The high current efficiency and morphological
homogeneity of the deposited seed layer are due to the applied
current density being higher than the expected mass transport
limiting current for proton reduction under the applied conditions.
Additionally, the electrogenerated bubbles do not interfere with the
metal deposition and straightforwardly detach from the solid liquid
interface due to the upward facing configuration of the iRDE and the
applied rotation. Next, galvanostatic Co layer deposition was
performed on a freshly seeded support at selected current density,
angular frequency and deposition time. Simultaneously, electrogen-
erated gaseous products (here H2) were analyzed at selected time
intervals by the coupled gas chromatograph as soon as the layer
deposition set in (Fig. 3C). Once the desired layer was achieved, the
electrodeposited Co was anodically dissolved back into the VMS
solution (Fig. 3D). Finally, the Co layer current efficiency was
determined analogously to the case of the seed, this time by
subtracting the charge corresponding to the seed dissolution.
Addition of FECo and FEH2 thus renders quantitative description
of the whole process (additive-free case). Note that direct assessment
of the parasitic HER contribution by a dedicated method is usually
missing, and its introduction to metal deposition studies enables
unequivocal confirmation of the electrochemical data.

We exemplarily demonstrate the above-mentioned strategy for
Co deposition through galvanostatic experiments conducted at a
rotation rate of 900 rpm and lasting for different times at current
density values of either –5 or –10 mA cm–2. These values lie close
but at opposite sides of the expected mass transport limited current
density (ca.—8.1 mA cm–2, based on the Levich equation) for H+

reduction at a pH of 2.5 and a rotation rate of 900 rpm.28 They lie,
however, considerably below the corresponding limiting current for
Co2+ reduction (ca. –42 mA cm−2).29 Note that the selection of
higher applied rotational frequencies for Co bulk deposition obeys to
the fact that the FEH2 increases with ω. The increased partial current
density of proton reduction enabled accurate quantification of
electrogenerated hydrogen by online GC analysis at shorter times.
An upcoming publication will address the effect of pH, applied
current densities and rotation rates on the overall Co deposition

process in more detail. Figures 4A and 4D show the corresponding
measured Co current efficiencies (FECo) as a function of the applied
deposition time. For the experiments performed with j = –5 mA
cm−2, at deposition times shorter than 5 min, the FECo amounted to
∼30%. When longer electrolysis (5 min ⩽ t ⩽ 60 min) were carried
out the FECo values rose up to 39.8% ± 1.3% and stayed rather
constant, regardless of the specific duration. The experiments at j =
–10 mA cm–2 show significantly larger FECo values clustering at
64.7 ± 2.6%. Corresponding analysis of the electrogenerated
hydrogen accompanying the deposition was carried out at times
just before the single depositions were stopped. Additionally, FEH2

values were also determined for the longer electrolysis (t ⩾
16.5 min) in sequential intervals of 7 min starting at 9.5 min. This
dwell time corresponds to the shortest period a whole GC run for H2

detection takes. Figures 4B and 4E summarize the GC results. The
displayed FEH2 vs t dependencies show that an initiation period of
about 15 min is required to achieve quantitative determination of the
HER contribution to the whole process: the reason for this latitude is
that the electrogenerated hydrogen needs a certain time to fill the cell
headspace and the GC loops. This is an intrinsic limitation of the
iRDE&GC approach that may not be fully circumvented but can to
some extent be improved by, e.g., increasing the surface area of the
working electrode and/or decreasing the volume of the electroche-
mical cell. The plot clearly shows that once this conditioning period
is elapsed, the actual FEH2 values reach a constant value of 58.5% ±
1.4% or 35.5 ± 1.9% for the current densities of –5 or –10 mA cm–2,
respectively. The experimental summary displayed in panels C and F
fully describe the overall electrochemical process and enable the
deconvolution of the current density into two components: one
corresponding to the primary Co deposition, the other to the parasitic
HER. The total faradaic efficiencies reach 99.6 ± 1.2% and 99.8 ±
1.1% for both experiments with applied current densities of –5 and
–10 mA cm–2, respectively, within (15 ⩽ t ⩽ 60) min. It is
noteworthy that our approach enables direct insight into the gas
evolution component of the electrochemical process, which is
typically inferred from the electrochemical data. In the following
section we demonstrate that this feature proves particularly useful
for additive-assisted Co electrodeposition studies where a third

Figure 4. (A) and (D) Co current efficiencies of galvanostatic Co plating from additive-free VMS electrolyte on Co-seeded Pt - iRDEs at a rotation rate of
900 rpm, as a function of the total deposition time, at current densities of –5 mA cm–2 (A) and –10 mA cm–2 (D). Corresponding FEH2 values calculated from
coupled online GC measurements at all applied GC injection times are shown in (B) and (E). Panels (C) and (F) summarize the FE survey at j = –5 mA cm –2 (C)
and j = –10 mA cm–2 (F).
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constituent (additive activation) needs to be taken into account for
the complete description of the process.

Influence of a model suppressing additive on Co electrodeposi-
tion.—In this section we demonstrate how the iRDE&GC hyphena-
tion can be used for advanced screening studies on additive-assisted
Co plating. Figure 5A shows a comparison of linear sweep
voltammograms (LSVs) recorded in a bare VMS plating bath and
in a bath where the model suppressing additive was added to the
VMS in a 60 ppm final concentration. Both LSVs were indepen-
dently acquired with IR drop compensation on Co-seeded Pt iRDE
electrodes at a sweep rate of 10 mV s–1 and a rotation rate of
900 rpm. From the data it is obvious that the action of the model
additive at the Co surface significantly slows down the kinetics of
the electrochemical process as compared to the additive-free
experiment (e.g., the potential required to reach j = –5 mA cm–2

is shifted by ∼250 mV in the cathodic direction when the additive is
present). Further support for the inhibiting characteristics of the test
additive on the Co deposition is exemplarily provided by the
potential transients displayed in Fig. 5B. These were recorded
during galvanostatic deposition experiments lasting 60 min at a
current density of −10 mA cm–2 and a rotation rate of 900 rpm in
VMS (green) and VMS-ADD (blue) plating baths. Besides a slight
instability of the potential in the early stage of the deposition (first
5 min), both potential transients attain steady-state during the time
span of the experiment. However, the attained potential values are
about 350 mV more negative in the additive-containing electrolyte,
which qualitatively correlates with the LSV results.

To discern the effect of the additive on the kinetics of both Co
deposition and HER, similar analysis as shown for the additive-free
experiment in Fig. 4 was performed with a VMS-ADD plating bath

at –5 and –10 mA cm–2 current densities; these results are shown in
Figs. 5C and 5D. Note that for this experiment the FECo values were
determined via anodic dissolution only at the end of the deposition.
The plots are built assuming that the Co current efficiency is
independent of the deposition time at (5 ⩽ t ⩽ 60) min as it was
found in the case of the experiments where no additive was used
(Figs. 4A and 4D). It is clearly noticeable for the experiment carried
out at j = –5 mA cm–2 that the Faradaic efficiencies of both Co
deposition and HER are severely affected by the action of the test
additive under reactive conditions. Compared to the experiment in
pristine VMS, the FECo is significantly diminished by roughly a
factor 8 (see Figs. 4A and 5C). The opposite trend is observed for
FEH2 which rises to values about 74.2%. The situation is somewhat
different when instead of –5 mA cm–2, we apply a current density of
–10 mA cm–2. In this case, although both FECo and FEH2 are
diminished, compared to their respective values measured in
additive-free VMS, their intrinsic ratios remain much closer to the
additive-free case (compare Figs. 4F and 5D). The observed
difference between the j = –5 mA cm–2 and j = –10 mA cm–2

case can be explained by taking into consideration the limiting
current value of HER expected in the pH = 2.5 solution (ca. –8.1
mA cm–2). It seems that in case of applied current densities higher
than this value, the additive—in the absence of free H+ ions in the
boundary layer—exerts a much smaller “boosting effect” on H+

reduction.
Interestingly, regardless of the applied current density, summa-

tion of the FECo and FEH2 values measured in VMS-ADD solutions
falls short of the 100% Faradaic efficiency, which was not the case in
the additive-free case (see Figs. 4C and 4F). In general, the Faradaic
efficiencies obtained from VMS-ADD solutions lack 14%–22%
(Figs. 5C–5D). This deficit hints that a reductive conversion of the

Figure 5. (A) Linear sweep voltammograms recorded on a Co-seeded Pt - iRDEs in VMS (green) and VMS-ADD (blue) solutions at a sweep rate of 10 mV s–1

and a rotation rate of 900 rpm. Automatic IR compensation was applied. (B) Potential transients corresponding to galvanostatic Co depositions at j = –10 mA
cm–2 in VMS (green) and VMS-ADD (60 ppm, blue) solutions. (C) and (D) Faradaic efficiencies of Co deposition (black) and H2 generation (red) from 1 h
galvanostatic deposition experiments at current densities of –5, respectively –10 m A cm–2 from a VMS-ADD electrolyte. The FEH2 values are calculated from
coupled online GC measurements.
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suppressor additive, concomitant with the metal deposition and
HER, may take place under the applied experimental conditions.
This demonstrates that the relatively minor concentration of the
additive in the plating bath further decreases in the bath as the Co2+

reduction and HER proceed. Table S1 displays the calculated
amount of Co2+ and precursor additive consumed upon 1 h
electrolysis at –5 and –10 mA cm−2 and 900 rpm based on
Faraday’s law of electrolysis and the partial Faraday efficiencies
displayed in Figs. 5C–5D. These data show that after 1 h electrolysis
the concentration of the precursor additive diminishes by less than
10% relative to the initial value. Note that the iRDE&GC approach
is required to account for this extra FE deficit that standard
electrochemical methods often fail to recognize, ascribing Co
Faradaic efficiency losses to H2 generation alone.16 In this respect
it is interesting to note, for example, that the blue LSV in Fig. 5A
shows no hint of reductive conversion of the suppressor additive.

We suggest that the unique capability of our approach to break
down the overall process into its individual components, e.g., metal
deposition, HER and possible additive conversion should be
exploited in future screening of additive-assisted superconformal
filling investigations.

Conclusions

We present the design and operation of a custom-made herme-
tically sealed inverted RDE (iRDE) instrument coupled to gas
chromatography for quantitative analysis of gas evolving processes.
We demonstrate that the setup is a useful test bed particularly
suitable for additive-assisted metal deposition studies that are
plagued by the HER or any other gas evolving side process.
Particularly, we investigate the influence of a model redox-active
suppressor additive on the electrochemical deposition of cobalt by
means of linear sweep voltammetry and galvanostatic electrolysis
coupled to simultaneous online gas analysis by GC. We find that
addition of minor amounts (60 ppm) of the additive to the standard
Co-based virgin make up solution significantly decreases the rate
and efficiency of Co deposition and favours those of the competing
hydrogen evolution under specific experimental conditions.
Importantly, we are able to identify and quantify reductive conver-
sion of the additive that comes along with the metal deposition
process. We suggest that more attention should be devoted to this
aspect, which is usually neglected or scarcely studied. Investigations
providing such information could add useful insights into plating
bath stability. Finally, we propose that the developed iRDE&GC
approach builds on existing additive-assisted electroplating ap-
proaches because it enables unambiguous dissection of the overall
process into its individual components, e.g., Mn+ reduction to
elemental M0, HER and potential additive conversion.
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of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.
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WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA
/Section/id-410895.html
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Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Specific Cation Adsorption: Exploring Synergistic Effects on
CO2 Electroreduction in Ionic Liquids
Alexander V. Rudnev,*[a, b] Kiran Kiran,[a] and Peter Broekmann*[a]

Ionic liquids (ILs) have gained attention as promising solvents
as reaction media for the electrochemical conversion of CO2

into valued-added products. ILs can co-catalyze the CO2

reduction reaction (CO2RR), in particular, when Ag is applied as
the primary metallic electrocatalyst. To broaden this co-catalysis
concept, we conducted a comprehensive study of a range of
electrode materials exposed to three ILs, which differed in the
chemical nature of their anions and cations. Here, we examine
the activity of the electrode/IL combinations toward the CO2RR
based on cyclic voltammetry data. The voltammetric experi-

ments are complemented by gas chromatography analysis of
the products, demonstrating that CO is the main product for
most of the electrode/IL combinations. Our results demonstrate
that the specific adsorption of the IL cation on the electrode
plays a crucial role in the co-catalytic effect of the ILs. Based on
our analysis, we identify three classes of electrode materials,
which differ in their synergistic interaction with the IL cations
and their resulting CO2RR activity. The key criterion for this
classification is the extent to which the CO2RR is superimposed
on the reductive decomposition of the ILs.

1. Introduction

Significant attention has been paid to room temperature ionic
liquids (ILs) as electrolyte media for the electrochemical CO2

reduction reaction (CO2RR).
[1] ILs are known to lower the

required CO2RR overpotential, which clearly indicates an IL-
mediated co-catalytic effect.[2–3] This enhanced electrocatalytic
activity was first rationalized on the basis of a change in the
reaction pathway, as compared to that in an aqueous environ-
ment. In early work on this topic,[2] it was hypothesized that the
mechanistic origin of the experimentally observed decrease in
the CO2RR overpotential involved the formation of CO2-
imidazolium intermediate complexes. However, it has also been
reported that this co-catalytic effect is not limited to imidazo-
lium-type ILs but extends to ILs bearing cationic structure
motifs, such as pyrrolidium, ammonium, and phosphonium
functional groups.[4] Moreover, this co-catalysis concept was
recently shown to be applicable to choline chloride-based deep
eutectic solvents as well.[5]

The co-catalysis concept was further refined by Lau et al.,[6]

who applied a series of imidazolium-based ILs with different
substitution patterns at their C2-position. Based on a compar-
ison of voltammetric responses, the authors proposed that the
electrostatic stabilization of the CO2

*� radical anion, which is an
intermediate in the CO2RR, by IL cations adsorbed on the Ag

electrode surface was the origin for the co-catalytic effect,
rather than the formation of intermediate CO2-imidazolium
complexes.[6] Despite several attempts to rationalize the IL-
mediated co-catalytic effect in the CO2RR, the underlying
catalytic mechanism is not yet fully understood. The majority of
the studies published in this field have utilized Ag materials of
varying morphology (planar surfaces, nanoparticles, nanowires,
metal foams, etc.) as primary CO2RR catalysts in ILs, whereas
other electrode materials have scarcely been studied.[2–14]

Herein, we present a comprehensive study of thirteen
electrode materials, including Pt, Pd, Ag, Au, Bi, Pb, Sn, Ni, Mo,
Fe, Zn, Cu, and glassy carbon (GC), in three ILs, which differ in
the chemical nature of their anion and cation (Figure 1). The
activity of the electrode materials toward the CO2RR is
examined by comparing cyclic voltammetry data recorded in
Ar- and CO2-saturated ILs. We demonstrate that IL cation
adsorption on an electrode surface plays a crucial role in the
overall co-catalytic effect of ILs. Therefore, we consider this
adsorption phenomenon to be specific cation adsorption
because only particular combinations of electrode materials
and IL cations enhance the CO2RR activity.

2. Results and Discussion

Figure 2 provides an overview of the voltammograms measured
in Ar- and CO2-saturated [BMIm][BF4], [BMIm][TFSI], and [BMP]
[TFSI]. In the absence of CO2, the voltammetric responses of[a] Dr. A. V. Rudnev, K. Kiran, Prof. P. Broekmann

Department of Chemistry and Biochemistry
University of Bern
Freiestrasse 3, CH-3012 Bern, Switzerland
E-mail: rudnev@dcb.unibe.ch

peter.broekmann@dcb.unibe.ch
[b] Dr. A. V. Rudnev

A.N. Frumkin Institute of Physical Chemistry and Electrochemistry
Russian Academy of Sciences
Leninskii pr. 31, Moscow 119071, Russia
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/celc.202000223 Figure 1. Chemical structure of the ILs studied herein.
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[BMIm][BF4] and [BMIm][TFSI] consistently show a sharp increase
in the cathodic current at potentials less than � 1.80 V. In full
accordance with the literature, this cathodic process must be
assigned to the reductive decomposition of the [BMIm]+

cations.[14–15] The onset potential of [BMIm]+ reduction (see the

onset potential values in Table 1) is only marginally affected by
the chemical nature of the corresponding counter anion but
varies significantly based on the electrode material used.
Obviously, Pt significantly accelerates the [BMIm]+ degradation
(onset potential of ca. � 1.70 V, Table1) as compared with the

Figure 2. The CVs recorded in Ar- and CO2-saturated ILs (dashed and solid lines, respectively) by employing different working electrode materials. Scan rate is
0.05 Vs� 1.

Table 1. Onset potentials of IL degradation or CO2RR estimated at j= � 0.5 mAcm� 2 (with correction for double layer charging currents).

Electrode Ar-saturated, E (� 0.5 mAcm� 2) [V] CO2-saturated, E (� 0.5 mAcm� 2) [V]
[BMIm][BF4] [BMIm][TFSI] [BMP][TFSI] [BMIm][BF4] [BMIm][TFSI] [BMP][TFSI]

Pt � 1.699 � 1.638 < � 2.190 � 1.916 � 1.856 < � 2.190
Pd � 1.754 � 1.824 < � 2.245 � 1.992 � 1.898 < � 2.245
Ni � 2.111 � 2.100 < � 2.490 � 2.143 � 2.132 < � 2.490
Fe � 1.967 � 1.956 < � 2.490 � 1.936 � 2.035 < � 2.445
Mo � 1.996 � 1.842 < � 2.390 � 2.089 � 2.010 < � 2.390
GC � 2.104 � 2.112 < � 2.645 � 2.125 � 2.136 < � 2.645
Cu � 2.118 � 2.175 < � 2.490 � 2.064 � 2.101 � 1.894
Zn � 2.151 � 2.197 < � 2.490 � 1.895 � 1.842 � 2.007
Bi � 2.072 � 2.141 � 2.358 � 1.795 � 1.868 � 1.894
Pb � 2.082 � 2.119 < � 2.470 � 1.817 � 1.863 � 1.976
Au � 2.121 � 2.175 < � 2.390 � 1.752 � 1.723 � 1.672
Sn � 2.140 � 2.165 < � 2.490 � 1.694 � 1.751 � 1.842
Ag � 2.019 � 2.062 < � 2.390 � 1.707 � 1.710 � 1.802
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other electrode materials under investigation. One interesting
observation is that in comparison to [BMIm]+, the [BMP]+ cation
appears to be more resistant to reductive decomposition, as
evidenced by its corresponding onset potentials, which are
typically less than � 2.20 V for the range of electrode materials
studied. Again, the Pt electrode is observed to catalyze the IL
cation degradation most effectively (onset potential of
� 2.19 V). The extended potential window observed for the
[BMP][TFSI] is, as we discuss below, beneficial for the CO2RR.

Saturation of the ILs with CO2 leads to significant changes in
the voltammetric responses, which indicates that the extra
cathodic processes are associated with the CO2RR. A group of
six electrode materials (Pt, Pd, Ni, Fe, Mo, and GC) shows
minimal catalytic activity toward the CO2RR in the ILs (Fig-
ure 2a–f). This result is consistent with that of similar electrolysis
experiments carried out in an aqueous environment.[16] At least
for Pt, Ni, Fe, and Mo, this observation can be rationalized, in
accordance with similar considerations for aqueous systems, by
the concept of electrode poisoning through irreversible chem-
isorption of *CO (the asterisk * indicates an adsorption state),
which generally forms as the prevalent CO2RR product in ILs in
the absence of water. Chemisorbed *CO species tend to
sterically block the catalytically active sites on the electrode
surface. In full agreement with this reasoning, the reductive
decomposition of the ILs is hindered when CO2 is present in the
electrolyte (Figure 2a–f and Table 1). The onset potentials for
the reductive IL decomposition are negatively shifted in the CO2

containing ILs. It can be hypothesized that the presence of
chemisorbed *CO also hinders the adsorption of the [BMIm]+

cation and its subsequent degradation. The Pt electrode in
[BMIm][BF4] and [BMIm][TFSI] is a prime example: the cathodic
current density of 0.5 mAcm� 2 is reached at potential values
that are ~200 mV more negative in the CO2-saturated ILs as
compared to the Ar-saturated ILs (Table 1). In the case of the
[BMP][TFSI], there is a minor increase in cathodic currents at E <
� 2.00 V (Figure 2a–f), likely due to a slow CO2RR.

A second group of moderately active materials includes Cu,
Zn, Bi, Pb, and Au and is characterized by the (partial)
superposition of the CO2RR and IL degradation processes
(Figure 2g–k). In the CO2-saturated ILs, the onset of cathodic
processes is significantly shifted toward less negative potentials,
as compared to the respective CO2-free cases. Except for Cu, all
of these metals display a pronounced cathodic wave in the
forward (negative direction) scans of the CVs when CO2 is

present in the electrolyte. Therefore, this peak-like feature can
be ascribed to the CO2RR process, which is limited by the
diffusional CO2 transport when a certain reaction rate (current
density) is surpassed. When either [BMIm][BF4] or [BMIm][TFSI]
is used as the electrolyte, these CO2RR-related features overlap
with the faradaic processes associated with the reductive IL
decomposition, which is, in contrast to the CO2RR, not limited
by mass transfer at any potential. The potential window of the
[BMP][TFSI] IL is significantly broader than that of the [BMIm]+

-based ILs (compare the CVs in pure ILs in Figure 2, Table 1). For
this reason, the CO2RR-related current peaks are most clearly
discernible in the case of [BMP][TFSI], in particular when Bi, Pb,
and Au are used as the primary electrocatalyst.

For the third group of metals, Ag (the benchmark catalyst)
and Sn, all CO2RR-related cathodic features in the CVs are clearly
separated from the onset of the IL degradation processes and
represent well-defined cathodic peaks in the three ILs (Fig-
ure 2l,m). The absence of CO2RR interference with IL degrada-
tion is also supported by the linear dependence of the CO2RR
cathodic peak current densities on the square-root of the
applied sweep rate, which is typical for a diffusion-limited
process.[17–18] An example of this characteristic is shown for the
Ag catalyst in Figure 3.

For several electrodes Pt, Pd, Fe, GC, Au, Sn, one could
observe an increase in anodic current density (in some cases,
anodic peak can be seen) on the reverse scans of the CVs
(Figure 2). These anodic features can be related to oxidation of
CO2RR products (in CO2-saturated ILs) and/or of the products of
IL reductive degradation, which may also include molecular
hydrogen.

The specific impact of the ILs on the CO2RR is highlighted in
Figure 4, in which the CVs of Sn, Au, and the Ag benchmark are
compared. Specifically, by comparing the CVs in [BMIm][BF4]
and [BMIm][TFSI] (same cation but different anions), one can
see that the IL anions do not severely affect the CO2RR onset
potential (Figure 4): e. g., for the Ag electrode, the CO2RR onset
potentials are � 1.707 and � 1.710 V in [BMIm][BF4] and [BMIm]
[TFSI], respectively (see also Table 1). However, IL anions
significantly alter the resulting CO2RR peak current density in
the order of [BMIm][BF4]� [BMP][TFSI]! [BMIm][TFSI] (Fig-
ure 4a): e. g., in the case of Ag, jp is � 4.16, � 4.32, and
� 5.89 mAcm� 2, respectively. Changes in the peak current
densities are directly correlated with the CO2 transport charac-
teristics in the respective IL, which depend on the CO2 solubility

Figure 3. Cyclic voltammograms of Ag measured at different sweep rates (indicated in the graphs) in a) [BMIm][BF4], b) [BMIm][TFSI], c) [BMP][TFSI]. d) The
peak current densities at different sweep rates show a linear dependence on the square-root of the sweep rate.
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and the CO2 diffusion rate. The latter is determined by the
(kinematic) viscosity of the IL (according to Stokes-Einstein
equation, see also Ref. [17]). According to the literature, the
solubility of CO2 is almost identical for all three ILs, at least at
room temperature and atmospheric pressure. CO2 saturation
concentrations of 0.101 molL� 1, 0.100 molL� 1, and 0.098 molL� 1

were previously measured for [BMIm][BF4],
[17] [BMIm][TFSI],[19]

and [BMP][TFSI],[20] respectively. From these results, it can be
concluded that the observed differences in the peak current
densities are due to variations among the (kinematic) viscosities
of the ILs. The observed trend in peak current densities agrees
well with the decrease in the viscosity from 0.109 Pa s for
[BMIm][BF4]

[21–22] to 0.077 Pa s for [BMP][TFSI][23] and 0.050 Pa s
for [BMIm][TFSI].[23] Indeed, the latter IL shows the highest peak
current density and the lowest viscosity (Figure 4a,b).

It should be noted that when Au is used as the primary
catalyst material, a well-defined CO2RR peak develops only in
[BMP][TFSI] and not in [BMIm][BF4] and [BMIm][TFSI] (Figure 4c).
Although the onset potentials for the CO2RR are comparably
low in the latter cases (� 1.752 and � 1.723 V, respectively), the
further increase in the CO2 reduction rate is significantly less
pronounced, as compared with the cases of Sn and Ag
(Figure 4). Further, in the case of Au, a well-defined diffusion-
limited reduction peak does not develop prior to the onset of
[BMIm]+ reduction. In agreement with the literature,[24–25] the
overall slower reaction kinetics on Au can be associated with
the extraordinarily high affinity of the [BMIm]+ cations for Au
and their resulting strong chemisorption on the electrode
surface, which (partially) blocks reactive surface sites and thus
limits the CO2RR.

Due to the co-catalytic properties of IL cations, their nature
has a significant influence on the CO2RR onset potential. When
comparing the results for Ag and Sn (Table 1, Figure 4a,b), it
becomes evident that the CO2RR onset is negatively shifted by
~100 mV in [BMP][TFSI] with respect to the corresponding
onset in either [BMIm][BF4] or [BMIm][TFSI]. Because the cation
([BMIm]+) is the same in the latter cases, the onset voltages are
also similar. It can be assumed that the origin of this negative
shift in the CO2RR onset potential is due to a reduced capability
of the [BMP]+ cation to stabilize the CO2

*� radical anion at the
electrode surface, which is the key intermediate of the CO2RR.
This reasoning is in agreement with previous studies discussing
the surface-confined electrostatic stabilization of the CO2

*�

radical anion, which crucially depends on the core structure of
the IL cation and its particular substitution pattern.[3,6]

Our study also demonstrates that the co-catalytic effect is
not solely an inherent characteristic of the IL cation but also
depends crucially on the chemical nature of the primary
metallic catalyst. We found that the observed trend in the co-
catalytic activity of [BMIm]+> [BMP]+, as observed for Ag and
Sn, is opposite that for Au. For Au in the [BMP][TFSI] IL, the
CO2RR onset potential is � 1.672 V, which is less negative than
in either [BMIm][BF4] (� 1.752 V) or [BMIm][TFSI] (� 1.723 V)
(Figure 4, Table 1). Again, it can be argued that the strong
chemisorption of the [BMIm]+ cation on the Au blocks the
catalytically active sites that would otherwise be available for
CO2RR on the Au electrode. An optimal co-catalytic effect
requires a more balanced interaction of the IL cation with the
electrode surface, which would still allow for electrostatic
coupling with the CO2

*� radical anion on the electrode surface.
Furthermore, a recent density functional theory study predicted
significant charge transfer from a single crystalline Au(111)
model catalyst to the IL cation, thus also affecting the charge
transfer kinetics of the CO2RR.

[26] In general, this charge transfer
effect is expected to depend on both the chemical nature of
the primary metallic electrocatalyst and that of the IL cation.

The voltammetric data are further complemented by online
gas chromatography (GC) analysis of the gaseous products,
confirming that CO is the prevalent CO2RR product in these ILs
(Table 2), at least for the primary electrocatalysts that show an
activity toward CO2RR in the corresponding CV measurements
(Figure 3). CO is formed according to Reaction (1):

CO2 þ 2Hþ þ 2e� ! COþ H2O (1)

The primary source of the required protons is the anolyte
(0.5 M H2SO4) separated from the IL-containing catholyte by a
proton-conductive Nafion membrane. A secondary source of
the protons might be the IL itself. Deprotonation in the course
of the CO2RR represents one possible reaction pathway, among
others, of IL degradation.[14]

The Ag (benchmark) electrocatalyst demonstrates the high-
est faradaic efficiencies of FECO>97%, regardless of IL composi-
tion. Similar to the aqueous reaction environment,[16] Au also
performs well as a CO producer in the ILs, reaching high values
of FECO=99% in the [BMP][TFSI] (Table 2). In the imidazolium-

Figure 4. Comparison of the CV fragments in CO2-saturated ILs for the a) Ag, b) Sn, and c) Au electrodes. Scan rate is 0.05 Vs� 1.
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type ILs, FECO did not exceed 70% on Au, probably, due to the
parallel reaction of [BMIm]+ reductive decomposition (see the
CVs in Figure 4c).

CO efficiencies range from 68 to 80% when Sn is used as
the primary electrocatalyst material, whereas the FEH2 values
remain less than 1% in all three ILs studied (Table 2). This might
be an indication that non-volatile CO2RR products are also
forming, in addition to CO (the main product) and traces of H2,
when a more positive electrolysis potential is applied relative to
the onset of reductive IL degradation. From previous studies in
aqueous environments, it is known that Sn and Sn-based
catalysts yield formate as a major CO2RR product.[16,27] Therefore,
we cannot exclude the possibility that formate is formed as a
CO2RR by-product when using the Sn catalyst in the ILs. This
fact would account for the lack of a FE to compensate for 100%
(Table 2). The same argument holds for Pb in [BMIm][BF4] and
[BMIm][TFSI].

In regard to the group of primary electrode materials that
show a moderate activity toward CO2RR, which includes Zn, Bi,
and Cu, the formation of CO is typically superimposed on the
onset of reductive IL degradation. In the cases of the largely
inactive electrocatalysts, which include Pt, Pd, Ni, Co, and GC,
the main cathodic process is the reductive decomposition of
the IL, as already concluded from the CV measurements. A
prime example of this class of materials, Pt in [BMIm][TFSI],
yields only FECO<0.7%, in contrast to FEH2=67.5%, at an
applied electrolysis potential of � 2.00 V. In the latter case, the
main source for the hydrogen is the IL itself. A further indication
pointing to significant IL degradation is the readily apparent
color change upon electrolysis at � 2.00 V (Figure S1).

3. Conclusions

Based on our combined voltammetric and potentiostatic CO2

electrolysis experiments, we identify three major groups of
primary CO2RR electrocatalyst materials for IL applications: (i)
the first group of electrode materials includes Pt, Pd, Ni, Fe, Mo,
and GC, which are largely inactive with regard to the CO2RR
within the stability window of the studied ILs. IL degradation is
the prevalent cathodic process. (ii) The second group of
moderately active materials includes Cu, Zn, Bi, Pb, and Au and
is characterized by the superposition of the CO2RR and IL

degradation processes. (iii) Only in the cases of Ag and Sn are
the CO2RR and reductive IL degradation processes clearly
separated from each other on the potential scale due to the
low CO2RR overpotentials on both electrocatalysts.

Overall electrocatalytic activity is the result of a synergistic
effect of the choice of electrode material and IL cation, which
serves as a co-catalyst. To achieve co-catalytic action of the IL
cation, a balanced chemisorption process is required. This
chemisorption can be denoted as a specific adsorption process
because this phenomenon depends on the chemical nature of
both the electrode and the IL cation. The IL counter anions do
not have any direct influence on the overall electrocatalytic
performance of the electrode/IL combination. However, the
chemical nature of the anion determines the IL (kinematic)
viscosity and, as a result, affects the maximal diffusion-limited
CO2RR current density.

The voltammetric results are complemented by online gas
chromatography analysis of the gaseous electrolysis products,
showing that CO is the main product in CO2RR in ILs for most of
the electrode materials studied here.

Experimental Section

ILs

1-Butyl-3-methylimidazolium tetrafluoroborate ([BMIm][BF4], >99%,
high purity grade, H2O<100 ppm) and 1-butyl-1-meth-
ylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMP][TFSI],
>99%, high purity grade, H2O<100 ppm) were purchased from
Merck and used without further purification. 1-Butyl-3-meth-
ylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIm][TFSI],
>99.5%, H2O<500 ppm) was purchased from Solvionic and then
was further dried prior to use via a combined thermal (70 °C) and
vacuum treatment. In all three cases, the water content was less
than the detection limit of the 1H-NMR analysis (Figure S2),
suggesting that the actual residual water content of each neat IL
was less than 200 ppm.

NMR Spectroscopy

NMR data were recorded using a Bruker AVANCE IIIHD spectrom-
eter operating at the nominal proton frequency of 400 MHz,
equipped with a dual direct broadband 5-mm probehead (SmartP-
robe©) with an additional z-gradient coil. The quantitative 1H-NMR
spectra were recorded at room temperature (298 K) using a

Table 2. Faradaic efficiency (FE) for CO and H2 production in potentiostatic electrolysis at potential E (given in the table), corresponding approximately to
the position of the cathodic peak on the CV or curve bend (just prior to intensive reductive decomposition of the ILs).

Electrode [BMIm][BF4] [BMIm][TFSI] [BMP][TFSI]
FECO [%] FEH2 [%] E [V] FECO [%] FEH2 [%] E [V] FECO [%] FEH2 [%] E [V]

Ag 99.7 0.0 � 1.84 97.8 0.0 � 1.90 99.5 0.3 � 2.10
Sn 79.9 0.8 � 1.84 68.0 0.4 � 1.85 69.2 0.9 � 2.09
Au 66.4 1.3 � 1.98 69.2 2.8 � 1.94 98.9 0.0 � 1.90
Pb 34.2 0.3 � 2.00 53.1 0.0 � 2.00 46.4 0.1 � 2.12
Zn 65.0 3.9 � 1.98 84.6 7.2 � 1.89 97.1 0.1 � 2.05
Bi 58.6 1.4 � 1.92 42.4 2.1 � 1.97 62.0 2.2 � 2.12
Cu[a] 12.9 4.3 � 2.10 22.7 22.2 � 2.10 17.0 18.1 � 2.20

[a] In addition to CO and H2, C2 and C3 gaseous products were detected during CO2 electrolysis on Cu with the total FE of these products less than 5%.
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standard one-pulse experiment (zg30 pulse sequence from the
Bruker pulse-program library). Typically, 8 transients were acquired
over a spectral width of 20 ppm, with a data size of 64 k points, and
a relaxation delay of 30 s.

Electrochemical Measurements

Cyclic voltammetry measurements were carried out in a custom-
designed, single-compartment glass cell equipped with an inlet
and outlet for the gas supply (either Ar or CO2) (Figure S3a). All
electrochemical experiments were performed using an Autolab
PGSTAT302 N instrument (Metrohm, Netherlands). Glassware and
Teflon parts were cleaned in hot 25% HNO3 prior to use followed
by several boiling/rinsing cycles, each with Milli-Q water (R>
18.2 MΩ, TOC<3 ppb). All parts were dried overnight in an oven at
a temperature of 105 °C. Measurements were carried out at a
temperature of 23�2 °C. Polycrystalline Pt, Pd, Mo, Ni, Fe, Zn, Cu,
Bi, Au, Ag, Sn, and Pb foils (99.99%, Goodfellow) of either 0.10 or
0.25 mm thickness were used for the working electrodes such that
the electrodes would have geometric surface areas in the range of
0.25 to 0.35 cm2. The glassy carbon (GC) electrode was purchased
from BASi. The GC disc (3 mm in diameter) was embedded in a
solvent-resistant PCTFE polymer body.

Prior to the measurements, all electrodes were polished with
suspensions containing 1-μm alumina particles (Bühler AG),
followed by ultrasonication, thorough rinsing with Milli-Q water,
and drying in a gentle stream of Ar gas. A leakless Ag jAgCl3.4M
(eDAQ) electrode and a Pt foil (~2 cm2 geometric surface area)
were used as the reference and the counter electrodes, respectively.
The neat ILs were added to the glass cell in a dedicated glovebox
under a protective nitrogen gas atmosphere (N60, Carbagas). Prior
to the measurements, all electrolyte solutions were deaerated by
purging with either Ar (N50, Carbagas) or CO2 gas (N48, Carbagas)
for 30 min. During each measurement, a continuous flow of the
respective gas was established above the IL electrolyte solution.
Automatic IR compensation was applied for the voltammetric
measurements after measuring the solution resistance by means of
the positive feedback approach. The measured currents were
normalized to the geometric surface area of the electrode used.

CO2RR Product Analysis

The CO2RR product distribution was obtained in a headspace
analysis of the formed gases by using online gas-chromatography
(GC) in the course of potentiostatic electrolysis. The GC run was
always started 20 min after the beginning of the electrolysis process
to ensure the equilibration of gas concentrations in the headspace.
For the electrolysis experiments, the catholyte (corresponding IL)
and analyte (0.5 M H2SO4, Suprapur®, Merck) compartments were
separated by a polymer membrane (Nafion 117, Chemours) in an H-
type cell (Figure S3b). The headspace of the catholyte compartment
was continuously purged with CO2 gas at the flow rate of 15 mL/
min, thereby transporting the volatile reaction products (e.g., CO
and H2) of the electrolysis process from the headspace into the
sampling loops of the gas chromatograph (SRI Instruments). An 80–
100 mesh column (HayeSep D) was employed for the separation,
and TCD and FID (equipped with a methanizer) were used as the
detectors. The faradaic efficiency for a given gaseous product was
determined by Equations (2) and (3):

FEð%Þ ¼ IðiÞ=IðtotalÞ � 100% (2)

IðiÞ ¼ xi ni F vm (3)

where I(i) is the partial current for the conversion of CO2 to the
product i, I(total) is the measured current density, xi represents the
volume fraction of the products measured via online GC using an
independent calibration standard gas (Carbagas), ni is the number
of electrons involved into the reduction reaction to form a
particular product, vm represents the molar CO2 gas flow rate, and F
is the Faraday constant. Gas aliquots were analyzed after 20 min of
CO2 electrolysis.
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Copper oxides have recently emerged as promising precursor catalyst materials demonstrating enhanced
reactivity and selectivity towards C2 and C3 products like ethylene, ethanol, and n-propanol generated
from the direct electro-reduction reaction of CO2 (denoted as CO2RR). Advanced operando X-ray absorp-
tion spectroscopy (XAS), X-ray diffraction (XRD) and Raman spectroscopy were employed to probe the
potential-dependent changes of the chemical states of Cu species in the Cu oxide foams (referred to as
CuxO) before and during the CO2RR. This complementary and holistic approach of ‘bulk’- and surface-
sensitive techniques demonstrates that the electro-reduction of CuxO foams into metallic Cu is completed
before hydrocarbon (e.g., ethylene, ethane) and alcohol (e.g., ethanol, n-propanol) formation sets in. There
are, however, substantial differences in the potential dependence of the oxide reduction when comparing
the ‘bulk’ with the respective ‘surface’ processes. Only in the very initial stage of the CO2RR, the reduction
of the Cu oxide precursor species is temporarily superimposed on the production of CO and H2.
Complementary identical location (IL) SEM analysis of the CuxO foams prior to and after the CO2RR
reveals a significant alteration in the surface morphology caused by the appearance of smaller Cu
nanoparticles formed by the reduction process of CuxO species.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

The energy supply of modern society does still rely to a large
extent on the combustion of fossil fuels (coal, oil, and gas) being
the major source for the drastic increase of the CO2 content in
the atmosphere. Today, there is a general consensus within the sci-
entific community that this raises in the atmospheric CO2 concen-
tration, already exceeding a level of 400 ppm [1], is the physical
origin of global warming, one of the major threats to humankind.
Clearly, a paradigm shift is required in the energy sector, also
known as the ‘energy transition’ [2,3]. However, such a shift from
fossil fuels towards more sustainable energy sources (wind, solar,
and hydro) will heavily affect the entire chemistry sector as well.
For instance, fossil feedstocks (e.g., natural gas) stand at the begin-
ning of product and supply chains in the chemical industry. There-
fore, the chemical sector will have to follow the energy sector in its
transition from fossil to renewables, denoted the ‘chemistry transi-
tion’ [4]. Among the technological approaches that are currently
under evaluation, electrochemical conversion processes stand out
as they can convert CO2 directly into the desired ‘eco’-fuels or
chemical feedstocks by using the surplus of renewable electricity
from solar and wind plants. Not only might this approach con-
tribute to the desired closing of the anthropogenic carbon cycle,
it also provides means of storing intermittently produced excess
electricity in the form of chemical energy which is considered as
a key element of the ‘energy transition’.

Most electrochemical CO2 conversions are, however, still imma-
ture, very costly and short-lived. This is mainly due to insufficient
electrocatalysts which need substantial improvements in terms of
(i) (energy) efficiency, (ii) product selectivity (faradaic efficiency),
(iii) material costs, and (iv) longterm durability. In the context of
the electrochemical reduction of CO2 (denoted hereinafter as CO2-
RR) copper-based catalysts have attracted particular attention over

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2020.06.024&domain=pdf
https://doi.org/10.1016/j.jcat.2020.06.024
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the last decades as they can convert CO2 directly into C-C coupled
hydrocarbons [5–13] and alcohols [7,10,13–20] Previous studies
have demonstrated that the pre-treatment of Cu-based catalysts
is of eminent importance not only for their overall electrocatalytic
activity but also for the resulting CO2RR product distribution [21–
23]. The fabrication of Cu catalysts for the CO2RR often starts with
the (electro-)synthesis of precursor materials where copper is pre-
sent in an oxidized state (+1 or +2). An ultimate activation of these
Cu oxide-based precursor materials is often achieved in the electro-
chemical environment prior to or during the CO2RR [13,17,24–30].

Various approaches towards precursor synthesis and catalyst
activation have been reported including but not restricted to elec-
trode anodization [16], electropolishing [31], and cathodic elec-
trodeposition processes [11,12,17]. Most successful strategies
rely on the formation of a thin oxide layer on the respective cata-
lyst surface, e.g. by chemical oxidation [16], thermal annealing
treatments [11,21,24,25] or by exposure to oxygen plasma
[22,32]. It should be pointed out that such formed cuprous or cup-
ric oxides (Cu2O or CuO) are thermodynamically unstable under
such harsh cathodic conditions relevant to the CO2RR, thus leading
to so-called oxide-derived (OD) Cu catalysts [33]. However, mas-
sively precipitated cuprous/cupric oxides result in reduced electric
conductivity, which might lead in some cases to the kinetic stabi-
lization of the oxidic catalyst precursor phases even under reduc-
tive conditions. Effects such as the embedment of oxygen species
into the forming metallic Cu matrix during oxide reduction are
controversially discussed in the literature [22,34–36]. To date,
there is no ultimate consensus achieved on the potential-
dependent stability of surface and sub-surface oxide/oxygen spe-
cies and their specific role for the CO2RR [30,32,37–39].

To shine light on the question how stable cuprous and cupric
oxides are under electrochemical conditions prior to and during
the CO2RR, we applied a set of highly complementary techniques
ranging from ex situ (before and after electrolysis) chemical
(XPS) and morphological (identical location (IL)-SEM) analyses to
advanced operando XAS (X-ray absorption spectroscopy), XRD (X-
ray diffraction), and more surface-sensitive Raman spectroscopy
approaches. The unique combination of complementary operando
techniques combined with various levels of structural and chemi-
cal information allows discriminating the different transient phe-
nomena of the electro-reduction of Cu oxide species. This is a
crucial pre-requisite for the interpretation of faradaic efficiency
data derived from potential-dependent CO2RR product analyses.
As model system of choice we used Cu foams that were electrode-
posited on a conductive carbon support and transformed into their
corresponding CuxO bulk phases by means of a thermal annealing
treatment in air at 300 �C (12 h) [12,17,40,41].
2. Experimental section

2.1. Chemicals

KHCO3 (Sigma-Aldrich, ACS grade), CuSO4�5 H2O (Sigma-
Aldrich, ACS grade), H2SO4 (Sigma-Aldrich, ACS grade), and Milli-
Q water (Millipore, 18.2 MX cm, 4 ppb of total organic carbon)
were used for the preparation of solutions without further
purification.
2.2. Electrodeposition of porous Cu/CuxO foams

Cu foams were electrodeposited onto activated carbon foil sub-
strates (0.25 mm thick, 99.8%, Alfa Aesar, Germany) using the
dynamic hydrogen bubble template approach [11,17,42-44]. Prior
to the Cu electrodeposition, the carbon foils were activated by a
thermal treatment at 550 �C for 12 h in air, followed by a cleaning
step in an acetone/water mixture (volume ratio of 1:1) and subse-
quent drying at 100 �C for 1 h. The geometric surface area (Ageo) of
the carbon foil, exposed to the plating bath, was 1 cm2. The acti-
vated carbon foil was then immersed into a Cu plating bath con-
taining 0.2 M CuSO4�5 H2O and 1.5 M H2SO4. The Cu plating was
carried out in a 250 mL glass beaker with a Cu plate (5 cm � 5 cm)
and a leak-less double-junction Ag/AgCl(3 M KCl, Metrohm) serv-
ing as the counter and reference electrode, respectively
[11,40,44,45]. For the galvanostatic deposition process, a current
density of j = �3.0 A cm�2 (normalized to the geometric surface
area of the carbon support) was applied for the duration of 5 s.
After the electrodeposition, all Cu foam samples were thoroughly
rinsed with Milli-Q water and subsequently dried in a gentle Ar
gas stream (99.999%, Carbagas, Switzerland). The electrodeposited
Cu foams were further subjected to a thermal annealing treatment
in air for 12 h at a temperature of 300 �C using a tube furnace
(GERO, GmbH, Germany).

2.3. Ex situ material characterization

The crystal structure of the electrodeposited and annealed Cu
foams was investigated by means of powder XRD (Bruker D8) with
Cu Ka radiation (k = 0.1540 nm) operated at 40 mA and 40 kV.
Scans were recorded at a rate of 1� min�1 for 2h values between
20 and 90�. The obtained XRD patterns of the electrodeposited
and annealed Cu foams were analyzed and compared to JCPD (Joint
Committee on Powder Diffraction) standards (Cu2O: 050667, CuO:
410254, and polycrystalline Cu: 040836) [46,47].

Ex situ X-ray photoelectron spectroscopy (XPS) studies were
carried out using a PHI VersaProbeII scanning XPS micro-probe
(Physical Instruments AG, Germany) equipped with a monochro-
matic Al Ka X-ray source operated at 24.8 W with a spot size of
100 mm. Peak positions were referenced to the carbon C1s peak
at 284.5 eV. A graphite foil served as the reference material. The
peak deconvolution and fitting of the XPS spectra were performed
using the Casa-XPS software. After completion of the electrolysis
reactions, all samples were stored under Ar gas atmosphere prior
to the XPS analysis.

The morphology of the Cu foams was characterized by means of
scanning electron microscopy (SEM). For the high-resolution SEM
imaging a Zeiss DSM 982 instrument was used (working distance
of 8 mm).

2.4. CO2RR and product analysis

Potentiostatic CO2RR experiments were performed in an air-
tight H-type glass cell using a classical three electrode configura-
tion. A leakless miniature Ag/AgCl(3 M KCl, EDAQ) electrode
served as the reference electrode and was checked with a leakless
double junction Ag/AgCl(3 M KCl, Metrohm) master reference elec-
trode prior to each experiment. A 18 mm � 7 mm Pt foil (0.1 mm of
thickness, 99.95%, Alfa Aesar) served as the counter electrode. Prior
to its use the Pt foil was treated by flame annealing. The two com-
partments of the glass cell were separated by a cation exchange
membrane (Nafion 117, Sigma Aldrich). Both the cathode and the
anode compartments were filled with 30 mL of 0.5 M KHCO3 solu-
tion. Prior to the electrolysis the solutions were purged with CO2

(99.999%, Carbagas, Switzerland) for at least 30 min. The pH of
the CO2-saturated 0.5 M KHCO3 solution was 7.2.

All electrochemical measurements (galvanostatic Cu deposition,
cyclic voltammetry and potentiostatic CO2RR experiments) were
carried out using a potentiostat/galvanostat (Metrohm Autolab
128 N, The Netherlands). Automatic iR compensation (�85%, the
exact value was determined by the positive feedback technique)
was applied during these measurements, following the determina-
tion of the cell resistance by electrochemical impedance spec-
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troscopy (EIS) or alternatively by the current interrupt method;
both methods provide similar results of the cell resistance. For
the sake of comparability and to eliminate the pH dependency,
all potentials measured versus Ag/AgCl(3 M KCl) were converted
to the reversible hydrogen electrode (RHE) scale using Eq. (1):

ERHEðVÞ¼ EAg=AgClð3MÞðVÞ þ 0:210Vþ ð0:059V� pHÞ ð1Þ
The headspace gas of the cathode compartment was vented

with CO2 to transport gaseous electrolysis products into the sam-
pling loop of the gas chromatograph (GC 8610C, SRI Instruments).
Online headspace GC measurements (detection of volatile prod-
ucts, e.g. H2, CO, C2H4, C2H6) were conducted every 20 min at each
potential step. The total duration of each electrolysis reactions was
1 h. The GC was equipped with two packed Hayesep D columns.
Argon (99.9999%, Carbagas, Switzerland) served as the carrier
gas. A flame ionization detector (FID) coupled to a methanizer
was used for the quantification of all gaseous CO2RR products,
whereas a thermal conductivity detector (TCD) was applied for
the quantitative hydrogen detection. The partial current density
for a given gaseous product was determined using the Eq. (2):

jðiÞ ¼ xi � ni � F � vm ð2Þ
where xi represents the volume fraction of each product measured
via online GC using an independent calibration standard gas (Carba-
gas, Switzerland); ni is the number of electrons involved into the
reduction reaction to form a particular product; vm represents the
molar CO2 flow rate; and F – the Faraday constant. The partial cur-
rent density for a given reaction product was normalized to the
total current density to estimate the faradaic efficiency (FE) for a
given reaction product.

Non-volatile products (e.g. alcohols) were quantified by a sec-
ond FID detector. After the electrolysis, 2 mL aliquot of the elec-
trolyte solution was injected into a second Haysep D column
equipped with a pre-column to prevent the electrolyte salt enter-
ing into the main column (post-electrolysis alcohol detection).
Other liquid products (e.g. formate) were detected and quantified
by means of ion exchange chromatography (IC, Metrohm Advanced
Modular Ion Chromatograph: L-7100 pump, Metrosep A Supp 7–
250 column, conductivity detector). Electrolyte aliquots were
diluted 20 times with Milli-Q water before injection into the IC
instrument (post-electrolysis formate detection).

Note that all (partial) current densities given in the paper were
normalized with respect to the geometric surface area of the elec-
trode (A = 1 cm2). The surrace roughness factors (RF) of the as pre-
pared (RF = 1.54) and the oxide-derived Cu foams (RF = 1.8) were
determined by means of voltammetric measurements in an inert
0.1 M HClO4 electrolyte (determination of the double layer capac-
itance). In a further attempt, the electrochemically active surface
area (ECSA) was determined by the viologen method [11,48,49]
using di-methyl viologen as a reversible redox probe (see supple-
mentary file). Scan-rate dependent cyclic voltammograms (CVs)
were recorded in aqueous solution containing 1 M Na2SO4 (ACS
grade, Sigma-Aldrich) and 10 mM DMVCl2 (Sigma-Aldrich). The
estimated ECSA of the ‘as prepared’ Cu foam was 3.68 cm2 (refer-
ring to 1 cm2 geometric surface area). It is important to note that
the ECSA of the Cu foam was further increased to 4.89 cm2 after
the thermal annealing treatment and the subsequent 1 h electrol-
ysis at �0.9 V vs RHE. Partial current densities of the CO2RR were
also normalized to the ECSA (see supplementary file).

2.5. Operando Quick-X-ray absorption spectroscopy (Quick-XAS)

Quick-XAS investigations were performed at the SuperXAS
(X10DA) beamline, Swiss Light Source (SLS), Switzerland. The stor-
age ring was operated at 2.4 GeV and 400 mA. A home-made
spectro-electrochemical flow cell was used for the measurements
(Fig. S1). The classical three-electrode configuration consisted of
the Cu foam as the working electrode, an Au foil served as the
counter and a non-leakage Ag/AgCl (3 M KCl, EDAQ) was used as
the reference electrode. All potentials were corrected for the ohmic
iR drop. The basic design of the spectro-electrochemical flow-cell
was published elsewhere [50]. For the Quick-XAS experiments at
the Cu K-edge, the cell was adjusted in a way that the electrolyte
thickness in the X-ray window was about 1 mm and the porous
Cu foam was only 30–40 mm thick to obtain sufficient signal-to-
noise ratio in the transmission mode. XAS experiments were car-
ried out in CO2-saturated 0.5 M KHCO3 electrolyte solution
(pH = 7.2) in the potential range from +0.8 V to �0.9 V vs. RHE. A
syringe pump was used to establish a constant flow of CO2-
saturated electrolyte through the spectro-electrochemical cell.
For the potential-dependent Quick-XAS measurements, a fast oscil-
lating channel cut crystal monochromator with a frequency of
40 Hz (�40 scans per second) was employed. The ionization cham-
bers for the detection of incident (I0) and transmitted (I1 and I2) X-
ray radiation were filled with N2. IFEFFIT software suite [51] was
used for the data processing which included the background sub-
traction, edge step normalization and conversion of the energy
units (eV) to photoelectron wave vector k units (Å�1) by assigning
the photoelectron energy origin, E0, corresponding to k = 0, to the
first inflection point of the absorption edge. The resulting v(k)
functions were weighted with k2 to compensate for the dampening
of the XAS amplitude with increasing k. Linear combination fitting
(LCF) analysis of the X-ray absorption near edge structure (XANES)
spectra at the Cu K-edge was performed to establish the contribu-
tion of different chemical Cu species based on the reference spectra
of Cu foil, Cu2O and CuO. In addition, the extended X-ray absorp-
tion fine structure (EXAFS) spectra were Fourier-transformed to
obtain pseudo radial structure functions (RSFs). The amplitude
reduction factor (S02) was obtained from the fit of the EXAFS spec-
trum of a Cu foil to be 0.78. Using the ARTEMIS software [51], the
coordination number (N), interatomic bond length (R), mean
squared bond length disorder (r2), and correction to the energy
origin (DE0), together with its error bars were established for Cu-
Cu and Cu-O scattering pairs by fitting theoretical EXAFS signals
to the data in R-space.

2.6. Operando X-ray diffraction (XRD)

Operando XRD experiments were performed at ID31 high
energy beamline of the European Synchrotron Radiation Facility
(ESRF). The X-ray beam was mono-chromatized with a Laue-Laue
monochromator to the energy of 69 keV and focused to the size
of 5 � 20 mm2 (vertical � horizontal) at the sample position. The
2D XRD patterns were collected with a Dectris Pilatus 2 M CdTe
detector. A custom made PEEK electrochemical flow cell [41,52]
was used for the experiments (Fig. S2). The cell consists of a Pt wire
serving as the counter electrode, a Ag/AgCl (3 M KCl, EDAQ) as the
reference electrode and an oxidized Cu foam sample supported on
carbon paper electrically connected with Au wire as the working
electrode. The measurements were performed in grazing incidence
geometry, incidence angle less than 1�, in CO2-saturated 0.5 M
KHCO3 electrolyte. A continuous flow of fresh CO2-saturated elec-
trolyte solution through the spectro-electrochemical cell avoids
any undesired accumulation of soluble Cu species in the investi-
gated X-ray window. The sample was first measured at OCP and
then the potentials were changed from +0.5 V to �0.5 V vs. RHE
by applying potential steps of 100 mV. The resting time at each
potential before the measurement was around 2 min and 15 s.
The cell resistance was measured by the current-interrupt method.
Potentials were corrected manually after the measurements. The
raw 2D diffraction patterns were radially integrated using the
pyFAI software package [53]. All reflections were normalized tak-
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ing into the account different electron densities of the crystalline
structures, such that they can be compared on an absolute scale.
The initial powder pattern at OCP was subtracted from following
data to correct for the complex background signal from the cell
and substrate material.
2.7. Operando Raman spectroscopy

Raman spectra were collected by a LabRAM HR800 confocal
microscope (Horiba Jobin Yvon) [54]. Calibration was performed
using a silicon wafer standard (520.6 cm�1). Raman spectroscopy
was performed using a working distance of 8 mm between the
objective lens (LMPLFLN from Olympus, 50X magnification) and
the sample with a numerical aperture of 0.1 in order to focus a
diode-pumped solid-state laser beam (excitation wavelength
633 nm, power 3 mW) on the sample. The Raman signal was col-
lected in a back-scattering geometry using a lab-made spectro-
electrochemical cell made of Kel-F (Fig. S3) [54–57]. For operando
Raman experiments, the air-annealed Cu foam was electro-
deposited on an activated carbon foil and placed on glassy carbon
(3 mm diameter) support. A Ag/AgCl (3 M KCl, EDAQ) and a Au ring
served as the reference and counter electrode, respectively. CO2-
saturated 0.5 M KHCO3 solution was used as the electrolyte. A m-
Autolab III (EcoChemie) potentiostat was used for the electrochem-
ical Raman measurements. The ohmic drop was determined using
the positive feedback technique and compensated during the mea-
surement. Steady-state Raman spectra were acquired after five
minutes at each potential set point (from +0.5 V to �0.9 V vs.
RHE, applied potential steps of 100 mV).
Fig. 2. X-ray diffractograms of the as deposited (red) and the thermally annealed
(blue) Cu foam (300 �C, 12 h, in air). For comparison purposes the corresponding
JCPDS reference data is indicated (Cu2O: 050667, CuO: 410254, and polycrystalline
Cu: 040836).
3. Results

3.1. Ex situ characterization of as deposited and annealed Cu foam
catalysts

Fig. 1 shows white light interferometry (panel a) and SEM
images of the Cu foam prior to (panels b-d) and after (panels e–
g) the annealing treatment at 300 �C (12 h in air). A hierarchical
pore structure was formed on the activated carbon foil support
as a result of the Cu electrodeposition process that was superim-
posed on the vigorous hydrogen evolution reaction (HER)
[11,12,44]. Fig. S4 in the supplementary file demonstrates the basic
principle of the hydrogen bubble assisted metal foam electrodepo-
sition. A Cu electrodeposition at -3.0 A cm-2 for 5s yielded a two-
level foam architecture of interconnected open-cell pores with sur-
face pore diameters ranging from 15 to 25 mm and a total foam
thickness of approximately 30–43 mm, assuming that the deepest
pores reach the carbon foil substrate (Fig. 1a, see also Fig. S5).
These results are further corroborated by the side-view SEM
Fig. 1. (a) White-light interferometric characterization of the as deposited Cu foam (5 s d
(e-g) SEM micrographs of the thermally annealed Cu foam (300 �C, 12 h, in air) denoted
inspection of the as deposited Cu foam showing a foam thickness
of �43 mm (Fig. S5j).

The mean pore diameter and foam thickness slightly deviate
from those values for Cu foams supported on a Cu wafer substrate
reported by Dutta et al. [11]. This is due to faradaic efficiencies of
Cu deposition and the competing HER which are slightly different
on the previously used Cu wafer substrate. Carbon was used as the
support material in the present study to avoid any undesired con-
tribution of the Cu wafer support to Cu related signals in the oper-
ando XAS and XRD experiments.

Important to note is that the thermal annealing does not affect
the primary macro-porosity of the Cu foam (Fig. S6). In contrast to
that, the secondary meso-porosity of the pore side-walls and par-
ticularly their dendritic fine structure undergoes substantial struc-
tural and compositional alterations during the annealing process.
Prior to such thermal treatment, individual dendrites are com-
posed of faceted Cu nanoparticles as evidenced by the high-
eposition time at �3 A cm�2); (b–d) SEM micrographs of the as deposited Cu foam;
as CuxO foam.



Fig. 3. XPS spectra (Cu2p emission) of the Cu/CuxO foams. The red curve represents
the as deposited foam sample, the blue curve shows the Cu2p emission of the
thermally annealed one (300 �C, 12 h, in air). The blue dotted spectra represent
post-electrolysis XPS measurements carried out after 1 h potentiostatic electrolysis
in CO2 saturated 0.5 M KHCO3 solution. The respective electrolysis potentials vs.
RHE are indicated.
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resolution SEM micrograph (see inset in Figs. 1d and S5g–i). The
annealing of the Cu foam at 300 �C induces the coalescence of
the faceted nano-crystallites leaving non-textured dendrites
behind (Figs. 1g, S6g–i). These morphological alterations taking
place on the meso-scale result from the formation of intermixed
CuO/Cu2O phases (denoted hereinafter as CuxO) which involve
the concerted mass transport of oxygen and copper into and out
of the pristine crystalline dendrite structure.

This scenario becomes further supported by the corresponding
ex situ XRD analysis presented in Fig. 2. As expected, XRD patterns
of the as deposited Cu foam show all characteristic diffraction fea-
tures of polycrystalline face-centered cubic (fcc) Cu and in addition
Fig. 4. Product distribution after 1 h CO2RR electrolysis carried out in CO2-saturated 0.5 M
distribution represented as partial current densities; (b) CO2RR product distribution repr
(EtOH, n-PrOH, and total alcohol efficiency) highlighted for two selected electrolysis po
minor contribution originating from crystalline cuprous oxide
(Cu2O). Note that electrodeposited metal foams are prone to sur-
face oxidation right after their emersion from the respective Cu
plating bath and exposure to air [11,12]. All diffraction features
related to metallic Cu have disappeared after the 12 h annealing
treatment at 300 �C in air. Obviously, the as deposited metallic
Cu foam has completely been transformed by the applied thermal
treatment into an oxidic CuxO composite (mixture of Cu2O and
CuO). Note that thicker Cu foams deposited under similar experi-
mental conditions (current density, metal ion concentration in
solution), but using more extended deposition times, remain partly
metallic in their interior upon annealing at 300 �C for 12 h in air as
reported by Dutta et al. [12].

Complementary surface-sensitive XPS analysis of the as depos-
ited Cu foam shows the spin-orbit split photoemissions of metallic
Cu and cuprous oxide with binding energies (BE) of
Cu2p3/2 = 932.9 eV (FWHM = 1.26 eV) and Cu2p1/2 = 952.6 eV
(Fig. 3). Note that the XPS cannot discriminate between Cu(I) and
Cu(0) species [12,58–60]. Thermal annealing at 300 �C leads to an
up-ward shift of the Cu related photoemissions which goes along
with a peak broadening and the appearance of characteristic
shake-up satellites. These observations are clearly pointing to the
presence of cupric oxide (CuO) at the surface of the CuxO foam
[12]. The Cu2p3/2 peak can be de-convoluted by considering two
components with binding energies (peak maxima) at 932.8 eV
and 933.7 eV which are assigned to Cu(I) and Cu(II), respectively
(Fig. S7). The assignment of the photo-emission at 932.8 eV to Cu
(I) species is based on the ex situ XRD data showing no experimen-
tal evidence for the presence of metallic Cu after the thermal treat-
ment (Fig. 2). The deconvolution of both components (Fig. S7)
yields a relative abundance of 68 at% Cu(I) as Cu2O and 32 at%
Cu(II) as CuO. Note that these values do not necessarily represent
the bulk composition of the annealed Cu foam (CuxO) as the XPS
is a surface-sensitive technique.

3.2. CO2RR product analysis

To probe the performance of the annealed Cu foams, a dedicated
campaign of potentiostatic electrolysis experiments (1 h duration)
was carried out in the potential range from +0.07 V vs. RHE to
�0.87 V vs. RHE. Note that a so-called multi-catalyst approach
[61] was applied. A freshly prepared catalyst was used for each
individual electrolysis experiment. Fig. 4 shows the CO2RR product
analysis derived from the thermally annealed Cu (CuxO) foam cat-
alyst (see also Tables S1 and S2). For comparison purposes, the
respective results of the as deposited Cu foam are presented in
KHCO3 using the CuxO foam (300 �C, 12 h, in air) as the catalyst; (a) CO2RR product
esented as faradaic efficiencies (FEs); (c) Faradaic efficiencies for alcohol formation
tentials.
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Fig. S8 (see also Tabled S3 and S4). The product distribution of the
CO2RR carried out over the as deposited Cu foam (Fig. S8) shows
qualitatively the same trends as previously reported for other Cu
foam electrocatalysts [11]. CO is the main CO2RR product in the
low overpotential regime reaching a maximum of faradaic effi-
ciency (FE) of CO, FFCO = 19% (jCO = �0.18 mA cm�2) at �0.47 V
vs. RHE. The hydrocarbon pathways are opened at electrolysis
potentials more neagtive than �0.8 V vs RHE. A characteristic fea-
ture of the electrodeposited Cu foam catalysts is the full suppres-
sion of the C1 (methane) reaction pathway [11]. A C2
hydrocarbon efficiency of 20% is yielded at �0.77 V vs. RHE (see
Table S3) with a slight preference towards C2H6 (FEC2H6 = 11%).
The unusual appearance of ethane as CO2RR product has previously
been rationalized on the basis of particular intermediate trapping
effects inside the pores of the Cu foam electrocatalysts [11] facili-
tating in particular the re-adsorption of ethylene on the catalyst
surface and its subsequent reductive hydrogenation. It should be
noted that the faradaic efficiencies yielded for ethane and ethylene
are lower as compared to the ones previously reported by Dutta
et al. [11]. Both the total CO2RR efficiency and the ratio of ethy-
lene/ethane formation were, however, shown to be strongly
depending on the (surface) pore size distribution and catalyst
film thickness (controlled by the deposition time). Note that
the Cu foams used herein were optimized with regard to the
operando investigations (see below) in terms of film thickness
and not with regard to the CO2RR product distribution. A much
smaller film thickness was chosen in the present study (see
Fig. S5) as compared to the conditions yielding optimum CO2RR
efficiencies [11].
Fig. 5. Survey of experimental operando results demonstrating the potential-dependent o
operando XANES spectra (Cu K-edge) of the thermally annealed Cu foam (CuxO) in CO
(relative content of Cu species: Cu(0), Cu(I), and Cu(II) derived from a linear combination
grazing-incidence X-ray diffractograms of the Cu2O(220) and Cu(200) reflections; (d
Corresponding potential-dependent operando Raman spectra; (f) Integrated and norma
shown in (e), the peak areas were normalized with respect to the most intense peaks a
indicate the transition from the oxide to the metallic state of Cu.
In Fig. 4a, the potential dependent product analysis of the CO2-
RR carried out over the oxide-derived Cu foam is represented in
terms of partial current densities whereas in panel b the corre-
sponding faradaic efficiencies (FEs) are shown. Minor CO2RR activ-
ity towards CO starts already at �0.07 V vs. RHE. The partial
current density for CO remains, however, on an extremely low
level of only jCO = �4 mA cm�2 (FECO = 8%) close to the detection
limit in the GC analysis (Fig. 4). Changing the electrolysis potential
to �0.27 V vs. RHE let the CO partial current increase by about one
order of magnitude to jCO = �0.05 mA cm�2 (FECO = 28%). This
potential is identified as on-set of substantial CO evolution (see
also discussion of Fig. 5f below). In addition, minor amounts of for-
mate were detected (jformate = �4 mA cm�2, FEformate = 2%). At
�0.47 V vs. RHE the total CO2RR current density has already raised
to �0.44 mA cm�2. The only CO2RR products are CO
(jCO = �0.3 mA cm�2, FEco = 21%) and formate (jformate = �0.14
mA cm�2, FEformate = 10%) again. At electrolysis potentials more
negative than �0.6 V the hydrocarbon pathway is activated, thus
leading to a further increase of the total CO2RR current density to
jCO2RR = �2.65 mA cm�2 at �0.67 V. At this electrolysis potential
ethylene (jC2H4 = �0.47 mA cm�2, FEC2H4 = 6%) and ethane
(jC2H6 = �0.62 mA cm�2, FEC2H6 = 8%) were detected. The total CO2-
RR efficiency shows a constantly increasing trend in the potential
range studied, and reaches a value of �40% at �0.87 V vs. RHE
(Fig. 4b).

In agreement with previous studies, the thermal annealing acti-
vates the Cu catalyst for C2 and C3 oxygenate production (Fig. 4).
Note that no methanol production was observed in the product
analysis. As already observed for the hydrocarbons, the C1 alcohol
xide-metal transition of the catalyst precursor (CuxO foam). (a) Potential-dependent
2-saturated 0.5 M KHCO3; (b) Potential-dependent composition of the CuxO foam
fitting (LCF) of the XANES spectra shown in (a)); (c) Potential-dependent operando
) Integrated and normalized intensities of the diffractograms shown in (c); (e)
lized peak intensities of the Cu2O related Raman peaks (518 cm�1 and 624 cm�1)
t most positive electrode potentials. The red and blue colours in panel b, d, and f



Fig. 6. (a) Changes of the Fourier-transform magnitudes of the k2-weighted EXAFS
data at the Cu K-edge as function of the applied potential for the CuxO foam. For
comparison purposes also the EXAFS reference spectra for Cu2O (blue) and metallic
Cu (red) are provided; (b) Dynamic behavior of the partial coordination numbers for
Cu-Cu and Cu-X (X = O or C) scattering pairs as function of the applied potential. The
red and blue colours in panel b indicate the transition from the oxide to the metallic
state of the oxidized copper. See also Table S7.
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pathway is fully blocked on the oxide-derived Cu foam catalyst.
The partial current density for ethanol formation increases from
jEtOH = �0.86 mA cm�2 (FEEtOH = 5%) at �0.77 V vs. RHE to jEtOH = -
�1.61 mA cm�2 (FEEtOH = 6.7%) at �0.87 V vs. RHE (Fig. 4c). The
partial current density for n-propanol formation reaches a value
of jPrOH = �1.72 mA cm�2 (jPrOH = 7.1%) at �0.87 V (Fig. 4c). All cur-
rent densities discussed herein were normalized to the geometric
surface area of the carbon support. Corresponding FE and partial
current density (PDC) data normalized to the electrochemically
active surface (ECSA, Fig. S13), determined by the viologen method,
is provided in the supporting information (see Fig. S14 and Tables
S5 and S6).

3.3. Post electrolysis XPS inspection

After completion of the 1 h lasting electrolysis, the used foam
samples were transferred to an airtight and Ar containing
(99.9999%, Carbagas, Switzerland) sample container to minimize
further oxidation when exposed to air prior to the XPS inspection.
CuO related photoemission features are clearly visible in the XPS
spectra down to applied electrolysis potentials of +0.33 V vs. RHE
(Fig. 3). Holding the potential for 1 h at�0.27 V is already sufficient
to let all CuO related features disappear from the XPS spectrum
which shows only characteristics of metallic Cu similar to the as
deposited Cu foam. Note that the potential range where the reduc-
tion process of cupric and cuprous oxides is observed is fully consis-
tent with thermodynamic predictions [33,62]. Our post electrolysis
XPS results suggest that the surface of the thermally formed Cu oxi-
des is already reduced at very low cathodic potentials, where only
minimal traces of CO could be detected during CO2RR (Fig. 4). Sub-
stantial CO2RR activity on the thermally annealed Cu foam catalysts
was observed only at potentials below �0.3 V vs. RHE, where the
surface oxide layers are entirely transformed into metallic Cu.
Therefore, the active catalyst for the CO2RR can be indeed denoted
as oxide-derived (OD) [11,12,21,23]. It should be noted, however,
that these results do not exclude the presence of residual traces
of sub-surface oxygen [22,32,34,35,37,38]. Its concentration might,
however, be below the XPS detection limit.

3.4. Identical location (IL)-SEM study

The thermally induced formation of oxide phases from the
metallic precursors and their subsequent electrochemical reduc-
tion back to the metallic state go along with changes in the mor-
phology of the deposit, thus often considered as an important
factor of the desired catalyst activation process [17]. To probe
these morphological alterations, identical location (IL) SEM analy-
sis was applied to the Cu foam catalysts in their different chemical
states. Panels a–d in Fig. S9 represent the as deposited Cu foam
whereas panels e-h show the corresponding CuxO foam obtained
by the 12 h thermal annealing at 300 �C in air. In addition, panels
i-l depict the metallic OD-Cu foam after the 1 h CO2RR at �0.67 V
vs. RHE. The primary macro-porosity of the Cu foam catalyst
remains unaffected by the thermal treatment and the subsequent
electrochemical reduction of the oxide phases under CO2RR condi-
tions. This observation demonstrates the structural benefits and
robustness of the self-assembled Cu foam catalysts. Changes occur,
however, on a smaller length scale starting with the disappearance
of the facetted crystallites as a result of the thermal annealing and
followed by a grain coarsening process upon the electrochemical
reduction of the thermally formed oxides under CO2RR conditions.
A more fissured and rough surface appears along with a high
density of nm-sized spherical Cu particles (Fig. S9l). Similar
changes have recently been reported for dendritic Cu deposited
on Cu mesh supports by Rahaman et al. [17]. This oxide-derived
(OD)-Cu, which only forms under operando conditions, needs to
be considered as the actual catalyst for the CO2RR being active
for hydrocarbon and alcohol production.
3.5. Operando Quick X-ray absorption spectroscopy (Quick-XAS)

To probe changes in the chemical state of copper before and
during CO2RR, Cu K-edge Quick-XAS measurements were carried
out in CO2-saturated 0.5 M KHCO3 for both the annealed foam
(Figs. 5a, b, S10, and 6) and the as deposited one (Fig. S11). Note
that no substantial changes in the electronic state of copper were
observed for the as deposited Cu foam sample within the entire
range of potentials applied (Fig. S11). Changes in the potential-
dependent Cu K-edge XANES (X-ray Absorption Near Edge Spec-
troscopy) spectra of the CuxO foam can clearly be attributed to
potential-dependent redox state changes of Cu species (Fig. 5a).
For instance, the observed shifts of the transition energy are due
to changes of the ion charges and their potential-dependent
redox-state (8984.3 eV, 8981.1 eV and 8979.7 eV for CuO, Cu2O
and Cu, respectively). The trend of decreasing Cu K-edge (transi-
tion) energies by applying more cathodic potentials is clearly
pointing to the reduction of the CuxO foam mediated by the
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applied electrode potential. Obviously this chemical transition is
already completed at potentials more positive than the onset of
substantial hydrocarbon and alcohol formation (Fig. 4), which is
in full agreement with the post electrolysis XPS analysis (Fig. 3).

A linear combination fitting (LCF) analysis was applied to the
XANES data. Cu K-edge XANES spectra of the Cu foil, Cu2O and
CuO served as references for the LCF analysis. Note that the quality
of the reference spectra used substantially influences the accuracy
of the LCF analysis. As a result of this fitting, Fig. 5b shows changes
of the Cu(0), Cu(I), and Cu(II) contents in the CuxO foam as a func-
tion of the potential applied. The LCF analysis suggests that the
CuxO foam at + 0.6 V vs. RHE predominantly consists of Cu(II) spe-
cies, assigned to cupric CuO, whereas only a lower Cu(I) content
was observed (25–35 wt%). The latter is assigned to cuprous
Cu2O. Note that this Cu(I)/Cu(II) ratio is different from that derived
from the more surface sensitive post electrolysis XPS inspection
(Figs. 3, S7). When gradually changing the potential to more catho-
dic values, Cu(II) and Cu(I) species are in principle retained in the
range between 0 and 0.6 V vs. RHE. Their relative abundance
change, thus pointing to a potential-induced transition from Cu
(II) to Cu(I) prior to the reduction of the oxidic precursor to metallic
Cu(0) which starts in the ‘bulk’ of the foam material at 0 V vs. RHE.
At potentials below 0 V vs. RHE the Cu(II) abundance drops down
to zero, whereas Cu(I) species are present in the bulk down to
potentials of �0.5 V vs. RHE. The potential-dependent decrease of
the Cu(I) content below 0 V vs. RHE is clearly anti-correlated to
the increase of the Cu(0) abundance (Fig. 5b). The transition from
the oxidic precursor to metallic Cu in the bulk is completed at
about �0.7 V vs. RHE.

Further, the Fourier-transformed k2-weighted EXAFS spectra for
the electrodeposited and annealed Cu foams as a function of the
applied potential are illustrated in Figs. 6 and S10. From the EXAFS
data, the coordination number (N), the interatomic bond length
(R), the mean squared bond length disorder (r2), and correction
to the energy origin (DE0) for the Cu-Cu and Cu-O scattering pairs
were derived and listed in Tables S7 and S8. Fig. 6a displays a rep-
resentative set of EXAFS spectra of the CuxO foam. For comparison
the reference spectra for metallic Cu (foil) and Cu2O are also pro-
vided. Results of the analysis are displayed in Fig. 6b showing
changes of the Cu-X (X = O, C) and Cu-Cu coordination numbers
as function of the potential applied. Due to the scattering proper-
ties of light elements, it is impossible to distinguish between Cu-
O and Cu-C by EXAFS. A very minor contribution from Cu-C coordi-
nation to the overall EXAFS signal might result from the appear-
ance of chemisorbed CO2RR intermediates adsorbed via the
carbon to the Cu catalyst surface (see Discussion section below).
At the applied potential of +0.8 V vs. RHE the mean (averaged)
coordination number (N) for Cu-X is 3.2 ± 0.2 in agreement with
the assumption of an oxidic foammaterial (catalyst precursor) that
is composed of a Cu2O/CuO mixture. Note that for an annealing
temperature of 300 �C, applied for the preparation of the CuxO
foam, the Cu2O is expected to be crystalline (space group of Pn-
3 m with a coordination number N(Cu-O) = 4 in the first shell),
whereas the CuO remains largely in an amorphous state
[11,12,17]. Substantially higher annealing temperatures are typi-
cally required to yield a fully crystalline CuO phase than for crys-
talline Cu2O. In the potential range between +0.8 V and 0 V vs.
RHE the mean coordination number N(Cu-X) drops down moder-
ately. A substantial alteration occurs, however, at potentials below
0 V vs. RHE, which involves the appearance of metallic Cu (see also
Figs. 3 and 5b). In the very initial stage of this transition, the metal-
lic Cu is highly under-coordinated. Values of the N(Cu-Cu) start
from 3.6 ± 1.2 at 0 V vs. RHE and gradually approach the target
value of 12 for a face-centered cubic (fcc) bulk copper at highest
cathodic potentials applied herein (e.g., N(Cu-Cu) = 11.7 ± 1.1 at
�0.8 V vs. RHE).
3.6. Operando X-ray diffraction (XRD)

To further study the structural transition of the Cu2O/CuO com-
posite to the metallic fcc Cu we applied operando XRD in a gracing
incidence geometry [63]. For the survey in Fig. 5c we restrict our-
selves on the evolution of the Cu2O(220) (fingerprint for the oxide
precursor) and Cu(200) (fingerprint for the metallic fcc Cu) diffrac-
tion peaks. Their noise to signal ratio was most appropriate for the
quantitative analysis. Interestingly, the integrated intensity of the
Cu2O(220) diffraction peak first increases when going from
+0.5 V to +0.2 V vs. RHE. This trend is consistent with the assump-
tion of an intermediate crystalline Cu2O phase which accumulates
in the initial stage of the oxide-metal transition in the foam mate-
rial on the expense of the partially amorphous/crystalline CuO
phase. A qualitatively similar trend of increasing Cu(I) content
was observed in the corresponding XAS experiment (Fig. 5b). How-
ever, the disappearance of the Cu2O related diffraction pattern with
negative going potentials is already completed at �0.4 V vs. RHE,
whereas the XAS experiment indicates the presence of Cu(I) spe-
cies for potentials down to �0.8 V vs. RHE. These deviations in
the particular potential-dependence of the Cu(I)(XAS)/Cu2O(XRD)
stability regime are most likely related to the intrinsic characteris-
tics of both operando techniques (see Discussion section below).
Our XRD results are in full agreement with the work by Ahn
et al. also demonstrating the disappearance of copper oxide species
prior to the CO2RR onset [64]. An important finding of the XRD
analysis concerns the average size of the coherent domains for
Cu2O and fcc Cu calculated on the basis of the Scherrer formula.
The mean crystallite size of the Cu2O in the range between 0 V
and 0.7 V vs. RHE is 13.3 nm whereas a mean crystallite size drops
down to 6.7 nm when the fcc Cu has formed below �0.2 V vs. RHE.
This large shift of the mean domain size cannot solely be rational-
ized by changes of the unit-cell volume during the oxide-metal
transition. The identical location (IL)-SEM analysis demonstrates
morphological changes on the nm length-scale upon oxide reduc-
tion involving the appearance of smaller nanoparticles on the den-
dritic foam structure. In general, the reduction of the oxidic
precursor typically leads to an increase of the electrochemically
active surface area (ECSA, see also Figs. S12 and S13)
[11,12,41,49,61]. Such change in the micro- and nano-structure
upon reduction of the oxidic precursor is most likely the origin of
the different performances of Cu nanomaterials prepared from
similar precursors. These effects are also known from other types
of catalyst materials, e.g. those used for the oxygen reduction reac-
tion (ORR) [65–67]. Not only is the ECSA affected by these morpho-
logical alteration but also the density of low-coordinated surface
sites and the grain boundary density are altered, explain changes
in the overall catalytic activity and product selectivity for the
CO2RR.

3.7. Operando Raman spectroscopy

Whereas XRD and XAS are techniques which are both sensitive
to the bulk of the catalyst material, the operando Raman spec-
troscopy provides additional and highly valuable insights into
chemical state changes of the catalyst surface. In addition,
chemisorption phenomena of CO2RR intermediates become acces-
sible thereby providing insights into the CO2RR reaction mecha-
nism [68]. The highly porous nature of the foam material might
further facilitate the Raman experiment due to the SERS (Surface
Enhanced Raman Spectroscopy) effect, at least when the CuxO pre-
cursor has been (partially) transformed to its metallic state [69].

In the potential-dependent Raman experiment (shown in
Fig. 5e) the potential applied was started at the open circuit poten-
tial (OCP) followed by a stepwise change of the potential from
+0.5 V vs. RHE to �0.8 V vs. RHE. Note that a significant change



Fig. 7. Raman spectra of the CuxO foam (after annealing of the as deposited Cu foam
at 300 �C, 12 h, in air). The bright blue spectrum (bottom) represents the dry CuxO
foam (ex situ) whereas the blue one (top) shows the CuxO foam exposed to the CO2-
saturated 0.5 M KHCO3 solution under OCP conditions (OCP = +0.504 V vs. RHE; see
also Fig. S15).
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in the surface condition takes already place, when the CuxO foam is
brought into the contact with the CO2-saturated 0.5 M KHCO3 elec-
trolyte solution under OCP conditions. This pronounced surface
effect is highlighted in Fig. 7 comparing the Raman spectrum of
the dry CuxO foam sample with the one measured under steady-
state conditions at the OCP. Raman modes observed at 148 cm�1,
518 cm�1, and 624 cm�1 are ascribed to cuprous oxide species
(Cu2O), whereas peaks at 298 cm�1 and 346 cm�1 have to be
assigned to cupric oxide [40,70,71]. After exposure to the elec-
trolyte at OCP, the CuO related vibrational modes have completely
disappeared from the spectrum. Only vibrational modes of the
cuprous oxide (Cu2O) are left thus demonstrating that the catalyst
precursor surface is exclusively terminated by Cu(I) species in the
initial stage of the potential step experiment presented in Fig. 5e.
Note that no alteration of this kind were observed in the corre-
sponding XRD and XAS experiments confirming once more that
these techniques are largely insensitive to the catalyst surface,
when applied to foam type of materials. These materials exhibit
a large and dominating contribution of the bulk to the XRD and
XAS signals. For the quantitative analysis of the Raman spectra
we focused on the vibrational modes at 518 cm�1 and 624 cm�1

as spectroscopic fingerprints for the presence of cupric surface
oxide species. Their integrated intensities are displayed in Fig. 5f
as function of the applied potential. The overall trend of decreasing
integrated intensities with decreasing applied potentials is qualita-
tively similar to the one derived from the operando XRD (Fig. 5d).
Slight deviations concern, however, the initial stage of the oxide
reduction process in the potential range from +0.5 V to +0.1 V vs.
RHE, where the XRD shows an initial increase of the Cu2O(220)
related intensities passing a maximum at +0.1 V vs. RHE (Fig. 5d).
The latter trend has been ascribed to the transient increase of the
Cu2O content in the bulk of the foam material, originating from
the partial reduction of the amorphous CuO phases. Note that this
transition occurs spontaneously at the surface when brought into
contact to the electrolyte (Fig. 7). Obviously the ‘surface oxide
reduction’ proceeds faster and at slightly more positive potentials
than the corresponding transition of the oxidic ‘bulk phases’
probed by operando XAS and XRD. Delayed (on the potential scale)
is in particular the disappearance of the Cu(I) in the XAS experi-
ment (Fig. 5b) suggesting that the reduction of residual Cu(I) in
the final state of the transition process (between �0.3 and �0.6 V
vs. RHE) occurs from a largely disordered state which is still detect-
able by the XAS but invisible in the XRD.
Operando Raman spectroscopy provides not only insights into
the chemical state of the catalyst (precursor) surface but also on
the appearance and disappearance of chemisorbed intermediates
associated to the CO2RR. Ramanmodes observed at 283 cm�1/253 -
cm�1, 1050 cm�1, 1584 cm�1 and 2031 cm�1/2093 cm�1/2133 -
cm�1 can be, in full agreement to the literature, assigned to
COads, HCO3

�2
ads and HCOOHads species [71,72]. These intermediates

start to appear only from potentials of +0.2 V vs. RHE on (see green
highlighted spectrum in Fig. 5e), where a certain fraction of the sur-
face Cu2O has already been disappeared from the surface (see also
Discussion section below for further information on the Raman spec-
troscopy’s results).
4. Discussion

Understanding the activation of oxidic precursor catalyst mate-
rials for the CO2RR requires the application of highly complemen-
tary operando techniques. Fig. 8 demonstrates the basic working
principles of the approaches applied herein. It further indicates
their particular strengths and weaknesses for the analysis of the
potential-mediated oxide-metal transition which is considered
essential for the activation process of the oxidic CuxO precursor
in particular when alcohols are targeted as CO2RR products.

The XAS technique (XANES, EXAFS) is sensitive to the bulk of
the catalyst (precursor) material and provides valuable informa-
tion on the oxidation state and related coordination number
changes which go along with the electrochemical reduction of
the CuxO foam. Although considered as high-surface area catalysts,
Cu foams exhibit a more unfavorable volume (bulk) to surface ratio
as compared to nanoparticulate catalyst materials. This is why the
XAS data acquired from the CuxO electro-reduction predominantly
originate from the bulk with rather minor contribution from the
surface of the oxide/metal foam (see Fig. S10). A clear strength of
the XAS is, however, related to its capability of probing oxidation
state changes even when (partially) amorphous phases are
involved. This is particularly important for those structurally
demanding samples where the crystalline oxide phases are not
fully developed [12], e.g. in the case of the CuxO foam discussed
herein. It has been demonstrated that oxide-metal transitions
may occur via non-crystalline intermediate states, particularly in
their final stage (see ‘delayed’ Cu(I) disappearance in Fig. 5b
(XAS) compared to Fig. 5d (XRD)). This is why XAS is superior to
all other techniques used herein in determining the ultimate com-
pletion of the (bulk) oxide-metal transition [11,12,41].

Operando XRD is highly complementary to the XAS technique as
it allows monitoring changes in the crystal structure which often
go along with the oxidation state alterations. In this present case,
XRD could identify the crystalline Cu2O as an intermediate phase
whose abundance temporarily increases in the bulk phase during
the CuxO reduction process (Fig. 5d) in full accordance with the
XAS (Fig. 5b). Particularly valuable is the comparison of the XAS
and XRD data in the highly cathodic potential regime suggesting
the persistence of structurally disordered Cu2O (and therefore
not visible in the XRD, see Fig. 5d) at potentials more negative than
those expected from the structure-sensitive XRD.

More sensitive to the very initial stage of the oxide-metal tran-
sition is the operando Raman spectroscopy (Figs. 5e, f and 7). Oper-
ando Raman spectroscopy probes predominantly the surface of the
Cu/CuxO foams with little contributions from the near surface bulk
regime.

Structural alterations already occur when the CuxO is exposed
to electrolyte under OCP conditions. The presence of cupric oxide
(CuO) at the surface of the dry sample has been confirmed by both
ex situ XPS (Fig. 3) and Raman spectroscopy (Fig. 7). It instanta-
neously disappears from the outermost surface of the CuxO foam



Fig. 8. Schematic drawings demonstrating the complementary approach of
operando analytical techniques applied; (a) Operando X-ray absorption spec-
troscopy (XAS); (b) Operando X-ray diffraction (XRD); (c) Operando Raman
scattering. The sample condition corresponds to the applied potential of +0.1 V
vs. RHE where the surface is partially reduced (Fig. 5f) and the bulk is composed of a
mixed Cu2O and CuO (amorphous and crystalline).
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when brought into contact with the electrolyte phase, whereas the
Cu(II)? Cu(I) transition is completed in the bulk material only at
potentials more negative than �0.2 V vs. RHE (Fig. 5b and d). Note
that the Raman spectroscopy does not detect any CuO related
vibrational modes at the OCP (Fig. 7) and at any applied potential
(Fig. 5e), whereas the operando XAS clearly proves CuO as the main
constituent of the CuxO foam material in the potential range
between +0.6 and +0.1 V vs. RHE (Fig. 5b). This experimental obser-
vation clearly indicates that, under the given experimental condi-
tions, the Raman spectroscopy has a highly limited probing
depth making it to a surface sensitive technique with little or even
negligible contributions from the ‘bulk’ material.

The comparison of the operando techniques applied (Fig. 5)
clearly points to a huge difference in the potential-dependent sur-
face phase behavior and corresponding structural and composi-
tional transitions in the respective 3D volume of the foam
material. Based on our comprehensive analysis, we conclude that
all compositional and redox state changes in the bulk of the CuxO
foam are ‘delayed’ on the potential scale compared to correspond-
ing processes taking place at the oxide precursor surface which is
in contact to the electrolyte solution.

Generally, the disappearance of the Cu2O is anti-correlated to
the appearance of metallic Cu (see Fig. 5b).

According to the operando Raman spectroscopy, concerted
chemisorption phenomena of carbonate/bicarbonate and CO2

related species set in at a potential of +0.1 V vs. RHE (highlighted
green in Fig. 5e and f). This also involves the appearance of Raman
features at 283 cm�1/353 cm�1 that are commonly ascribed to Cu
(0)–CO vibrational modes involving metallic Cu as binding partner
[72–74]. This particular feature in the Raman spectrum can there-
fore be considered as a clear spectroscopic fingerprint for the
appearance of metallic Cu. Raman features of the adsorbed species
might be further enhanced by the SERS effect originating from the
appearance of metallic domains on the foam surface (Fig. 5e, high-
lighted green).

Important to note is that all Raman features not related to the
oxides (Cu2O: 148 cm�1, 518 cm�1, and 624 cm�1; CuO: 298 cm�1

and 346 cm�1) appear along with the ones at 283 cm�1/353 cm�1

(Cu fingerprint). This observation let us conclude that the
chemisorption of carbonate/bicarbonate and CO2 related species
takes preferentially place on metallic Cu domains that obviously
co-exist already at these potentials (+0.1 V vs. RHE) with surface
domains of cuprous Cu2O (Fig. 5e). These surface-confined pro-
cesses at most positive applied potentials remain invisible for the
operando XAS and XRD.

When comparing the acquired operando Raman data (Fig. 5f),
which reflect those surface properties most relevant for the elec-
trocatalytic activity of the Cu foam, with the potential-dependent
CO2RR product distribution in Fig. 4, it becomes evident that nei-
ther CuO nor Cu2O species are detectable at the catalyst surface
when substantial CO evolution sets in at applied potentials close
to �0.3 V vs. RHE (Fig. 4b). Note, however, that the overall oxide
reduction process in the bulk is not yet completed under these
experimental conditions (Fig. 5b and 5d). The foam as a whole
needs at these potentials to be considered as a mixed metal/oxide
composite in the very initial stage of CO2RR. The question, whether
and if yes to which extent, the remaining oxide domains in the bulk
of the foam catalyst actively participate in the initial CO2RR, cannot
be ultimately answered herein. What becomes, however, obvious
from the comprehensive survey of the applied operando techniques
(Fig. 5) is that both hydrocarbon formation and alcohol production
take place on an activated Cu foam catalysts where the oxidic spe-
cies have completely disappeared not only from the surface but
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also from the bulk of the foam material. These findings are in full
agreement with the work by Mandal et al. [29].

Note that the operando XAS and Raman measurements were not
extended to potentials more negative than �0.8 vs. RHE (potential
range of hydrocarbon and alcohol formation) as it is rather unlikely
that oxidic species re-appear under these extremely cathodic
conditions.
5. Conclusion

We applied herein a set of highly complementary operando
techniques sensitive to potential-dependent alteration of oxidic
precursor materials used for the electrochemical reduction of CO2

into value-added products such as hydrocarbons and higher
alcohols.

Our analyses strongly suggest that the overall oxide-metal tran-
sition commences at the oxidic precursor surface. When brought
into contact with the CO2-saturated solution cupric oxide (CuO)
species spontaneously disappear from the surface leaving a Cu2O
enriched interface behind as starting point for further potential-
mediated surface transformations. Operando Raman spectroscopy
further indicates that chemisorption phenomena of CO2 related
species preferentially occurs on metallic Cu and not on oxidic Cu
species.

Particularly valuable is the comparison with the bulk-sensitive
XAS and XRD techniques which both indicate oxide-metal transi-
tions that are ‘delayed’ on the potential scale with respect to what
is observed in the surface-sensitive Raman spectroscopy. The in-
depth analysis of XAS and XRD data further revealed that the ulti-
mate formation of metallic Cu at most cathode potentials applied
herein occurs from Cu2O lacking long-range transitional order.
XRD showed the disappearance of crystalline Cu2O before comple-
tion of the Cu(I)? Cu(0) transition as probed by the XAS.

All three operando techniques applied herein consistently prove,
however, that the oxides are entirely reduced to the metallic state
of Cu before the production of hydrocarbons and alcohols sets in.

This study demonstrates that a complementary approach of
operando investigations is required to derive a complete view on
the potential induced metal-oxide transition required to activate
the Cu catalyst in particular towards alcohol formation.
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demonstrates the excellent long term stability during CO2 electrolysis experiment of 102 h 
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activated by two step process (i) first by thermal annealing (200 °C for 12 h in air), completely 
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Selective n-propanol formation from CO2 over
degradation-resistant activated PdCu alloy foam
electrocatalysts†

Motiar Rahaman, *‡§ Kiran Kiran,‡ Ivan Zelocualtecatl Montiel, Vitali Grozovski,
Abhijit Dutta * and Peter Broekmann *

We present a novel, foam-type, high surface area electrocatalyst for the CO2 reduction reaction (CO2RR)

that is not only highly selective toward n-propanol (PrOH) formation (FEPrOH = 13.7%, jPrOH = −1.15 mA

cm−2) at relatively low overpotentials (−0.65 V vs. RHE) but also demonstrates an excellent long-term

stability during CO2 electrolysis experiments of 102 h in duration. A dynamic hydrogen bubble template

approach is applied to electrodeposit a binary PdCu alloy foam yielding a nominal bulk composition of 9

at% Pd and 91 at% Cu (denoted as Pd9Cu91). The material is further modified by means of thermal anneal-

ing (12 h at 200 °C in air), which completely transforms the as-prepared metallic Pd9Cu91 alloy foam into

its oxidic state. The ultimate catalyst activation is achieved by subsequent reduction (at −0.65 V vs. RHE

for 45 min) of the oxidic precursors (composite of Cu2O, CuO, and CuPdO3) into metallic state, as indi-

cated by operando Raman spectroscopy. Identical location scanning electron microscopy (IL-SEM) ana-

lysis, carried out prior to and after the activation treatments, demonstrates significant morphological

alterations of the Pd9Cu91 foam on the nm length scale, which go along with a phase segregation into

nm-range Pd-rich and Cu-rich domains that helps to increase the PrOH selectivity. Time-dependent

ICP-MS analyses of the electrolyte solution, carried out during the catalyst activation, demonstrate prefer-

ential (rapid) Cu dissolution followed by (slow) Cu redeposition on the catalyst surface. These processes

are found to be superimposed on the actual oxide reduction. A two-fold selectivity of PrOH was observed

over ethanol (EtOH). The excellent long-term stability of the activated Pd9Cu91 foam catalyst is rational-

ized by the full suppression of the C1 hydrocarbon (methane) pathway. The improved product selectivity

towards the highly valuable C3 alcohol is rationalized by an efficient and concerted spillover of chemi-

sorbed carbon monoxide (*CO) and atomic hydrogen (*H) species from the Pd-rich domains to the acti-

vated Cu-rich domains of the oxide-derived Pd9Cu91 foam catalyst where the C–C coupling and sub-

sequent hydrogenation processes take place to form the targeted oxygenate product.

Introduction

The electrochemical conversion of CO2 into high energy
density fuels or valuable chemicals is considered a promising
approach for mitigating anthropogenic contributions to the
steadily increasing CO2 content (currently ∼410 ppm) of our
atmosphere.1–4 This so-called power-to-X concept becomes par-

ticularly appealing when the surplus of renewable electric
energy from hydro, solar, or wind sources is used to power the
highly endergonic CO2 conversion process. Catalysts are
needed for this electrochemical transformation not only to
accelerate the kinetically hindered CO2 reduction reaction
(CO2RR) but also to guide the process towards the desired reac-
tion products.5,6 Recent studies have demonstrated that, not
only the chemical nature of the catalyst but also its mor-
phology at various length scales which dictates the resulting
CO2RR product distribution.7,8

Among the various catalysts studied thus far, Cu stands out
as the only mono-metallic material that can produce multiple
hydrocarbons and oxygenates of various chain lengths from
CO2.

9–14 Higher alcohols are particularly desirable due to their
high volumetric energy density (e.g. n-propanol: 27.0 MJ L−1).
They can be considered synthetic energy carriers of high
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added-value that are essential for the so-called energy
transition.9,11,15–21

In early related studies, Hori et al. observed the formation
of n-propanol on Cu foil.22 However, the reported faradaic
efficiency was rather low (FEPrOH = 3.0% at −1.44 V vs. NHE).
In principle, an improvement of the selectivity towards alco-
hols can be achieved by a partial or complete oxidation of the
Cu catalyst prior to the CO2 electrolysis. The formed cuprous
and cupric oxides are considered to be precursors of the active
catalyst material and, under the harsh experimental conditions
commonly applied for the CO2RR, typically undergo rapid
electroreduction thereby accomplishing catalyst activation and
the formation of the low-coordinated sites that are required for
C–C coupling and subsequent alcohol formation.23–25

As an example, Rahaman et al. reported improved efficien-
cies of ethanol (EtOH) and n-propanol (PrOH) formation of
FEEtOH = 10.4% and FEPrOH = 13.1%, respectively, at −0.90 V
vs. RHE on oxide-derived dendritic Cu catalysts.26 A similar
mixture of EtOH and PrOH was obtained by Ren et al. with Cu
nanocrystal agglomerates (FEPrOH = 10.6% and FEEtOH = 7.7%
at −0.85 V vs. RHE).27 Activation by plasma treatment also
yields a slightly higher selectivity towards the C2 alcohol
(FEEtOH = 17% and FEPrOH = 8.1% at −0.95 V vs. RHE).28 To
date, the highest reported PrOH efficiency still do not exceed
15% (FEEtOH = 13% and FEPrOH = 15% at −0.95 V vs. RHE).29

So there is much room to improve the PrOH selectivity.
One crucial requirement for the production of higher alco-

hols is the sufficient abundance of chemisorbed carbon mon-
oxide (*CO, the asterisk refers to an adsorbed state) which
forms as a key intermediate in the course of the CO2RR.

30 The
further stabilization of *CO on the catalytically active surface is
particularly important as the CO dimerization (C–C coupling)
process ideally takes place in an early stage of alcohol
formation.

Attempting to further increase the product selectivity
towards C2 or C3 oxygenates therefore, often relies on the
addition of a second catalyst component to the activated Cu
(C–C coupler, alcohol producer), which selectively produces
CO (CO producer).31 Obvious candidates for the CO forming
catalysts, according to the CO2RR catalyst classification
scheme introduced by Hori et al., are Zn, Ag, Au, and Pd.22 Pd
nanoparticles have recently been employed to produce CO at
medium overpotentials with a high selectivity reaching FECO
values of ∼90%.32 However, one particular drawback of Pd as
the CO-producing component is related to its comparably high
affinity for CO chemisorption, which can lead to irreversible
catalyst poisoning in the course of extended CO2 electrolyses
as demonstrated in several studies.33,34 One promising
approach for tackling the shortcoming of this CO2RR catalyst
is based on the co-alloying of Pd, e.g., with Cu. This approach
is known to reduce the binding strength of *CO to the catalyst
sites35,36 with the result that CO can be released more easily
from the catalyst during extended electrolyses thus preventing
any irreversible poisoning of the catalyst by strong CO chemi-
sorption.37 At the same time, co-alloying Pd with Cu intro-
duces the required C–C coupling component and, if further

activated, the actual ‘alcohol forming phases’ to the catalytic
system. A further beneficial role of the Pd, embedded into the
Cu matrix of the binary alloy, is associated to the required
hydrogenation reaction of the C–C coupled reaction intermedi-
ates. This is due to the moderate hydrogen adsorption energy
of the *H reactant on the Pd in combination with its facile
transfer to the adjacent Cu sites where the actual hydrogen-
ation reaction of the C–C coupled intermediated is supposed
to take place.38

In this study, we apply the so-called dynamic hydrogen
bubble template approach7,39,40 to form binary high surface
area alloy catalysts containing Cu and Pd as the major and
minor components, respectively. This approach was originally
developed by Shin et al. for mono-metallic Cu40 and Sn39

systems, based on the superposition of the metal electro-
plating (primary process) by a massive hydrogen evolution
reaction (HER, secondary process) at high cathodic current
densities of up to −3 A cm−2. H2 bubbles, which evolve at
the cathode surface due to the rigorous HER, act as a
temporary geometric template for the metal foaming
process.7,8,39–42

In particular when C–C coupled alcohols are targeted as the
CO2RR product, it is mandatory to further activate the Cu com-
ponent prior to the actual CO2RR, e.g. by oxidation.26 For this
purpose we applied a thermal annealing treatment (200 °C for
12 h in air) to the as-deposited homogeneous alloy foam,
which resulted in significant morphological and compo-
sitional changes of the material, a process that can be probed
by so-called identical location scanning electron microscopy
(IL-SEM) imaging. The catalyst pretreatment was completed by
applying −0.65 V vs. RHE cathodic potentials that transforms
the oxides into a phase-separated metallic catalyst (oxide-
derived) which is essential for multicarbon alcohol formation.
A maximum efficiency of 13.7 ± 0.8% PrOH ( jPrOH = −1.15 mA
cm−2) was obtained by this approach at relatively low overpo-
tentials of −0.65 V vs. RHE, with only 7.1 ± 0.3% of EtOH
( jEtOH = −0.60 mA cm−2) as a minor oxygenate product, provid-
ing a remarkable C3 alcohol selectivity that was two times
higher than the respective C2 alcohol yield.

Extended catalyst stressing experiments of >100 h in
duration demonstrate a superior degradation stability of
the binary CuPd alloy foam catalyst with average total
faradaic efficiencies of alcohol formation never decreasing to
values less than 18%. More importantly, the high PrOH selecti-
vity is also maintained during the extended electrolyses
experiments.

Experimental
Materials and chemicals

The Cu foil (99.99% pure) was purchased from Goodfellow
(initial dimension 10 cm × 10 cm) and cut into pieces measur-
ing 8 mm × 25 mm. The Cu foils served as substrates for cata-
lyst preparation by means of hydrogen bubble assisted alloy
electrodeposition. Na2PdCl4 (Sigma Aldrich, 99.99%) and
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CuSO4·5H2O (Sigma Aldrich, 99.99%) served as metal precur-
sors for the plating step. KHCO3 (ACS grade) and K2SO4 (ACS
grade) were purchased from Sigma Aldrich. ACS grade H2SO4

(Sigma) was used to prepare the plating bath. All chemicals
were used without further purification. Milli-Q water
(Millipore, 18.2 MΩ cm, 4 ppb of total organic carbon content)
was used for the preparation of all solutions.

Catalyst preparation

Prior to alloy electrodeposition the Cu foil substrate was elec-
tropolished in 50% phosphoric acid (ACS grade, Sigma
Aldrich) to remove the native oxide layer from its surface. For
this pre-treatment step, a two electrode arrangement that con-
sisted of a graphite foil and the Cu foil serving as cathode and
anode, respectively, was used. A potential difference of 2.0 V
was applied for 2 min. After electropolishing, the Cu foil was
thoroughly rinsed in Milli-Q water, subsequently sonicated in
ethanol for 15 min, and finally dried in air before use.

To obtain a well-defined geometric surface area of 1 cm2

the Cu foil substrate was masked with an insulating PTFE
tape. Unless otherwise stated, alloy deposition was carried out
using a plating bath containing Na2PdCl4 and CuSO4·5H2O
metal ion sources (1 : 9 ratio, 25 mM) in 1.5 M H2SO4 electro-
lyte (pH ∼ 0.5). A three-electrode arrangement, consisting of a
Pt foil (4 cm × 3 cm, counter electrode), an Ag/AgCl3M reference
electrode (Metrohm), and the Cu foil substrate serving as the
working electrode, was used for electrodeposition. A constant
current density of −3 A cm−2 was applied for 40 s. After depo-
sition, the formed metal foams were gently rinsed with Milli-Q
water to remove excess electrolyte.

For the majority of the CO2 electrolysis experiments the
PdCu foam catalyst were further activated by 12 h of thermal
annealing in air at a temperature of 200 °C using a tube
furnace (GERO, GmbH, Germany). Catalyst activation was com-
pleted by an electrochemical reduction of the formed oxidic
precursor in CO2-saturated 0.5 M KHCO3 solution for 45 min

at an applied potential of −0.65 V vs. RHE. The individual
steps of the catalyst preparation and activation procedure are
schematically shown in Fig. 1.

The electrochemically active surface area (ECSA) of the as-
deposited as well as the activated PdCu foam catalysts was
determined based on voltammetric measurements using di-
methyl viologen as a reversible redox probe. This procedure
has been described in detail elsewhere.7

CO2 electrolysis experiments

All electrochemical measurements were carried out using
a potentiostat/galvanostat (Metrohm Autolab 128N, The
Netherlands). Prior to the electrolysis experiments, the cell re-
sistance was measured by means of impedance spectroscopy.
All potentials reported herein are iR-corrected. The CO2RR was
carried out at room temperature using a custom-made H-type
glass cell where the two compartments were separated by a
cation exchange membrane (Nafion 117, Electrochem, USA).
Aqueous 0.5 M KHCO3 solution was used as electrolyte. A leak-
less Ag/AgCl3M (EDAQ) served as the reference electrode, a Pt
foil (15 mm × 5 mm, 99.95%, Alfa Aesar) was used as the
counter (anode), and the CuPd foam catalyst served as the
working electrode (cathode). Prior to commencing CO2

electrolysis, both the anolyte and the catholyte were purged
with CO2 (99.9999%, Carbagas, Switzerland) at a flow rate of
∼30 mL min−1 at least for 30 min. During the electrolysis,
the catholyte was constantly purged with CO2 at a flow rate of
∼13 mL min−1.

For the sake of comparability, all potentials, recorded versus
the Ag/AgCl3M electrode, were converted to the reversible
hydrogen electrode (RHE) scale using the following equation:

ERHE ðVÞ ¼ EAg=AgCl3M ðVÞ þ 0:210 V þ ð0:0591 V � pHÞ

The quantification of the gaseous and non-gaseous reaction
products by means of gas-chromatography and ion-exchange
chromatography is described elsewhere.7,26

Fig. 1 Scheme illustrating individual preparation and activation steps of the Pd9Cu91 catalyst.
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According to the post-electrolysis inductively coupled
plasma optical emission spectroscopy (ICP-OES) and X-ray
photoelectron spectroscopy (XPS) measurements, Pt was
detected neither in the separated catholyte compartment nor
on the catalyst surface. Any interference of Pt dissolution at
the anode during electrolysis can thus be excluded.

X-ray diffraction (XRD) analysis

XRD analyses of the as-prepared (ap), thermally annealed (ta),
and oxide-derived (od ) PdCu catalysts were carried out by
means of powder XRD (Bruker D8) using CuKα radiation (λ =
0.1540 nm, 40 mA) generated at 40 keV. Scans were recorded at
1° min−1 for 2θ values ranging from 20 to 90°. The obtained
XRD patterns were analyzed and compared with JCPD (Joint
Committee on Powder Diffraction) standards for different pure
metals, bimetallic alloy materials (Cu, Pd, and CuPd alloy) and
corresponding oxide phases (CuO, Cu2O, CuPdO3). An acti-
vated graphite foil was used as the substrate for all XRD ana-
lyses to avoid undesirable contributions of the substrate to the
XRD pattern of the PdCu alloy sample of interest.

Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX)

The morphology and composition of the as-prepared and
oxide-derived CuPd catalysts were studied by means of a FE
Zeiss DSM 982 SEM instrument equipped with a Noran SIX
NSS200 energy dispersive X-ray spectrometer.

X-ray photoelectron spectroscopy

XPS studies were performed by means of Al-Kα radiation
sources which was operated at 150 W with an Omicron
Multiprobe (Omicron Nano Technology) spectrometer coupled
to an EA 125 (Omicron) hemi-spherical analyzer. C 1s peak
was used as reference and the fitting was performed using
CasaXPS software. Note that, the samples were used for the
XPS analyses without any further modifications (e.g. metal
sputtering).

High resolution transmission electron microscopy (HR-TEM)
and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM)

HR-TEM and HAADF-STEM were carried out by a Thermo
Scientific Talos F200X G2 TEM (FEI, operating voltage 200 kV).
For these measurements, the catalyst materials were gently
removed from the Cu foil substrate, dispersed in ethanol by
sonication, and subsequently drop-casted on a carbon coated
Ni grid (300 mesh).

Inductively coupled plasma optical emission spectrometry
(ICP-OES) and inductively coupled plasma mass spectrometry
(ICP-MS)

The bulk elemental composition has been studied by ICP-OES
analysis (Thermo Scientific iCAP 7400 ICP-OES DUO). The
PdCu metal foams have been dissolved in 30% HNO3 for
ICP-OES analysis. The time-dependent monitoring of the elec-

trolyte chemical composition (metal content) has been carried
out using a NexION 2000 ICP-MS instrument (PerkinElmer).

Operando Raman spectroscopy

Details of the operando Raman spectroscopy have been
described elsewhere.43 The spectroscopic analysis was con-
ducted by means of a LabRAM HR800 confocal microscope
(Horiba Jobin Yvon). Spectral data were collected with Lab
Space 3.0 software. A large working distance objective lens
(50× magnification, 8 mm focal length) was applied with a
numerical aperture of 0.1 in order to focus a diode-pumped
solid-state laser beam (excitation wavelength 633 nm, DPSS
laser, power 3 mW) on the sample and collect the incident and
scattered laser light. A home-made spectro-electrochemical
cell made of Kel-F was used for the spectro-electrochemical
experiments. The spectro-electrochemical cell consisted of a
Ag/AgCl reference (EDAQ) electrode whereas a Au-wire served
as the counter electrode. A µ-Autolab III (EcoChemie) potentio-
stat was used for the electrochemical measurements. Raman
spectra were collected in the spectral range of 100–2500 cm−1.
For the data acquisition during the potentiostatic experiments,
the holding time was 120 s at each applied electrolysis
potential.

Results and discussion
Characterization of the catalyst

The PdCu alloy foam, used herein for the CO2RR experiments,
contains a nominal composition of 9 at% Pd (minor com-
ponent) and 91 at% Cu (major matrix component) and thus
named as Pd9Cu91. This ‘integral’ bulk composition was deter-
mined on the basis of quantitative ICP-OES measurements.
EDX analysis, which is more sensitive to the near-surface
region of the catalyst and thus is a more spatially-confined
method, yielded, however, comparable results of 7 at% Pd and
93 at% Cu (see Fig. S1, ESI†). Note, however, that the EDX ana-
lysis is only semi-quantitative and that chemical composition
of the outermost surface and the near-surface ‘bulk’ region of
the deposit might slightly deviate from that of the bulk
material. In the following we denote the catalysts analyzed
herein according to their stage of preparation/activation as ap-
Pd9Cu91 (as-prepared), ta-Pd9Cu91 (thermally-annealed), and
od-Pd9Cu91 (oxide-derived). This notation assumes that
thermal annealing and the subsequent electrochemical (ec)
reduction of the oxidic precursor don’t lead substantial
changes in the integral ‘bulk’ composition of the foam
material. This assumption is in agreement with ICP-OES ana-
lyses of ap-Pd9Cu91 and od-Pd9Cu91 samples which provide
similar % of Pd and Cu as bulk compositions of the materials.
The term ‘oxide-derived’ (od ) refers to the state of the annealed
catalyst after the electrochemical pretreatment (45 min at
−0.65 V vs. RHE in CO2-saturated 0.5 M KHCO3 solution,
pH 7.2), assuming that it represents the stable metallic state
under reactive conditions during the CO2RR experiments.
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Fig. 1 depicts the individual preparation and activation steps
of the bimetallic Pd9Cu91 catalyst used throughout this study.

Fig. 2 shows a collection of representative identical location
(IL)-SEM micrographs of the ap-Pd9Cu91 (panels a–d), the ta-
Pd9Cu91 (panels e–h), and the od-Pd9Cu91 sample (panels i–l),
demonstrating morphological alterations of the as-prepared
alloy foam that are due to thermal annealing treatment and
the subsequent electrochemical reduction of the oxidic catalyst
precursor. The SEM images (panel a) reveal a three-dimen-
sional architecture of meso-pores (primary porosity) with a
mean surface diameter of 23 ± 3 µm. This value corresponds
well to the respective depth of the topmost meso-pores of 25 ±
2 µm, as determined by white-light interferometry analysis
(Fig. S2, ESI†). As it can be seen, the porosity on the μm length
scale neither changes upon thermal annealing (panel e) nor
upon oxide reduction (panel i). Due to their dendritic nature,
the sidewalls of the 3D foam structure reveal a secondary poro-
sity on the nanometer length scale that is, in contrast to the
meso-pores, significantly affected by the combined thermal
and electrochemical catalyst pre-treatment. One prominent
feature of the ap-Pd9Cu91 is the presence of textured nano-
meter-sized (∼50 nm) crystallites that often exhibit a cubic shape
((100) texture, e.g., see Fig. 2, panel d). SEM results of as-prepared
pure Cu and pure Pd foams are also shown in Fig. S3 (ESI†). The
cubic-shaped crystallites (in ap-Pd9Cu91) completely disappear
upon thermal treatment due to the partial coalescence of the fine
dendritic features that compose the pore sidewalls (Fig. 2, panel
h). The ta-Pd9Cu91 foam undergoes further morphological
changes in the course of the electrochemical oxide reduction at
−0.65 V vs. RHE. Under these reductive conditions, nm-sized
(10–50 nm) particles appear on the catalyst surface, further
increasing the electrochemically active surface area (ECSA) upon

catalyst activation (see Fig. S4, ESI†). Similar morphological
alterations, as demonstrated in Fig. 2, have also been reported
for the activation of dendritic Cu and can be rationalized by the
significant migration of oxygen and Cu associated with oxide pre-
cursors formation (thermal annealing) and their subsequent
electroreduction.26

The IL-SEM analysis results are further supported by the
complementary ex situ XRD analysis of the metallic and oxidic
foams, as presented in Fig. 3. For comparison purposes, XRD
data of pure Cu and Pd metallic foams are included in Fig. 3a.
A comparison of the three diffractograms confirms the co-
alloying of Pd and Cu in the ap-Pd9Cu91 sample. The (111),
(200), and (220) diffraction peaks of the face centered cubic
(fcc) ap-Pd9Cu91 sample appear at 2θ values of 42.73°, 49.74°,
and 73.18°, which reside between the corresponding peaks
reported for Cu (43.3°, 50.4°, and 74.1°; JCPDS: 85-1326)
and Pd (40.2°, 46.8°, and 68.3°; JCPDS: 87-0638). The intense
diffraction feature at 2θ ∼ 56° corresponds to the C(004) diffr-
action of the graphite foil support on which the metal foams
were deposited for XRD inspection.

Fig. 3b demonstrates alterations in the crystal structure of
the ap-Pd9Cu91 that are associated with the thermal treatment
and the subsequent oxide reduction. Clearly, all diffraction fea-
tures of the fcc ap-Pd9Cu91 sample disappear after thermal
annealing (see diffractogram of ta-Pd9Cu91), indicating the
transformation of the metallic alloy into an oxidic form, which
obviously affects not only the catalyst surface but the entire
‘bulk’ of the alloy foam. Note that this oxidation process
causes a partial phase segregation into domains of copper
oxide(s) and a mixed PdCu oxide phase. The Cu2O (200) and
CuO (111) diffraction peaks appear at 2θ = 40.9° (JCPDS: 74-
1230) and at 2θ = 38.76° (JCPDS: 80-1268), respectively. The

Fig. 2 Identical location (IL) SEM analysis of the co-alloyed foam catalyst depending on the processing stage; (a)–(d) as-prepared (ap) alloy foam;
(e)–(h) thermally annealed (ta) alloy foam (200° C, 12 h, in air); (i)–(l) oxide-derived (od ) alloy foam (after ec pretreatment at −0.65 V vs. RHE for
45 min).
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mixed CuPdO3 oxide phase was identified via its (113) diffrac-
tion peak at 2θ = 35.32° (JCPDS: 48-0587).

Under reductive conditions, applied during the electro-
chemical part of the catalyst pre-treatment, these oxide phases
are thermodynamically unstable and undergo rapid compo-
sitional and structural transitions back into their metallic
state. Thus, there is no indication for the presence of any oxide
phase with long-range transitional order after the electro-
chemical treatment (see diffractogram of the od-Pd9Cu91
sample in Fig. 3b). However, the partial phase segregation,
initially started after thermal annealing treatment, is retained
after the subsequent oxide reduction. As a consequence, a Cu-
rich phase is formed which exhibits a Cu-like diffraction
pattern with (111) plane at 2θ = 43.18° (JCPDS for Cu: 85-1326).
Besides this major Cu-enriched phase, a second Pd-rich alloy
phase develops, as deduced from the shift of the main (111)
diffraction peak from 42.73° (ap-Pd9Cu91) to 41.34° (od-
Pd9Cu91). An expansion of the crystal lattice towards the fcc Pd
thus confirms enrichment by Pd (JCPDS for Pd: 87-0638) in
the second phase (see Fig. 3).

The (metal → oxide → metal) transitions, observed in the
XRD patterns, are also in full agreement with a complementary
XPS analysis presented in Fig. S5 (ESI†), which shows the
spin–orbit split Cu 2p (panel a) and Pd 3d (panel b) photoe-
missions of the Pd9Cu91 samples in their respective processing
states. The appearance of characteristic shake-up satellites in
the Cu 2p photoemission spectrum after thermal treatment
indicates the presence of cupric CuO in the ta-Pd9Cu91
sample. It should be noted, however, that XPS cannot discrimi-
nate between metallic Cu and cuprous oxide (Cu2O) as both
phases exhibit the same binding energy of BE(Cu 2p3/2) = ∼933
eV.44 The Pd 3d peak broadened after the annealing treatment
and a Pd(II) component (PdO, BE(3d5/2) = ∼336.7 eV) was
evident after peak deconvolution (Fig. S5, ESI†). After com-
pletion of the electrochemical pre-treatment, both the Cu 2p
and Pd 3d emissions in the od-Pd9Cu91 exhibit the same fea-
tures as the metallic ap-Pd9Cu91 sample, thus indicating the
complete conversion of the intermediately formed oxide into a
metallic catalyst under the applied reductive conditions
(45 min at −0.65 V vs. RHE). Survey XPS analysis further proves
that there is no contamination of other metals on the catalyst
surface (Fig. S6, ESI†).

Operando Raman spectroscopy (Fig. 4) further confirms the
instability of the oxides, formed during thermal annealing of
the alloy foam, under those electrochemical conditions
applied for the catalyst activation (−0.65 V vs. RHE) and PrOH
production (see below discussion of Fig. 7 and 8). Note the
Raman spectroscopic experiment probes to some extent the
bulk but in particular the surface conditions of the catalyst
material.45 Fig. 4a shows the potential-dependent evolution of
operando Raman spectra for od-Pd9Cu91 in CO2 saturated 0.5
M KHCO3 electrolyte where the potential is stepped from the
open circuit potential (OCP) to those potentials relevant for
the oxygenate production. Raman features at 518 cm−1 and
624 cm−1 are typically assigned to the presence of cuprous
oxides.45–47 It becomes obvious that the oxides have already
disappeared at 0 V vs. RHE prior to the actual onset of the
CO2RR which in full agreement with previous results on pure
Cu foam catalysts.31,45 Important to note is that the chemi-
sorption of reactants, intermediate and products of the CO2RR
starts only after the disappearance of the oxidic species from
the catalyst surface at 0 V vs. RHE (Fig. 4a). The Raman fea-
tures at 283 cm−1 and 353 cm−1 (Fig. 4a, inset) can be assigned
to the restricted rotational and vibrational modes of chemi-
sorbed CO (*CO) on the binary PdCu catalyst which forms as
key intermediate for the oxygenate products formation on Cu-
based catalysts.45

Fig. 4b directly compares to the electrochemical part of the
catalyst pre-treatment protocol where the potential is stepped
from the OCP directly to −0.65 V vs. RHE using a ta-Pd9Cu91
sample. Within a few minutes (time needed to record the
Raman spectrum) the oxide features have completely dis-
appeared under the applied cathodic potential.

As suggested by the XRD data (Fig. 3), the consecutive
(metal → oxide → metal) transitions leads to a phase segre-
gation into Cu-rich and Pd-enriched domains. This hypothesis

Fig. 3 (a) X-ray diffraction pattern of the as-prepared (ap) pure Cu, pure
Pd, and the Pd9Cu91 foam samples. (b) X-ray diffraction pattern of the
Pd9Cu91 sample depending on the processing stage (as-prepared (ap),
thermally annealed (ta), and oxide-derived (od )). Standard diffraction
peaks and their corresponding JCPDS files are shown.
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is further experimentally corroborated by combined TEM,
HR-TEM, HAADF, and STEM-EDX analyses of the ap-Pd9Cu91
(a–d) and the od-Pd9Cu91 (e–h) sample, presented in Fig. 5.
HR-TEM analysis identifies almost pure Cu domains in the den-
drites of the foam after electrochemical oxide reduction (Fig. 5,
panel f). Local changes in the chemical composition (Pd/Cu
ratio) as a consequence of the oxidation/reduction treatment are
further corroborated by the spatially-resolved STEM-EDX maps
shown in panels d and h of Fig. 5. Three spots, indicated by the
yellow frames (panel d), were analyzed in more detail by means
of STEM-EDX. The EDX spot analysis reveals a chemical compo-
sition of 9 at% Pd and 91 at% Cu (scattering of ± 0.5%) which is
in excellent agreement with the bulk composition of the ap-
Pd9Cu91 sample determined on the basis of ICP-OES analysis.
Visual inspection of the STEM-EDX mapping (panel d) confirms
the homogeneous distribution of the Pd (minor component) in
the Cu matrix prior to the catalyst activation treatment.

In total 10 different spots were analyzed by the STEM-EDX
for their chemical composition on the od-Pd9Cu91 sample
(Fig. 5, panel h). Two different kinds of surface domains can
be distinguished on the catalyst surface as indicated by the
black and green frames, respectively. Those regions, high-
lighted by the black frames, indicate Cu-rich domains with a
mean chemical composition of ∼2 at% Pd and 98 at% Cu
(± 1% scattering) which can be found predominantly at the
center of the dendritic features. Regions indicated by the
green frames represent a PdCu alloy which is substantially
enriched by Pd. The respective EDX analysis reveals a mean
composition of ∼22 at% Pd and 78 at% Cu (± 5% scattering).
These Pd-enriched domains are preferentially observed
at the outermost periphery of the dendritic features of the
alloy foam. To demonstrate the reproducibility of the pro-
posed preparation and activation procedure respective rep-
etition experiments are presented in Fig. S7 (ESI†) demon-
strating a similar phase segregation phenomenon as shown
in Fig. 5.

Fig. 4 (a) Potential-dependent operando Raman spectra of the od-
Pd9Cu91 foam sample in the CO2-saturated 0.5 M KHCO3 electrolyte
starting at the OCP, inset is showing zoomed PdCu–CO adsorption fea-
tures; (b) operando Raman spectra corresponding to the catalyst acti-
vation procedure by stepping the potential from the OCP to −0.65 V vs.
RHE using a ta-Pd9Cu91.

Fig. 5 (a)–(d) TEM, HR-TEM, HAADF and elemental STEM-EDX analysis of the ap-Pd9Cu91 sample; (e)–(h) TEM, HR-TEM, HAADF and STEM-EDX
analysis of the od-Pd9Cu91 sample (after annealing (12 h at 200 °C in air) and ec pre-treatment (45 min at −0.65 V vs. RHE)).
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Not only the initial thermal annealing contributes to
the observed phase segregation (see Fig. 3) of the ap-Pd9Cu91
catalyst but also its further activation under potential
control. This can be concluded from complementary time-
dependent ICP-MS analyses of the electrolyte solution during
the oxide reduction reaction at −0.65 V vs. RHE. Form the
work by Mayrhofer et al.48,49 it is known that a release of metal
ions from an oxidized electrode surface into the bulk of the
electrolyte preferentially takes place upon oxide reduction. The
same phenomenon can be observed in the present case for the
reductive activation of the ta-Pd9Cu91 foam catalyst. Fig. 6
depicts the time-dependent change of the Cu and Pd content
in the CO2-saturated electrolyte during the electrolysis at −0.65
V vs. RHE. Also for the experiment shown in Fig. 6, the poten-
tial was stepped right after the sample immersion into electro-
lyte from the OCP to −0.65 V vs. RHE. It has, however, to be
noted that already the contact of the ta-Pd9Cu91 sample to the
electrolyte at OCP leads to a certain release of Cu components
into the solution phase (cCu = 0.3 mg L−1 prior to the potential
step to −0.65 V vs. RHE). This dissolution process is acceler-
ated during the first minutes (<30 min) of the oxide-reduction
which is superimposed on the electrolysis reaction (HER,
CO2RR). The Cu content in the solution reaches a maximum
of 0.54 mg L−1 at t = 5 min before it slowly drops down as a
function of time. This experiment clearly demonstrates that
the 45 min lasting catalyst pre-treatment at −0.65 V vs. RHE
involves both (i) the initial dissolution and (ii) the subsequent
partial re-deposition of Cu material on the alloy surface from
the electrolyte phase. The applied potential of −0.65 V vs. RHE

is well below the respective reversible Nernst potential for Cu
deposition/dissolution. Interestingly these sequential dis-
solution and re-deposition processes are selective with regard
to the less noble Cu component of the binary alloy whereas
the minor Pd component is not affected by the oxide
reduction. The Pd content in the solution phase remains
almost 0 ppm over the entire analysis time.

Electrochemical performance

Systematic catalyst performance testing was carried out by
potentiostatic electrolysis experiments in CO2 saturated 0.5 M
KHCO3 (pH 7.2) using both the ap-Pd9Cu91 and the od-
Pd9Cu91 samples. The applied electrolysis potentials ranged
from −0.45 V to −0.95 V vs. RHE. A multi-catalyst approach
has been applied for this screening where a newly-prepared
catalyst was used for each screening experiment (3 h duration).
Fig. 7a depicts the potential (E) dependent evolution of the
product distribution (faradaic efficiency (FE)), represented as a
plot of FE vs E for the ap-Pd9Cu91 sample.

Formate is the main CO2RR product at low applied overpo-
tentials reaching a maximum faradaic efficiency of FEformate =
42.7% ( jformate = −1.2 mA cm−2) at −0.55 V vs. RHE. Both pure
Pd and PdCu alloys have already been identified as excellent
catalysts showing high efficiencies towards formate production
at particularly low overpotentials.33,34,37 In the present case,
the formate efficiency steadily decreases with increasing over-
potentials reaching a value of FEformate = 12.5% at −0.95 V vs.
RHE (see Table S1, ESI†). A similar trend is also observed for
CO, starting from a maximum value of FECO = 35.6% ( jCO =
−0.52 mA cm−2) at lowest applied potentials of −0.45 V vs.
RHE.37,50 Within the entire window of applied electrolysis
potentials, hydrocarbon formation remains at a relatively low
level and reaches a maximum C2 hydrocarbon efficiency of
FEC2 = 12.3% (FEC2H4

= 8.2%, FEC2H6
= 4.1%) at −0.75 V vs.

RHE. The sum of the FE values detected by online (head-
space) gas-chromatography (for CO, H2, C2H4, and C2H6 detec-
tion) and post-electrolysis ion-exchange chromatography (for
formate detection) reaches close to 100% irrespective of the
applied electrolysis potential and thus demonstrating that all
relevant major products were covered by this analysis
approach. The result is obviously different when the CO2RR is
carried out over the od-Pd9Cu91 catalyst, for which as much as
20% appears to be missing in the balance of total faradaic
efficiencies (Fig. 7b). The reason for this discrepancy is due to
the appearance of oxygenates as major CO2RR products. The
results are depicted in panels c and d of Fig. 7. Both C2 (EtOH)
and C3 (PrOH) alcohols form as CO2RR products, however,
with a clear preference for PrOH. A maximum selectivity of
FEPrOH = 13.7% ( jPrOH = −1.15 mA cm−2) is observed at −0.65
V vs. RHE (Table S2, ESI†). The onset potential of PrOH for-
mation (−0.45 V vs. RHE) and the electrolysis potential of
maximum PrOH efficiency (−0.65 V vs. RHE) are both signifi-
cantly shifted towards the positive direction (≈200 mV) in com-
parison to the CO2 electrolysis reactions carried out over ‘pure’
oxide-derived copper catalysts (Fig. S8, ESI†).9,26,27 The pre-
sented potential-dependent product distribution clearly

Fig. 6 Time-dependent ICP-MS analysis of the CO2-saturated 0.5 M
KHCO3 solution during the CO2RR at −0.65 V vs. RHE starting with the
ta-Pd9Cu91 foam as the catalyst. The inset highlights the first 200 min of
the electrolysis.
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demonstrates the beneficial catalytic effect of the co-alloyed Pd
particularly in regard to the C3 alcohol formation (see discus-
sion of the proposed reaction mechanism in Fig. 9 below). In
contrast, the EtOH efficiency remains at a comparably low level
(e.g., FEEtOH = 7.1% with jEtOH = −0.60 mA cm−2). Under these
optimum electrolysis conditions, the PrOH efficiency is actu-
ally twice as high as that for EtOH. A representative GC chro-
matogram is provided in Fig. S9 (ESI†). In both the FE vs. E
and the j vs. E plots, the trends of EtOH follow the ones for
PrOH but at a significantly lower level. In contrast, previous
studies indicated either similar FE values for PrOH and EtOH
under optimized experimental conditions or a higher selecti-
vity towards EtOH (see Table S3 for a comparison data,
ESI†).26–29 Note that the maximum faradaic efficiency (FEPrOH)
and the optimum rate of production ( jPrOH) are obtained at
different electrolysis potentials. The maximum partial current
density for PrOH production, jPrOH = −2.50 mA cm−2, was
observed at −0.85 V vs. RHE where the FEPrOH was 8.2%
(Table S4, ESI†).

To demonstrate the excellent stability of the novel PdCu
foam catalyst against degradation, extended CO2 electrolysis
experiments were performed at an applied potential of −0.65 V
vs. RHE using od-Pd9Cu91 as the catalyst. Gaseous and liquid
(PrOH, EtOH) products were quantified in intervals of 1 h for a
total duration of 102 h (Fig. 8). The electrolyses consisted of an
initial continuous section (first 30 h) and an extra sequence of
discontinuous electrolysis experiments of variable duration (six
10 h and one 12 h experiments). The potential control was
switched off after each electrolysis experiment, and the catalyst
was stored in pure Milli-Q water at the open circuit potential
(OCP) before the next electrolysis was started. The main purpose
of these continuous-discontinuous, long-term experiments was
to demonstrate whether the catalyst could be successfully stored
for long time periods and reused whenever necessary. This long-
term experiment actually represents a two-fold stressing of the
catalyst achieved by (i) the prolonged CO2RR itself and (ii) the
repetitive loss of potential control in combination with the
storage of catalyst in an aqueous environment (Milli-Q water) at
the OCP. Fig. 8a shows the current transient (wine curve) of the

102 h of electrolyses. The average steady state current density
reached −7.5 mA cm−2. Slightly higher current densities were
observed at the beginning of the individual electrolysis experi-
ments (discontinuous 10/12 h section), likely corresponding to
the reduction of surface oxides formed during the resting time
when the catalyst was kept at the OCP in Milli-Q water.
Irrespective of the applied interruptions the resulting steady-state
current density remained largely stable over the entire period of
102 h. This can be considered as a first experimental indication
for an excellent structural and compositional stability of the cata-
lyst. As already argued for pure Cu catalysts, one important factor
contributing to the chemical stability of the catalyst is the suc-
cessful total suppression of the C1 hydrocarbon pathway.26

Methane production was identified as the mechanistic
origin of an irreversible poisoning of the Cu surface with che-
misorbed carbon species. In the present case, the absence of
methane as one of the CO2RR products can also be considered
beneficial for the observed long-term stability of the catalyst.
During the first 30 h of continuous electrolysis, both the
partial current density (panel a) and the corresponding fara-
daic efficiency (panel b) of PrOH formation increase with elap-
sing electrolysis time, from an initial value of jPrOH = −1.11 mA
cm−2 (FEPrOH = 12.9%) to jPrOH = −1.25 mA cm−2 (FEPrOH =
13.9%). This trend is consistent with a slight decrease of the
EtOH selectivity and the respective rate of production with
time. However, the overall alcohol production rate does
increase within the first 30 h period of the electrolysis reaction,
thus proving that a continuous electrolysis does not cause any
significant loss of catalytic performance, in particular with
regard to the targeted C3 alcohol formation. Alterations in the
catalyst’s CO2RR activity appear to be more complex when the
sequence of discontinuous electrolyses is applied. The initial
reduction of the surface oxide species, which likely formed
during the resting period under the OCP conditions, leads to a
temporary increase in the overall current density as well as
partial currents of both PrOH and EtOH (panel a) right after
restarting of the electrolysis which, however, steadily drops
down in the further course of the reaction. However, in the
first four 10 h discontinuous electrolyses, FEPrOH reaches a

Fig. 7 (a) Product distribution of the electrolyses (3 h) carried out over the ap-Pd9Cu91 sample. (b) Product distribution of the electrolyses (3 h)
carried out over the od-Pd9Cu91 sample. (c) Alcohol efficiencies derived from the electrolysis carried out over the od-Pd9Cu91 sample. (d) Partial
current densities of multicarbon alcohols.
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steady state value of ∼13.4 ± 0.9% after approximately 4 h of
electrolysis time, keeping the low FEEtOH of ∼6.8 ± 0.3% and
thus maintaining the steady PrOH selectivity until nearly 70 h
(Fig. 8b). After that time, FEPrOH starts to decrease slightly,
which affects the PrOH selectivity. This result demonstrates
that repetitive switching between the off and on state of
electrolysis leads to a more significant degradation pattern
than the (initial) continuous electrolysis experiment. CO
and C2 hydrocarbon efficiencies decreased slightly with time
whereas FEH2

increased with time (see panel c of Fig. 8).
Combined HAADF, STEM-EDX, and SEM analyses confirm that
the compositional and structural characteristics of the od-
Pd9Cu91 catalyst are preserved even after prolonged electrolysis
at −0.65 V vs. RHE (Fig. S10 and S11, ESI†).

Mechanistic explanation

The experimental data presented herein can be considered as
a prime example of a CO2RR catalyst material that undergoes
significant structural and compositional changes during the
activation stage of subsequent thermal and electrochemical
pre-treatment thereby creating those electrocatalytically active
sites that govern the resulting product distribution. The
design of our catalyst is based on the combination of a *CO
and *H forming component with a C–C coupler and alcohol-
former component, which follows the similar concept of
recently published bimetallic AgCu catalysts for selective
ethanol production where the ethanol selectivity was rational-
ized by a spillover effect and the improved abundance of CO
as the key intermediate of C–C coupled CO2RR products in
comparison to pristine Cu.31,51,52 According to Dutta et al.,
segregated domains of pure Ag take over the role of the CO
formation whereas the Cu, activated by thermal annealing
prior to the CO2RR, transforms the formed CO into ethanol
with a high selectivity, reaching FEEtOH = 33.7% at −1.0 V vs.
RHE.31 Due to the limited miscibility of Ag and Cu, efficient
phase segregation is easily achieved during the initial foam
electrodeposition stage.31,53 In contrast, Pd and Cu show a
strong tendency towards co-alloying, thus resulting in a
rather homogeneous distribution of the Pd in the Cu matrix

of the as-prepared foam (Fig. 5, panels b and d). In our PdCu
alloy foam, the spatial separation into *CO and *H forming
and C–C coupling (alcohol forming) domains does not occur
in the initial electroplating step but rather in the sequential
activation steps of oxide formation and their subsequent
electrochemical reduction (Fig. 1, 3 and 5). The thermally
annealed Pd9Cu91 foam consists of copper oxides (CuO,
Cu2O) and a mixed PdCu oxide phase (CuPdO3, see Fig. 3).
Subsequent electro-reduction of these oxide phases forms the
phase separated Cu-rich and Pd-rich metallic domains. Kenis
et al. also discussed the effect of phase separation in a bi-
metallic PdCu catalyst where ethylene and ethanol were pro-
duced from CO2RR on phase-separated bimetallic PdCu
nanoparticles.54

The domain of a Pd-rich PdCu alloy, formed after the
electrochemical oxide reduction, can take over the role of the
*CO and *H former (see Fig. 3 and 5h). Recent studies have
already shown that both pure Pd and PdCu alloys are pro-
mising CO2RR catalysts with excellent selectivity towards
formate particularly at low overpotentials33,34,37 (see also Fig. 7a)
and towards CO at medium and high overpotentials.32

However, pure Pd catalysts suffer from strong CO chemisorp-
tion, which leads to an irreversible poisoning of the active
sites in the course of the CO2RR.

33,34 One possible approach to
tackling this challenge is to co-alloy the Pd with a second tran-
sition metal that exhibits CO2RR activity in its own pure state
but has a lower affinity towards CO adsorption/absorption in
comparison to pure Pd.

A number of bimetallic systems have already been reported
as CO2RR catalysts including PdAu,55 PdNi,56 and PdCu.57,58

Among these, copper is the most promising candidate for such
a co-alloying approach because it shows a moderate binding
strength towards CO, and allows for the C–C coupling reaction,
towards oxygenate formation.9,10,59 In this case, the C–C coup-
ling role is taken over by Cu-rich PdCu domains (Fig. 3, 5h,
and Fig. S7, ESI†).

Fig. 9 summarizes the proposed mechanism of C3
alcohol formation on the od-Pd9Cu91 catalyst surface. *CO and
*H form preferentially on the Pd-rich PdCu domains and they are

Fig. 8 (a) Current transient and time-dependent partial current densities of alcohols from the extended electrolysis carried out at −0.65 V vs. RHE
over the od-Pd9Cu91 sample; (b) corresponding alcohol efficiencies; (c) corresponding CO, H2 and C2 hydrocarbon efficiencies. This set of long
term experiments shows that we could store the catalyst for long time and reuse it when necessary.
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subsequently transported to the Cu-rich domain via surface
diffusion or, alternatively, via CO and H transport through the
solution phase (coupled desorption and re-adsorption pro-
cesses). Besides the increased abundance of *CO and *H inter-
mediates, it is the stabilization of the chemisorbed *CO on the
catalyst surface and the efficient *H-transfer for the hydrogen-
ation of the C–C coupled intermediates further direct the CO2RR
towards multicarbon alcohol formation.38 This stabilization is
achieved by the presence of Pd-rich domains next to the Cu-rich
domains, which help to bind *CO and *H intermediates
stronger than pure Cu.10,60 Operando Raman spectroscopy pro-
vides a proof of *CO adsorption on the catalyst surface as it
shows clear bands at 283 cm−1 and 353 cm−1 which can be
assigned to the chemisorbed *CO (Fig. 4a, inset). EtOH for-
mation most likely proceeds via a combined C2 hydrocarbon–
oxygenate pathway, as discussed by Nie et al. and Kortlever
et al.61,62 In addition, another *CO further binds to the stabilized
C2 intermediate to form the key-intermediate of PrOH, which is
the adsorbed C3 aldehyde species (*CH3CHCHO).9 Additional
control experiments in Ar-saturated CO2-free 0.5 M K2SO4 elec-
trolyte using CH3CH2CHO as the reactant demonstrated that
PrOH can be obtained from the respective C3 aldehyde (see
Fig. S12, ESI†) under similar electrochemical conditions.

Conclusions

A novel PdCu alloy electrocatalyst was prepared by means of a
hydrogen bubble-assisted foam deposition process. The Pd
(minor component, 9 at%) was homogeneously dispersed in
the Cu matrix (major component, 91 at%) of the as-prepared
alloy foam sample.

The basic bimetallic catalyst concept, followed herein, is
based on the combination of a *CO and *H forming catalyst

component and a second component, active for C–C coupling
and subsequent alcohol formation. Additional catalyst acti-
vation, involving the thermal annealing of the ap-Pd9Cu91
foam at 200 °C (12 h in air) and the subsequent reduction of
the formed oxidic precursor under electrochemical conditions
(at −0.65 V vs. RHE, 45 min), led to segregation into Pd-rich
and Cu-rich domains which took over the role of *CO, *H-pro-
ducer and C–C coupler (alcohol producer), respectively.

Highly selective n-propanol formation was observed
(FEPrOH = 13.7%, jPrOH = −1.15 mA cm−2) over ethanol
(FEEtOH = 7.1%, jEtOH = −0.60 mA cm−2) at −0.65 V vs. RHE,
which led the selectivity of the C3 alcohol over the C2 alcohol
by a factor of two. Key to the extraordinary performance of the
oxide-derived od-Pd9Cu91 foam catalyst was the complete sup-
pression of methane formation (C1 hydrocarbon pathway).
Extended CO2 electrolyses, carried out for 102 h in a combined
continuous and discontinuous mode, demonstrated rather
stable PrOH selectivity and efficiencies that did not decrease
during the continuously performed electrolysis but eventually
were affected by the repetitive (intended) loss of potential
control during the discontinuously performed catalyst stres-
sing experiments. The continuous–discontinuous electrolyses
indicated that the catalyst could be stored for long time and
then used again when necessary.

Future work will focus on the transfer of these promising
electrocatalysts to flow-cell electrolyzer with the aim of study-
ing the catalyst degradation characteristics under well-defined
mass transport conditions at elevated current densities rele-
vant to industrial applications.
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Fig. 9 Proposed reaction scheme for n-propanol formation from CO2 over a phase-separated od-Pd9Cu91 catalyst.
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The creation of open porous structures with an extremely high
surface area is of great technological relevance. The electro-
chemical deposition of metal foams around co-generated
hydrogen bubbles that act as templates for the deposition is a
promising, cheap and simple approach to the fabrication of
new electrocatalyst materials. Metal foams obtained by dynamic
hydrogen bubble templating (DHBT) offer an intrinsically high
electrical conductance with an open porous structure that
enables the fast transport of gases and liquids. As an additional

benefit, the confined space within the pores of DHBT metal
foams may act as small reactors that can harbour reactions not
possible at an open electrode interface. The number, distribu-
tion, and size of the pores can be fine-tuned by an appropriate
choice of the electrolysis parameters so that metal foam
catalysts prepared by the DHBT technique meet certain require-
ments. In this paper, we review the preparation of certain metal
foams, and their applications as catalysts for the electro-
chemical reduction of CO2.

1. Introduction

The rising concentration of atmospheric carbon dioxide (CO2)
and its consequences on climate and related societal changes
present a major challenge to humankind, necessitating the
development of industries with a zero, or possibly negative, CO2

footprint.[1] Electrochemical technologies provide an attractive
solution to the problem, where electrons preferably gained
from a renewable energy source can be used to turn CO2 into
value-added products.[2] Technologies already exist to achieve
this goal, although their operation is still far from perfect. A key
factor of developing CO2 electrolysis technologies was, and
probably still remains, the invention of new catalytic electrode
materials. The application of proper catalysts can ensure higher
yield and also a tailored selectivity toward the formation of
certain sought-after products.

At recent technological levels, the most desired products of
CO2 electroreduction are syngas (a mixture of CO and H2); C2

hydrocarbons (primarily, C2H4); short carbon chain alcohols (like
methanol, ethanol or propanol); and formate or formic acid. The
formation of other products by electrochemical CO2 reduction
(e.g., that of methane) would also be possible, but considering
current market prices, the above aims are the ones that remain
economically viable.[3]

Electrocatalysis plays a central role in lowering the energy
barrier and thereby increasing the yield and decreasing the cost
of CO2 electroreduction, and in assuring that the reaction results
in the desired product. Many efforts have thus been made to
improve the performance of electrocatalysts, such as increasing

the surface area, improving the intrinsic activity of the active
sites, and manipulating the transport of reactants and products
to and from the electrode surface.[4] Among these methods, the
fabrication of three-dimensional porous structures (i. e., metal
foams[5]) and the application of these as electrode materials was
proven to be an attractive way to improve electrocatalytic
performance.[6]

The application of metal foams as electrocatalysts is
advantageous, as self-standing foams can directly be employed
as working electrodes, often without the need of additional
mechanical support. They offer a large surface area that is not
only accessible to reactants, but also enables fast, multi-
dimensional electron transport pathways.[6,7] Also, metal foams
can act as a support for other catalysts, rendering the
application of conductive binders, like Nafion, unnecessary in
catalyst design.

According to IUPAC,[8] “a foam is a dispersion in which a
large proportion of gas by volume in the form of gas bubbles, is
dispersed in a liquid, solid or gel.” Foams can either be open-
cell or closed-cell structured; for the purposes of electro-
catalysis, foams with open-cell structures are the most useful.[9]

Several non-electrochemical[10] and electrochemical[9] methods
have been described for the preparation of metal foams, mainly
including selective dissolution,[11–14] templating,[15,16]

combustion,[17,18] and the sol-gel method.[19,20] Synthesis and
characterization strategies of noble metal foams prepared by
these methods, as well as their application for electrocatalysis
purposes, were recently reviewed in detail by the Eychmüller
group[9,20] and by Zhu et al.[6] A relatively newly developed, yet
very promising method of the preparation of metal foams
namely, dynamic hydrogen bubble templated (DHBT)
electrodeposition[22] was, however, not addressed in these
works. The aim of this survey is to fill this gap, and to review, in
details, the use of DHBT for the preparation of metal foams that
can be used, primarily, as electrocatalysts for CO2 reduction.

2. DHBT Based Preparation of Metal Foams

2.1. General Considerations

When electrodepositing noble (e.g., Au, Pt, Ag, Cu), or especially
base metals (e.g., Zn, Co, Fe, Ni) from solutions of their salts,
concurrent hydrogen evolution is usually considered as a major
problem that causes ramification of the deposited metal layer
and accounts for often undesired changes in its mechanical and
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optical properties, sometimes impairing the entire process.[26]

Dynamic hydrogen bubble templating (DHBT) serves as a
glaring counter-example, where the loss of some current due to
hydrogen evolution is turned to a benefit, as the formed
hydrogen bubbles aid the creation of spongy, high surface area
metal foams that can be extremely useful for the purposes of
electrocatalysis.

The co-generation of hydrogen along with metal deposition,
in order to create high surface area electrode materials, has
been part of the arsenal of electrochemists for quite some time
now; e.g., this was the method used for the creation of
platinum black in the original recipe of Lummer and
Kurlbaum[23] and of Kohlrausch[24] (Figure 1). Starting with the
advent of the 21st century, the method experienced a boom, as
it turned out to be quite useful for the creation of high surface
area electrocatalyst materials – not necessarily platinum based
ones. Among recent works directed at the development of
tailored electrocatalyst materials using the DHBT method, the
works of Chialvo and Marozzi,[27,28] Shin et al.,[29,30] Nikolić
et al.,[31–36] Cherevko et al.,[37–43] as well as the works of the
Bhargava group,[44–47] including a review[22] deserve further
attention.

In principle, there are two processes underlying the DHBT
method that play a crucial role in the fabrication of metal

foams. One is Reaction (R1), the deposition of the metal from a
solution of its salt:

Mezþ þ ze� ! Me (R1)
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Figure 1. Scanning electron micrograph of platinum black, electrochemically
deposited on a Pt surface from a hexachloroplatinate solution, using the
recipe of Lummer and Kurlbaum[23] modified by Kohlrausch.[24] Reproduced
from Ref. 25 with the permission of Nature.
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The other is the hydrogen evolution reaction (HER) that in an
acidic solution is supposed to proceed by Reaction (R2),

Hþ þ e� !
1
2
H2 (R2)

while in solutions of pH >7, the primary source of hydrogen is
the electroreduction of water itself:

H2Oþ e� !
1
2H2 þ OH� (R3)

Although for the preparation of metal foams using the
DHBT technique, usually acidic solutions are applied, it has to
be noted that under harsh cathodic conditions the surround-
ings of the electrode surface quickly get depleted in H+, in
which case direct water reduction, Reaction (R3), cannot be
ignored.[48]

The fundamental idea of DHBT is that the H2 bubbles
generated in Reactions (R2) and (R3) disrupt the growth of the
metal layer, acting as a dynamic template for the electro-
deposition process. Micropores in the submicron range and
macropores in the 10–100 μm size range are formed as a result
of the growth of metal around small or coalesced bubbles
generated on the surface, blowing up the specific surface
area.[22]

When applying the DHBT method, high cathodic over-
potentials are used, so that the rates of Reactions (R1) and (R2)–
(R3) become comparable and decisive for the obtained foam
structure. Apart from the reaction rates, however, other factors
such as the nucleation, growth and detachment of the surface-
generated bubbles, the intensive stirring and the related
convective effects caused by bubble formation, the local
alkalination of the near-electrode solution layers and its
consequences on the chemistry of metal deposition, complex
formation, the action of additives, etc. may also determine the
surface morphology of the deposited foam. Below, we give a
summary of these effects.

2.2. Mechanistic Aspects

In an excellent work, Nikolić[35] treats DHBT following Winand’s
classification of metals,[49] and shows contrary to previous
claims[51] that metals from all three Winand groups can be
obtained in three dimensional foam forms under the appro-
priate electrodeposition conditions. According to Winand,
metals can be classed in the following three groups (Figure 2):
i.) normal metals (such as Cd, Zn, Sn, Ag) that are characterized
by low melting points, high (j0,dep>100 Acm� 2) exchange
current densities of metal deposition and low catalytic activities
for hydrogen evolution; ii.) intermediate metals (such as Au, Cu
and Ag, if in the case of Ag, deposition occurs from the solution
of a complex and not of free Ag+ ions) that are characterized
by moderate melting points, intermediate (1 Acm� 2� j0,dep�
100 Acm� 2) exchange current densities of metal deposition and
relatively low catalytic activities for hydrogen evolution; and iii.)

inert metals (such as Fe, Ni, Co, Pt, Cr, Mn) that have high
melting points, low (j0,dep<1 Acm� 2) exchange current densities
of metal deposition and relatively high catalytic activities for
hydrogen evolution.

In case of each three metal groups, the success of DHBT in
creating metal foams depends on whether on the given metal,
hydrogen is forming large enough bubbles (that is mostly a
question of nucleation and growth kinetics and of surface
thermodynamics) and on whether the rate of metal deposition
is high enough to allow deposited dendritic metal structures to
overgrow a hydrogen bubble, before it leaves the electrode
surface.

As shown by Popov et al.,[53] in case of metals with low or
moderate j0,dep values, dendrite formation is possible only if the
deposition overpotential η exceeds a minimum initiation over-
potential

hini ¼ �
RT
zF

jlim;dep
j0;dep

(1)

where jlim,dep is the effective limiting current density of metal
deposition. Note that the value of jlim,dep strongly depends on
the prevailing hydrodynamic conditions and the vigorous
mixing of the near-electrode solution caused by HER.

While for metal depositions in quiescent systems, the
thickness of the diffusion layer of metal ions can (over time)
extend to even a few hundreds of micrometers, it was shown
that for quickly gas evolving electrodes (volumetric gas
evolution rate normalized to surface area: 100 cm3min� 1,
corresponding to hydrogen evolution occurring with a current
density of about 5 Acm� 2), the diffusion layer becomes only a
few micrometers thick and the coverage of the surface by gas
bubbles can exceed 30%.[54] Thus, at electrodes that evolve
hydrogen at a high rate, due to the decrease of the diffusion

Figure 2. According to Winand,[49] metals can be classed into three groups
(normal, intermediate and inert) based on their j0,dep deposition exchange
current densities and melting points. In his treatise on DHBT,[35] Nikolić
extends Winand’s original classification[49] based on the j0,HER exchange
current density of HER. The graph shown here was created using data
obtained from Refs. 50 and 36.
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layer thickness and the corresponding increase of jlim,dep, the
“effective overpotential” (a term coined by Nikolić et al.[31]) may
be lower than what is required for efficient dendrite formation.

What was said above is nicely demonstrated in Ref. 31 for
the deposition of honeycomb-like copper foams on plane
copper substrates from an aqueous solution containing
0.10 moldm� 3 CuSO4 and 0.50 moldm� 3 H2SO4. In Figure 3 we
can observe the following: i.) that at η= � 0.550 V, a value that
falls inside the limiting current density of copper deposition
where no hydrogen evolution takes place, cauliflower-like
agglomerates of copper grains were formed; ii.) that at η=

� 0.700 V, just outside the limiting current region of copper
deposition, where the Faradaic efficiency of HER is only about
5%, branch-like three dimensional dendrites are formed; and
finally iii.) that at η= � 0.800 or � 1.000 V, holes formed of
detached hydrogen bubbles surrounded by cauliflower-like
agglomerates of copper grains are seen.

It is important to note with respect to the depositions
occurring at high overpotentials that the number of holes
formed at � 1.000 V is larger than that at � 0.800 V, which is due
to the higher Faradaic efficiency of hydrogen evolution (almost
50% at � 1.000 V and about 30% at � 0.800 V). As communi-

cated by Nikolić et al. elsewhere,[32] the critical Faradaic
efficiency that hydrogen evolution should achieve in order to
create hydrodynamic conditions that favour foam formation is
10% for copper depositing baths with a CuSO4 concentration of
0.15 moldm–3 and less, in 0.5 moldm� 3 H2SO4.

2.3. Creating Metal Foams with Hierarchic Porosity: The Effect
of Deposition Time

As shown in Figure 4, at the initial stages (after the first 10
seconds) of the potentiostatic preparation of copper foams (η=

� 1.000 V, cCuSO4=0.1 moldm� 3, cH2SO4=0.5 moldm� 3), nuclea-
tion sites of H2 bubbles and surrounding agglomerates of
copper grains are already visible. Hydrogen evolution is
initiated at irregularities of the surface, where small bubbles are
formed, grow to a certain size and are then detached. The
higher the current density, the more nucleation sites become
active, and also the rate of growth of the bubbles increases.
While at lower current densities, only the surface irregularities
are active, at higher current densities bubbles are also formed
on the more homogeneous parts of the surface.[56] After

Figure 3. Morphologies of Cu deposits obtained after 60 s of potentiostatic electrolysis, at different values of the deposition overpotential from an aqueous
solution containing 0.10 moldm� 3 CuSO4 and 0.50 moldm� 3 H2SO4. Reproduced from Ref. 31 with the permission of Elsevier.

Figure 4. Morphologies of Cu deposits obtained after different times of potentiostatic electrolysis at a deposition overpotential of � 1.000 V, from an aqueous
solution containing 0.10 moldm� 3 CuSO4 and 0.50 moldm� 3 H2SO4. Reproduced from Ref. 34 with the permission of Springer.
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30 seconds of potentiostatic electrolysis (Figure 4) we can
notice that the deposited copper grows around the hydrogen
bubbles that remained adherent to the surface, forming regular
(circle-shaped) and irregular (from top view, ellipse shaped)
cavities. As shown in Figure 5, an even more pronounced
hierarchy is achieved if instead of potentiostatic control, we
apply galvanostatic electrodeposition of foamed copper.[52]

As evident in Figures 3 and 4, the deposited metal foams
exhibit two types of porosity: they show macropores, formed by
the larger, coalesced bubbles; and micropores (porosities within
the walls of the macropores) that are created as channels by
the vigorous formation of small hydrogen bubbles over the
copper dendrites.[34] As the electrolysis proceeds, the size of the
macropores tends to increase, yielding a hierarchically struc-
tured foam deposit that has a bigger number of small pores
close to the substrate, and fewer but bigger-sized pores close
to the solution interface (Figures 6 and 7). This graded structure
is ideally suited for the preparation of electrocatalyst materials
with pore sizes specifically tuned by the selection of appro-
priate deposition times.[30]

2.4. Further Factors Affecting Foam Structure

As pointed out by Nikolić,[35] the formation of porous structures
is possible for metals of all three Winand classes, provided that
the deposition overpotential that is either directly applied or
established as a result of galvanostatic polarization, exceeds the
minimum initiation overpotential ηini, defined by Equation (1),
and that at this overpotential, hydrogen production is already
vigorous.

Intensive hydrogen evolution will then have two effects: i.)
that due to stirring the near-electrode solution, it decreases the
thickness of the diffusion layer, increasing the limiting current

Figure 5. Morphologies of Cu deposits obtained after different times of galvanostatic electrolysis at � 2.0 Acm� 2, from an aqueous solution containing
0.20 moldm� 3 CuSO4 and 1.0 moldm� 3 H2SO4. Reproduced from Ref. 52 with permission of The Electrochemical Society.

Figure 6. The size and number of H2 bubble templated holes in Cu deposits
obtained at a deposition overpotential of � 1.000 V, from an aqueous
solution containing 0.10 moldm� 3 CuSO4 and 0.50 moldm� 3 H2SO4 are anti-
correlated as the deposition proceeds. Graph created using data from
Ref. 34.

Figure 7. a) Illustration of the hierarchical porosity of metal foams and b)
cross-sectional scanning electron micrographs of a potentiostatically
obtained Cu foam deposit, reproduced from Ref. 30 with permission of the
American Chemical Society.
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density jlim,dep of metal deposition; and ii.) that due to the at
least, temporal adherence of the bubbles to the surface, it will
increase the effective current density. In case θ denotes the
ratio of the surface (in a time average) blocked by bubbles, the
effective current density will be 1/(1–θ) times bigger than the
current density applied (that is the current normalized by the
geometric surface area).[57]

When preparing metal foams, one must keep in mind that
exchange current densities found in the literature (like those
plotted in Figure 2) are concentration dependent quantities and
values found in literature are usually (but not always)
normalized to a unity concentration of the metal or H+ ions in
the bulk solution (for metal deposition and HER, respectively).
Thus, the overall electrolyte composition will have a strong
effect on determining actual hydrogen evolution/metal deposi-
tion current ratios.[58] When preparing metal foams from noble
metals, e. g., from silver,[38] gold[40] or palladium salts,[43] a larger
metal salt concentration in the bath may be required than, for
example, when depositing normal metals such as Sn or Pb, or
even intermediate metals like Cu.

The success of metal foams preparation lies however not
only in whether the right current densities for metal deposition
and hydrogen evolution are achieved. The morphology of the
deposit, especially on the macroscale, will be determined by
the maximum size that H2 bubbles formed during the
electrolysis can reach before breaking off the surface, and also
by the rate at which bubble growth occurs (Figure 8).[55,59]

The break-off diameter d was found to depend on the
partial current density of hydrogen evolution jHER according to
the empirical formula

d ¼ d0 ð1þ a jHERÞb (2)

where the constants a �0.2 m2A� 1 and b �0.45 were
determined by Vogt and Balzer[57] by fitting to experimental
data; note that these constant values may be significantly
different, depending on the system studied.

The parameter d0 in Equation (2) is the break-off diameter in
a current-free case, the value of which can be estimated by
using a simplified form of the Fritz equation:[60]

d0 ¼ 1:20#
ffiffiffiffiffiffiffi
g

g 1

r

(3)

where g is the gravitational acceleration, # denotes the contact
angle of the bubble on the electrode surface, 1 is the density of
the solution, and γ is the interfacial stress of the gas/liquid
interface. Both the contact angle # and the surface tension γ

may vary as function of the applied electrode potential (and/or
current),[61] as well as near-surface variations of the viscosity of
the solution[62] may affect both the break-off diameter and the
trajectory of bubbles leaving the electrode surface.

Additives affecting the surface energetics (either the solid/
liquid or the gas/liquid interfacial stress, for example by
preferential adsorption on one or both of these interfaces) may
have a significant impact on both the macro- and the micro-
porosity of the obtained deposit.[30] For example cationic
surfactants like cetyltrimethylammonium bromide (CTAB), when
used as additives in copper deposition baths, were shown to
suppress the collision among hydrogen bubbles by specifically
adsorbing on the gas/liquid interface. This leads to a mild rate
of hydrogen evolution and smaller hydrogen bubbles, thus
resulting in a smaller pore structure.[63] Eventually, it was also
shown that CTAB can also be used to fine-tune the hydro-
phobicity of DHBT-deposited copper foams.[64]

Another important factor that has an effect on the structure
of the finally obtained deposit is the concentration and form of
available H+ sources present in the depositing solutions. This
parameter is probably even more important than the pH, which
is only related to the concentration of free H+ ions in the bulk
solution. During intensive hydrogen evolution, however, when
the near-electrode solution region gets alkalinated, additional
H+ sources such as NH4

+ or citric acid can act as buffers,
providing an excess amount of H+ as a reactant supply for HER.
Naturally, at large negative applied overpotentials or currents,
even the direct reduction of H2O can serve as means of HER.
While in this case it is the autoprotolysis reaction of water that
has to be taken into account to describe HER current
densities,[48] for buffered systems additional (buffer) equilibria
must be considered.[58]

Near-surface alkalination may have an adverse effect on the
nature of the obtained deposits; e.g., it can lead to the
formation of hydroxides of the metal to be deposited.[64] While
the application of buffers as bath components may successfully
circumvent this effect, one also has to consider that some buffer
components (especially due to complex formation) may also
have other, indirect effects on the foam deposition process. For
example, in case NH4

+ ions are used as a buffer, the NH3

molecules formed in the (alkaline) near-surface layers of the
electrolyte solutions may act as complexing agents for the
deposited metal, hindering its deposition. Although some
experimental results do confirm this assumption,[38] the possibil-
ities of complex formation are only scarcely treated in the
literature of DHBT metal foam deposition.[22]

Figure 8. Sequence of images illustrating hydrogen bubble growth on an electrode surface at 60 mAcm� 2 current density for HER. Reproduced from Ref. 55
with the permission of Elsevier.
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2.5. Technical Challenges of DHBT Metal Foam Deposition

Although it is rarely mentioned in literature, one technical
challenge that needs to be addressed with respect to DHBT
metal foam deposition is the extreme high current that these
methods require. Depositing hydrogen bubble templated metal
foams necessitates the use of current densities in the range of 1
to 10 Acm� 2 (normalization is meant to the geometric surface
area of the sample). This means that already in lab-scale
experiments, the standard instrumentation (galvanostat/poten-
tiostat) is to be equipped with current boosters. As standard
boosters usually allow the control of currents up to 20 A, up-
scaling may require specialized instruments as well. When using
such high currents, secondary effects (such as that of Joule heat
and IR-drop) should not be ignored, well-chosen cell geometries
must be applied, and measures for electric shock protection
must be taken.

3. Some Metal Foams Prepared by DHBT, with
Potential Application in the Electroreduction of
CO2

Metals suited for catalysing electrochemical CO2 reduction are
usually those where hydrogen evolution proceeds only at high
overpotentials. These metals can exhibit a relatively broad
range of potentials where CO2 reduction may already occur,
while water splitting still remains relatively suppressed. These
metals belong, according to Winand’s classification, to the
group of normal or intermediate metals. A non-exhaustive list
includes pure metals such as Sn[66,67] Pb,[68] Zn,[69,70] Bi,[71] Ag[72–74]

and Cu,[75–78] as well as bimetallic systems where Sn foams are
deposited on Cu surfaces[79–84] or when smoothly dispersed Ag
and Cu form one bimetallic foam structure.[85,86] In what follows,
we summarize the DHBT-assisted preparation strategies of
these metal foams, as well as some important aspects of CO2

reduction occurring on them.

3.1. Sn Foams (Pure)

Sn is a prime example of normal metals having a low melting
point, little activity for HER and high activity for metal
deposition. Although on a Cu substrate, Sn foams were
deposited relatively early by Shin et al.,[29] from a bath that
contained 0.15 moldm� 3 SnSO4 dissolved in 1.5 moldm� 3 H2SO4.
By applying galvanostatic deposition at a (geometric surface
area normalised) current density of � 3 Acm� 2 for 5 to
20 seconds, 100 to 300 μm thick deposits with surface pores of
100 to 400 μm diameter were obtained (Figure 9). The foam
walls of Sn were composed of relatively long and dense,
straight dendritic particles. The apparent microporosity (that is,
the microscopic porosity of the walls of bigger pores) described
in the same work by Shin et al.[29] for Cu, was not seen in the
case of Sn, probably as a result of the suppressed electro-
catalytic activity of Sn towards HER (Figure 2).

Using a Sn instead of a Cu substrate, and SnCl2 instead of
SnSO4 as a metal source bath component, deposits with
qualities similar to those shown in Figure 9 were obtained by
Du et al.[67] and were used for the electroreduction of CO2. They
showed that compared to planar Sn electrodes, Sn foams can
deliver a higher yield and better selectivity for the production
of formate. In a CO2-saturated 0.1 moldm� 3 NaHCO3 solution,
the maximum Faradaic efficiency of formate production could
reach above 90% at a current density of about 23.5 mAcm� 2

(E= � 1.9 V vs. SCE), which are among the highest reported to
date under ambient conditions (H-type cell, aqueous solution,
atmospheric pressure and room temperature).[67]

This improved production rate of formate can be attributed
to the high surface area and porous structure. Moreover, Du
et al.[67] demonstrated a high stability of their Sn foam catalyst;
namely, the Faradaic efficiency remained unchanged during
16 hours of electrolysis. What cannot be inferred from Ref. 67 is,
however, whether the outstanding tendencies towards the
production of formate had any relation to the oxidation state of
the Sn foam electrode. That oxide remnants on Sn catalysts
have a guiding role in the production of formate has long been
known,[66,87–89] and that surface oxidation promotes formate
production (on the account of CO formation) was proven also
for the case of large surface area Sn dendrites, the surface
oxidation of which was induced by heating in air.[66]

3.2. Sn Foams (Deposited on Cu)

While reports on the use of pure Sn foams clearly point out that
the large surface area of these foams lead to both a higher
catalytic activity and an increased selectivity towards the
production of formate,[66,67] the picture is not this clear in the
case of foams composed of Sn deposited on top of Cu
substrates (that is, Sn@Cu foams).

While browsing the literature, we can find works that
advocate Sn@Cu foams for their excellent selectivity (>90%)
towards formate production,[79,81,82] while for some other
researchers,[83,84] Sn@Cu foams seem to be of more value if the
selectivity towards CO production is higher (again, >90%). A
comparison of two Sn foams deposited on Cu, with markedly
different selectivities, is shown in Figure 10.

Figure 9. Scanning electron micrographs of a Sn foam deposited on a Cu
substrate from a bath that contained 0.15 moldm� 3 SnSO4 dissolved in
1.5 moldm� 3 H2SO4 by galvanostatic electrolysis at � 3 Acm� 2 nominal
current density, lasting 5 seconds. Reproduced from Ref. 29, with the
permission of Wiley.
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It is expected that also in case of these systems, the surface
oxidation state of Sn particles has a pivotal role in determining
selectivity. It was found, for example, by Li et al.[84] that the
surface of Sn foams deposited on Cu substrates often contains
SnO2. We presume that stannic (or for that matter stannous)
oxide domains in Sn foams may either be incorporated in the
foam structure due to the local alkalination of the electrode as
a result of DHBT deposition, or that even the entire foam
surface may get partly oxidised after the foam is emerged from
the depositing bath, and dried in air. Either way, it was found
that these electrodes exhibit an SnOx coverage-dependent
catalysis – i. e., a shift from CO selectivity to HCOOH selectivity
with increasing SnO2 coverage.

[84]

We assume that in case of Sn@Cu systems, bimetallic
corrosion effects may account for that some electrocatalytically
active SnOx particles may survive the reductive conditions of
CO2 electrolysis. This may explain that, as shown in Figure 10, in
some Sn@Cu foams the selectivity of formate production is
preserved.

3.3. Pb Foams

According to Winand’s classification, Pb also belongs to the
group of normal metals.[49] The preparation method of Pb foams
was described by Cherevko et al.,[41] using perchloric acid both
as a supporting electrolyte and an H+ source. Deposition
occurred on a Pt substrate from a solution containing
0.01 mol dm� 3 PbClO4 and 0.01–1.8 mol dm� 3 HClO4, under
potentiostatic control at � 2 V vs. Ag j AgCl. Good porous
structures were only obtained above a HClO4 concentration of
0.6 moldm� 3 (Figure 11). From a bath with a HClO4 concen-

tration of 0.6 moldm� 3, deposited Pb layers exhibited pore sizes
of about 300 μm. The walls of the pores showed a micro-
structure consisting of 200–300 nm diameter wires at lower
perchloric acid concentrations, while at higher concentrations
(>0.9 moldm� 3) the Pb wires were either partially or fully
covered by granular particles.

The above procedure was adapted by Wang et al.[68] in order
to obtain Pb foams applicable for the electroreduction of CO2.
They showed that the porous Pb foam had a better electro-
catalytic performance for the production of formate than a Pb
plate: at 5 °C, the highest recorded Faradaic efficiency of
formate production was 96.8% at an applied potential of
� 1.7 V vs. SCE in a 0.5 moldm� 3 KHCO3 solution saturated by
CO2. In another study, Fan et al.[90] have shown that the
selectivity towards formate seems to correlate with the
proportion of surface sites with the (100) orientation.

3.4. Zn Foams

While also belonging to the normal group of metals, reports
about the electrodeposition of Zn foams are recent. In the work
of Luo et al.,[69] Zn foams were deposited on a Cu mesh from
solutions containing 0.1 moldm� 3 ZnSO4 and 1.5 moldm� 3

(NH4)2SO4. They applied a current density of � 1 Acm� 2 for
30 seconds in order to obtain the deposited Zn foam shown by
the micrographs of Figure 12. These reveal macropores with an
average diameter of 30 μm and micropores with a diameter

Figure 10. Sn foams deposited on a Cu substrate by a) Qin et al.[81] and by b)
Li et al.[84] Scanning electron micrographs, reproduced from Ref. 81 with the
permission of Elsevier and from Ref. 84 with that of MDPI, show similar
surface morphologies, yet the product distribution is markedly different, as
determined for potentiostatic electrolyses at � 1.0 V vs. RHE in 0.1 moldm� 3

CO2-saturated KHCO3 solutions.

Figure 11. Scanning electron micrographs of a Pb foam deposited on a Pt
substrate from a bath that contained 0.01 moldm� 3 PbClO4 dissolved in
0.6 moldm� 3 HClO4 by potentiostatic electrolysis lasting 2 seconds at � 2 V
vs. Ag j AgCl. Reproduced from Ref. 41, with the permission of Elsevier.

Figure 12. Scanning electron micrographs of a Zn foam deposited on a Pt
substrate from a bath that contained 0.1 moldm� 3 ZnSO4 dissolved in
1.5 moldm� 3 (NH4) 2SO4 by galvanostatic electrolysis at � 3 Acm� 2 nominal
current density, lasting 5 seconds. Reproduced from Ref. 69, with permission
of the American Chemical Society.
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smaller than 2 μm, the latter formed as channels of the leaving,
smaller H2 bubbles.

Luo et al.[69] investigated the electroreduction of CO2 on
their highly porous Zn foam (Figure 12), and found a remark-
ably high Faradaic efficiency of 95% towards the formation of
CO at E= � 0.95 V vs. RHE, where the current density was about
� 27 mAcm� 2, in a CO2-purged 0.1 moldm� 3 KHCO3 electrolyte.
They argued that above the overall increase of the surface area,
the Zn foam also offers a large number of active surface sites
(compared to Zn foils) that play a decisive role in improving the
catalytic activity. At the same time, the high local pH induced
by the porous structure of Zn results in an enhanced CO
selectivity because of suppressed H2 evolution. Luo et al.[69] also
transformed their Zn foam into a gas diffusion electrode,
achieving a current density of 200 mAcm� 2 for the reduction of
CO2 and an 84% Faradaic efficiency for CO production at
� 0.64 V in a flow-cell reactor.

In another work,[70] we also developed a Zn-based alloy
foam catalyst by the application of DHBT, using copper ions as
a foaming agent and thereby obtaining an alloy with 6 atomic
% copper content. We detected a >90% Faradaic efficiency for
CO production at � 0.95 V vs. RHE in CO2-purged 0.5 moldm� 3

KHCO3. The high efficiency was ascribed to the combination of
high density of low coordinated active sites and preferential
Zn(101) over Zn(002) texturing,[70] and we pointed out by means
of X-ray photoelectron spectroscopy investigations that the
actual catalyst material is shaped upon reduction of an oxide/
hydroxide-terminating surface, under CO2 electrolysis condi-
tions. In Ref. 70 we have also shown that intentional stressing
by oxidation at ambient conditions proves to be beneficial for
further activation of the catalyst.

3.5. Ag Foams

Silver is usually also considered a normal metal according to
Winand’s classification[49] but as long as silver is deposited not
from a simple Ag+ solution but from a solution of its
complexes, it is usually treated as an intermediate metal.[35]

The first reports on the DHBT fabrication of silver foams
originate from Cherevko et al.,[37,38] and these occurred from a
thiocyanate complex solution of silver. The foam structure
shown in Figure 13 was obtained by potentiostatic deposition
at � 3 V vs. Ag j AgCl lasting 30 seconds. For this deposition,
Cherevko et al.[38] used a Pt substrate and a bath containing

0.01 moldm� 3 Ag2SO4, 1.5 moldm� 3 KSCN acting as a complex-
ing agent, 0.75 moldm� 3 NH4Cl, and 0.01 moldm� 3 sodium
citrate. NH4Cl acted as an H+ source and the authors found that
a minimum threshold concentration of >0.5 moldm� 3 of NH4Cl
is required for the deposit to show a foamy structure. A
decrease in the diameter (from 45 to about 20 μm) and wall
thickness of the surface pores, as well as an increase of the
number of formed holes with increasing concentrations of
NH4Cl was observed. The authors found[38] that the microscale
morphology of the formed Ag deposits changes, from exhibit-
ing nanosized dendrites in case of foams deposited at low
NH4Cl concentrations towards small particle agglomerates,
deposited from baths with higher NH4Cl content.

As for the preparation of silver foams from normal (i. e.,
noncomplexed) solutions, reports are relatively recent. In
Ref. 72 we used a silver foil substrate and a bath containing
0.02 moldm� 3 Ag2SO4, 1.5 moldm� 3 H2SO4 and 0.1 moldm� 3

sodium citrate. Note that while the bulk of the solution was
acidic enough not to allow complexation of silver by citrate, in
the heavily alkaline near-electrode solution region, chelation of
silver ions may occur. Silver foams obtained from citrate
containing and citrate-free baths are compared in Figure 14.
The thickness of the deposited foams is around 17 μm.
Compared to the citrate-free deposition process, Ag foams
deposited in the presence of citrate show a more uniform
macroporosity with an open-cell architecture of interconnected
pores. The average diameter of the macropores is significantly
smaller, compared to deposits obtained from a citrate-free
solution (Figure 14). This is probably related to the effect of
citrate, decreasing the stress of the liquid/gas interface (cf. to
Equation (3)). As expected, the inclusion of citrate in the
depositing bath formulation does not only impact the obtained

Figure 13. Scanning electron micrographs of an Ag foam deposited on a Pt
substrate from a bath that contained 0.01 moldm� 3 Ag2SO4,

Figure 14. Scanning electron micrographs of an Ag foam deposited on an
Ag substrate from a bath composed of 0.02 moldm� 3 Ag2SO4 and
1.5 moldm� 3 H2SO4. The effect of adding sodium citrate to the bath in a
0.1 moldm� 3 concentration can clearly be seen. Galvanostatic depositions
with a nominal current density of � 3 Acm� 2, lasting 20 seconds, were carried
out in both cases. Reproduced from Ref. 72, with permission of the American
Chemical Society.
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foam morphology, but also its catalytic activity towards CO2

electroreduction. Especially in terms of long-term stability, the
multiporous Ag foams deposited from citrate containing baths
perform better than the ones prepared from citrate-free
depositing solutions.[72]

Silver foams deposited from a citrate-containing solution
were used as electrocataysts for CO2 reduction. Potentiostatic
electrolyses in CO2-saturated 0.5 moldm–3 KHCO3 solutions were
carried out in a hermetically tight H-type cell, and the partial
current densities corresponding to the formation of each
products were determined by means of on-line gas
chromatography.[91] The potential of using silver foams as
electrocatalyst materials becomes evident by comparing the
catalytic properties of foams to those of a plain silver plate, as
in Figure 15.[72]

There are two features of DHBT-deposited silver foams that
become immediately apparent in Figure 15: i.) that the silver
foam produces CO with a much higher activity and over a
considerably broader potential region, compared to a simple
silver plate; and ii.) that due to the foam-like structure, the
diversity of products is increased, and especially at high
negative potentials, some rather significant amounts of hydro-
carbons (primarily methane and ethylene) are also formed.
While the former feature casts the silver foam catalyst described
in Ref. 72 one of the best Ag-based CO forming catalysts
reported so far in the literature for aqueous environments, the
latter feature deserves attention because the formation of
hydrocarbons was reported before only on Cu-based electrode
materials, while Ag is traditionally considered a strictly CO-
forming catalyst.[92] Note here that, as proven by control
experiments in Ref. 72, the colourful product palette shown in
Figure 15b is not due to artefacts caused by citrate that was
applied as an additive to the deposition bath.

As shown in Figure 15b, some � 20 μA cm� 2 partial current
of CO formation can already be detected at the potential of
� 0.3 V vs. RHE, while the onset potential of CO2 reduction is
about 300 mV more negative on planar silver surfaces. Note
that onset potentials as low as � 0.3 V vs. RHE were so far only
reported for gold nano-needle catalysts.[93] As the potential is
set to more and more cathodic values, the overall current
density rises, with CO remaining the only or at least the majority
reaction product, down until � 0.8, respectively to � 1.2 V.

At potentials less cathodic than � 0.8 V vs. RHE, not even
hydrogen evolution is observed, unlike the case of plain surface
silver electrodes, at which HER competes with CO2 reduction
even at low overpotentials. As a result, the CO-selectivity of the
silver foam prepared in Ref. 72 is not peak-like as is the case of
planar silver electrodes, but it remains constantly above 90%
over a more than 900 mV broad potential range.

This superior selectivity towards the formation of CO was
not met by other silver foam catalysts reported in the
literature,[73,74] in particular because of differences of the foam
structure at the nanoscale. In Ref. 72 we hypothesized that the
highly anisotropic, needle-like structures seen in Figure 14,
obtained so far only by citrate-assisted deposition, may account
for the superior selectivity towards CO production by increasing
the bonding strength of adsorbed CO to the catalyst surface.
For example, on commercially available silver foam electrodes
with grain-like microstructure, the Faradaic efficiency of CO
production is generally lower, although the potential regime of
CO formation is still broader than that on pristine silver
plates.[74]

Another hint that underlines the pivotal role of adsorbed
CO played in the mechanism is the formation of C1 (methane)
and, to some extent, C2 (ethylene) hydrocarbons, which also
necessitates an adsorbed CO intermediate.[94] Of course, apart

Figure 15. Polarization curves (interpolated) of a) a silver plate and b) the silver foam deposited from a citrate containing solution, shown in Figure 14.
Electrolyses were carried out at distinct potentials in a CO2-saturated 0.5 moldm� 3 KHCO3 solution, and the product distribution was determined by online gas
chromatography. Colour-shaded areas show the distribution of reaction products. Currents were normalized to the geometric (nominal) surface area of the
electrodes. The graphs were prepared using data from Ref. 72.
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from the higher bonding energy of adsorbed CO, and the
longer residence time of surface-bound CO caused thereby, for
the effective formation of hydrocarbons relatively intense H+

reduction is also required to take place, so that surface-bound
H atoms and CO molecules can effectively react.

From this point of view, the confinement of the reaction
scenery to the small (macro)pores seems to be of primary
importance. The hierarchical structure of the silver foam can
make sure that potential intermediates (such as surface-bound
CO or H2) may not easily leave the electrode surface (and
become a product), but instead get entrapped in the pores, at
least for some time, having a higher chance to recombine.

The effect of confinement is illustrated by Figure 16a,
showing a cavity of diameter d in contact with its surroundings
through an opening of diameter a and length L. By theoretical
studies on the random walk of a particle inside this cavity, it
was shown by Berezhkovskii et al.[95] that the τres characteristic
time of residence (i. e., the average time a molecule would
spend inside the void before diffusing out through the neck)
can well be approximated using the simple formula

T res ¼
2d3 L
3a2 D

(4)

where D denotes the diffusion coefficient of the molecule.
Further taking into account that the characteristic time

between two molecule-to-wall collisions can well be approxi-
mated as

Tcoll ¼
d2

6 D
(5)

it can be assumed that an average molecule, after born and
before leaving the void, collides

Ncoll ¼
Tres

Tcoll
¼

4dL
a2 (6)

times to the surface of the cavity. Using the arbitrary (but,
based on the morphology shown for example in Figure 14, not
unrealistic) parameter set of d=50 μm, a=25 μm, L=50 μm
and D=5 ·10� 6 cm2s� 1, we get to a residence time of about 13
seconds, during which a formed molecule would impact about
16 times the wall of the cavity, having ample opportunity to re-
adsorb, and act further as an intermediate.

As seen in Equations (4) and (6), the characteristic residence
time and the mean collision number increases with the L length
of the neck that separates the cavity from its surroundings. This
hints to that the confinement effect in case of deep-buried
cavities is bigger. For near-surface cavities (for which L�0),
another work of Berezhkovskii et al.[96] provides the formula

T res ¼
d3p

12aD
(7)

for the residence time, from which an average collision number

Ncoll ¼
dp

2a (8)

follows. Using the above-mentioned parameters, the obtained
residence time and collision number are about an order of
magnitude smaller compared to when the escape occurs
through a finite length neck. The concept is further illustrated
by Figure 16b, showing the presumed Langevin trajectory[97] of
a particle being formed and moving inside a void, before
leaving it through an opening.

Although the above arguments are very simple and rather
qualitative in nature, they well explain the effect of small-scale
confinement on electrocatalytic processes. It is assumed that
the above “multi-collision” effect is what lies behind the
possibility of the formation of C2 products on Ag foams, and a
similar argument is often used for explaining CO2 electro-
reduction mechanisms on-going on Cu electrodes, allowing
even the formation of C3 products.

[98]

One has to note, however, that the Ag foam catalyst
described in Ref. 72, although it is one of the most excellent

Figure 16. a) A spherical cavity of diameter d, connected to its surroundings
by a neck with length L and diameter a. b) Simulated motion of a particle
inside a spherical segment. After formed, the particle leaves the surface of
the cavity and begins to traject, hitting in this case, four times the cavity wall
before eventually leaving the void.
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catalyst material for CO production, is not the ideal playground
for hydrocarbon formation. While it was observed that when
operated on a long run at potentials of CO formation (see
Figure 15b) the catalyst performs well without any significant
degradation effects, as electrolyses are carried out at more
negative potentials to form hydrocarbons, the performance of
the catalyst decreases over time. This probably has to do with
the poisoning of the silver foam by the formed methane, and
can also be related to a mechanical degradation caused by the
intensive gas evolution observed during long-lasting electrol-
yses.

In order to study degradation effects, we used identical
location scanning electron microscopy[99] in Ref. 72. Figure 17
demonstrates degradation suffered by silver foams over long
times of electrolyses at potentials where hydrocarbons are
formed. Note here also, that long-lasting electrolysis at CO-
forming potential does not cause any visible degradation of the
catalyst.

From point of view of future applications of Ag foams in
CO-producing electrolyzers, it also seems important in particular
for future studies to fine-tune the foam preparation procedure
in the direction of obtaining well-structured foams on sub-

strates that are more challenging than a plain Ag foil.
Deposition on gas diffusion electrodes (GDEs) seems to be a
logical first step of up-scaling attempts. During our pilot studies
in this direction, we found that the Ag foam preparation recipe
mentioned before (and described in details in Ref. 72) needs
further improvement, as it yields a less well-defined foam
structure when we apply it for the deposition of Ag foams on
GDEs (compare Figure 18a to Figure 14). Nonetheless, even
though there is obviously space for further development, Ag
foams on GDEs exhibit a superior activity towards CO formation,
as shown by results of our recent (yet unpublished) inves-
tigations (Figure 18b).

3.6. Cu Foams

As opposed to silver and to the other metals discussed above,
copper is usually considered as the only metal where the
formation of C1 (methane and methanol), C2 (ethylene and
ethyl-alcohol), or even C3 products (propyl-alcohol) is possible,
even if the applied catalyst is not of a foam structure.[92]

Several studies were conducted in the past with the aim of
understanding the selectivity of Cu catalysts towards the
formation of certain products.[75–78,94,100–107] These studies all

Figure 17. Scanning electron micrographs recorded at identical locations of
an Ag foam catalyst, before and after being used for some hours for the
electroreduction of CO2. Mild potentials, where only CO is formed, cause no
significant damage; however, long-time polarization in the range of extreme
negative potentials where hydrocarbons are formed causes visible degrada-
tion, especially on the nanoscale.

Figure 18. a) Scanning electron micrographs of a silver foam deposited by
20 s electrolysis using the recipe described in Ref. 72 onto a Sigracet 39 BC
gas diffusion electrode (Fuel Cell Store). b) Interpolated product distribution
and total current density plot measured on the GDE by electrolyses carried
out in an H-type cell at distinct potentials in a CO2-saturated 0.5 moldm� 3

KHCO3 solution. (Unpublished data)
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underline the importance of the bonding strength between the
catalyst surface and the ·CO2

� radical anion that, following a
coupled H+/e� (alternatively, direct adsorbed H) transfer, forms
surface-bound CO, which acts as a second key intermediate.[75]

By contrast to some other metals previously mentioned in this
study, copper can bond CO strongly enough to allow its further
reduction to C1, C2 or even to C3 products. Both experimental[100]

and theoretical investigations[104] indicate that C� C coupling is
more probable on (100) oriented copper surfaces while the C1

pathway is preferential on the (111) surface.[75] As a result,
significant effort (relying on the use of sputtering and
electropolishing,[103] as well as electrodeposition and anodiza-
tion techniques[108]) has recently been devoted to find possibil-
ities of tuning Cu surfaces towards the right (preferably, C2)
selectivity. Amongst these approaches, the oxidation of the
copper surface,[105–107] yielding weekly coordinated structures,
seems to be the most promising. Note here, however, that the
thus obtained catalysts should not be referred to as copper
oxide, but rather as oxide derived (OD) copper catalysts, since
under the heavily cathodic operating conditions, the copper
oxide is instantaneously reduced to an elementary Cu state.

In a recent paper,[75] we combined the activation of Cu
catalysts via the reduction of its surface oxide with the DHBT-
based foam deposition approach first developed by Shin
et al.[30] We thus produced mesoporous, large surface area
copper foams, shown in Figure 19. Several procedures for the
potentiostatic (Figures 3 and 4) and galvanostatic (Figure 5)
means of copper foam preparation were reported by the works
of Nikolić et al.[31–36] and of Zhang et al.[52] These works, and the
mechanistic description of copper foam deposition described
therein, were reviewed here in the section before.

For purposes of CO2 electrolysis, our group used galvano-
static deposition (nominal current density: � 3 Acm� 2) to
deposit black copper foams on a Cu wafer substrate from a

bath that contained 0.2 moldm� 3 CuSO4 and 1.5 moldm� 3

H2SO4. As seen in Figure 19, deposits with a hierarchical
macroporosity were obtained, with macropore sizes growing as
a function of deposition time. The thus prepared Cu foams
underwent a fast surface oxidation, following emersion from
the plating bath. We demonstrated that these OD Cu foam
catalysts show a superior selectivity toward C2 product
formation at particularly low overpotentials.[75]

In Figure 20 the electrocatalytic properties of the copper
foam deposited with a 20 s deposition time are compared to
those of a planar Cu wafer. Both surfaces exhibit a clear
preference for hydrocarbon formation, in combination with a
significantly reduced preference for formate production. Where-
as on the Cu wafer methane is the primary product, the C2

pathway seems to prevail on the Cu foam catalyst, with the C1

pathway suppressed to such extent that not even traces of
methane formation are detected.

The preference of OD Cu foams towards the C2 pathway can
probably be explained by two, synergistic effects: i.) that the
OD Cu surface is composed more of (100) oriented (open)
facets[75] and ii.) that due to the porous structure (confinement),
key intermediates of the C2 pathway may be entrapped and get
readsorbed inside the catalyst pores. The latter effect is
demonstrated by Figure 21, showing an anti-correlated varia-
tion of the Faradaic efficiencies of C2 products and that of CO,
as a function of the surface pore size of the copper foam
catalyst.

With regard to the microscopic structure of the OD copper
foam catalysts, we note that while thermal annealing can aid in
the oxidation of the foam surface (and by altering the surface
morphology, it may result in FE variations), the thus formed
oxide is almost immediately reduced to elementary copper
under the harsh cathodic conditions applied for CO2 electrolysis,
and has thus no role in the CO2 reduction mechanism. The

Figure 19. Scanning electron micrographs of Cu foams, deposited galvanostatically (nominal current density: � 3 Acm� 2) on a Cu wafer from a bath that
contained 0.2 moldm� 3 CuSO4 and 1.5 moldm� 3 H2SO4. Deposits obtained with different electrolysis times are shown. Reproduced from Ref. 75, with
permission of the American Chemical Society.
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disappearance (reduction) of surface copper oxides on Cu foam
catalysts was recently proven by a combined operando X-ray
diffraction (XRD), X-ray absorption spectroscopy (XAS) and
Raman spectroscopy study.[76]

3.7. Ag� Cu Bimetallic Foams

By the combination of (primarily, CO forming) silver and
(primarily, C2 hydrocarbons forming) copper sites in the form of
one bimetallic metal foam, it seems possible to direct the
electroreduction of CO2 towards the formation of products even

more desired than either CO or hydrocarbons: ethyl- or even
propylalcohol.[86]

The DHBT co-deposition of Ag� Cu bimetallic foams were
first reported by Najdovski et al.,[46] who applied galvanostatic j
j j >1 Acm� 2 co-depositions in H2SO4-acidified baths that
contained both CuSO4 and AgNO3. As expected,[109] no alloy
formation was observed and Najdovski et al. showed that the
Ag� Cu bimetallic foam consists of small segregates of silver and
copper phases.[46]

They observed that the surface pore size obtained during
codeposition increases with increasing the cAg+ :cCu2+ ratio of
the depositing bath. They argued that the increase of surface
pore diameters, as well as the appearance of surface crack lines
at higher silver contents is due to Ag exhibiting less catalytic
activity towards HER than Cu (Figure 2), which favours the
coalescence of H2 bubbles.

The recipe of Najdovski et al.[46] was later applied by
Kottakkat et al.[85] in order to create bimetallic Ag� Cu foams for
purposes of CO2 electroreduction. They used constant current
(� 1 Acm� 2, 10 s) co-deposition from baths containing
0.2 moldm� 3 CuSO4, 1.5 moldm� 3 H2SO4 and 0.01–
0.05 moldm� 3 AgNO3. Kottakkat et al.

[85] observed an improved
CO selectivity and suppression of hydrogen evolution at low
overpotentials, when comparing their bimetallic Ag� Cu foams
to a plain Ag foil, and, similarly, a decrease of the Faradaic
efficiency of formate production, compared to Cu foams.[85] The
overall increase of the CO selectivity of bimetallic Ag� Cu foams
was explained by an increased bonding strength of adsorbed
CO, that Kottakkat et al.[85] verified by operando Raman
spectroscopy. Although for other Ag� Cu bimetallic systems an
enhanced selectivity towards multi-carbon oxygenate products
was detected,[110] and it was attributed to near-surface alloying
due to mechanical strain,[111] the formation of C2 products,
especially that of alcohols, was not observed by Kottakkat et al.
on their Ag� Cu foams.[85]

Figure 20. Polarization curves (interpolated) of a) a copper wafer and b) the copper foam shown in Figure 14 with the deposition time of 20 s. Electrolyses
were carried out at distinct potentials in a CO2-saturated 0.5 moldm� 3 NaHCO3 solution, and the product distribution was determined by online gas, as well as
post-electrolysis ionic liquid chromatography. Colour-shaded areas show the distribution of reaction products. Currents were normalized to the geometric
(nominal) surface area of the electrodes. The graphs were prepared using data from Ref. 75.

Figure 21. The distribution of CO2 reduction products depend on the surface
pore size of the Cu foam catalyst. Potentiostatic electrolyses lasting 1 hour
were conducted at a potential of � 0.8 V vs. RHE in a CO2-saturated
0.5 moldm� 3 NaHCO3 solution, and main gaseous products were analysed by
means of online gas chromatography. Colour-shaded areas show the
distribution of reaction products. The graph was prepared using data from
Ref. 75.
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In Ref. 86 we modified the original bath formulation of
Najdovski et al.[46] by the inclusion of sodium citrate that, acting
both as an adsorbent and a local chelating agent, changed the
deposition mechanism,[86] resulting in honeycomb-like macro-
pores and a fine dendritic microscopic structure. This is shown
in Figure 22 for an Ag15Cu85 bimetallic foam deposited
galvanostatically (j= � 3 Acm� 2, t=20 s) on a Cu foil substrate
from a bath containing 1.5 moldm� 3 H2SO4, 0.02 moldm� 3

CuSO4, 0.002 moldm� 3 AgNO3 and 0.1 moldm� 3 sodium citrate.
Note that the notation Ag15Cu85 is based on an ICP–OES

determination of the (bulk) atomic composition and by no
means reflects compound formation. The white-light interfero-
metric image of the Ag� Cu foam in Figure 22a reveals a near-
surface pore diameter of ~25 μm; note, however, that the pore
diameter is expected to vary also in this case along the surface
normal, as was shown for other foams before (Figure 7). The
side-walls of the macropores reveal dendrites with dimensions
<50 nm, as shown in the electron micrograph of Figure 22b.

The dendrites themselves are composed of small, individual Ag
and Cu phases, as revealed by the energy-dispersive X-ray map
in Figure 22c.

The electrocatalytic performance of Ag15Cu85 bimetallic
foams was investigated in Ref. 86 by 1 hour long electrolysis
experiments carried out at certain potentials in CO2-saturated
0.5 moldm� 3 KHCO3 solutions. Results of these electrolysis
experiments are shown in Figure 23.a.

It can be seen in Figure 23a that within the range of low
overpotentials (� 0.7 V<E< � 0.3 V vs. RHE) the predominant
CO2 reduction product is CO, assumed to take place preferen-
tially on the Ag sites of the bimetallic catalyst. Accordingly, the
Faradaic efficiency of formate production is suppressed,
especially when compared to Cu foams, and in agreement with
the observations of Kottakkat et al.[85] made on other bimetallic
Ag� Cu foams. At potentials more cathodic than � 0.5 V vs. RHE,
hydrogen formation sets on, and along with it, pathways for the
production of methane, ethylene and some small amounts (<
1%) of ethane are opened.[86] At E< � 0.7 V, the product
distribution of CO2 reduction is already obviously dominated by
the Cu component, as C� C coupling reactions are enabled. It
can be assumed, that the C� C coupling reaction benefits from
the high abundance of CO inside the porous catalyst. Due to
the small domain sizes of the metallic components of the as-
deposited Ag15Cu85 foam, the CO intermediate is rapidly trans-
ported from the Ag (CO producer) to the Cu domains (C� C
coupler), either by surface diffusion (“spill-over”) or by diffusion
through the liquid electrolyte phase inside the pores of the
bimetallic foam (as depicted in Figure 16b). As shown in
Figure 23a, CO2 reduction already results in the formation of
some little amount of ethanol at this potential range, while only
traces of n-propanol are detected.

The product distribution becomes remarkably different if
we make subject the deposited Ag15Cu85 foam to thermal
annealing before it is used as an electrocatalyst of CO2

Figure 22. An Ag� Cu bimetallic foam deposited galvanostatically

Figure 23. Polarization curves (interpolated) of CO2 reduction recorded on a) an as-deposited Ag15Cu85 bimetallic foam and b) on the same foam following
activation by mild thermal annealing in air (200 °C, 12 hours). Electrolyses were carried out at distinct potentials in a CO2-saturated 0.5 moldm� 3 KHCO3

solution, and the product distribution was determined by online gas, as well as by post-electrolysis ionic liquid chromatography. Colour-shaded areas show
the distribution of reaction products. Currents were normalized to the geometric (nominal) surface area of the electrodes. The graphs were prepared using
data from Ref. 86.
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reduction (Figure 23b). It was shown in Ref. 86 that thermal
annealing under mild conditions (200 °C for 12 hours) trans-
forms the Cu in the bimetallic system into a mixture of
crystalline Cu2O and amorphous CuO, whereas the Ag islands
remain in a metallic state due to the thermal instability of Ag2O
above temperatures of 180 °C. The selective oxidation of Cu in
the bimetallic Ag15Cu85 catalyst goes along with an enrichment
of Cu oxides on the surface of the formed mixed AgCuxO foam.
Although both operando X-ray diffraction and operando Raman
spectroscopy confirm that the cuprous/cupric oxide content of
the catalyst is reduced back to the metallic state at potentials
applied for CO2 electrolysis, the formed oxide-derived bimetallic
Ag� Cu foam was found to exhibit high selectivity towards
alcohol formation (Figure 23b), with Faradaic efficiencies of
about 34% and 7% for ethanol and n-propanol formation,
respectively.

Extended electrolysis experiments (100 h) indicated a supe-
rior degradation resistance of the oxide-derived bimetallic
catalyst, which was ascribed to the effective suppression of the
C1 hydrocarbon reaction pathway, assuring that irreversible
carbon contaminations, appearing in particular during methane
production, can be avoided.

The suggested mechanism of alcohol formation on the
oxide derived, bimetallic Ag� Cu foam catalyst surface is shown
in Figure 24. This mechanism is consistent with published
models on alcohol formation on Cu,[112] with the addition that
on the bimetallic foam CO forms selectively on the Ag domains,
and is subsequently transported to the Cu domains via surface
diffusion (“spillover”) or alternatively via CO transport through
the solution phase (desorption/readsorption). Besides the
increased abundance of CO intermediates, it is the stabilization
of the chemisorbed CO on the catalyst surface which further
directs CO2 reduction towards C� C coupling and alcohol
formation, as confirmed by operando Raman experiments.[86]

3.8. Multimetallic Foams

The combination of multiple (more than two) metals in one
foam structure has recently emerged as a new possibility of
electrocatalyst design. In 2019 Lee et al.[113] described a
Cu� In� Ag foam that was created by the deposition of a Cu
foam that was electroplated by In and further modified by
partial galvanic replacement of In with Ag (Figure 25). The
preparation method is described briefly in Table 1, details can
be found in Ref. 113. By the use of this trimetallic foam, Lee
et al. achieved high Faradaic efficiency of CO production already
at low overpotentials that, as they argued, was a result of
synergistic effects arising from the high surface area of the Cu
foam, the HER suppressing effect of In, and by Ag as a CO

Figure 24. Proposed reaction scheme illustrating the coupling of the CO pathway and the C2 hydrocarbon/alcohol reaction pathways on oxide-derived
Ag15Cu85 bimetallic foams. Reproduced from Ref. 86 with the permission of Elsevier.

Figure 25. Elemental energy dispersive spectroscopy maps of the Ag� In� Cu
foam prepared by Lee et al.[113] (a) Cu, (b) In, (c) Ag, and (d) Cu+ In+Ag.
Reproduced from Ref. 113, with the permission of Elsevier.
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producer. Apart from minor amounts of formate produced, Lee
et al. did not detect any products other than CO and H2 on this
trimetallic foam.

4. Summary and Outlook

In this review we attempted to provide an oversight on the
current state-of-the-art of DHBT-based deposition of metal
foams, and on the application of these materials as promising
new catalysts of the electroreduction of CO2.

We gave an introduction to the phenomenology and
mechanism of DHBT-based deposition of metal foams, address-
ing the most important factors affecting the structure and
surface morphology of the prepared foams. It was shown that
by a careful selection of appropriate experimental parameters,
foams of hierarchical structure can be created from various
types of noble, intermediate and normal metals. The success of
DHBT-based foam deposition depends on a set of parameters,
and appropriate selection of the applied (potentiostatic/
galvanostatic) mode of deposition, the value of the electrode
potential or current at which the deposition is carried out, as
well as the proper formulation of the depositing bath have a
key impact on the deposited foam structure. With respect to
bath formulation, most emphasis is laid on the concentration of
the used metal salt and of the acid component, as well as on

the concentration of buffering or complexing agents, and that
of surfactants.

The review contains a brief description of several recipes,
originating from works of our own or that of other groups, for
the deposition of some metal foams, including pure metals
such as Sn, Pb, Zn, Ag, Cu, as well as two-component systems
like Sn foams deposited on Cu and the mixed Ag� Cu bimetallic
foam. The reason why these metal foams and not some others
like Pt, Pd, or Au were made subject of this study, is that the
mentioned metals are the most promising candidates to be
used as catalyst materials in electrochemical CO2 reduction.

Accordingly, foams prepared by the DHBT technique from
the above metals were also discussed from the point of view of
CO2 reduction, by placing special emphasis on the product
distribution of this versatile process. While it is usually noted
that on metal foams, mostly due to their increased surface area,
electrocatalytic processes can occur at a higher rate compared
to plain electrodes of the same metal, we found that
hierarchical metal foams prepared by the DHBT technique often
have a lot more to offer.

As it was pointed out especially in the cases of Ag, Cu and
Ag� Cu bimetallic foams, the pores of these hierarchical three-
dimensional structures can harbour reactions which would
otherwise be unavailable on open surfaces due to the confine-
ment (entrapping) of key reaction intermediates. In case of CO2

electroreduction, confinement allows desorbed CO and H2 to
remain close and potentially re-adsorb on the electrode surface,

Table 1. Overview of the metal foams (preparation and CO2 reduction characteristics) discussed in Section 3.

Metal (featured
CO2 reduction
product)

Preparation using the DHBT technique CO2 reduction characteristics

Sn, pure
(formate)[67]

0.15 moldm� 3 SnSO4, 1.5 moldm� 3 H2SO4., galvanostatic deposition on Sn
foil, typ. current density: � 3 Acm� 2, typ. deposition time: 5 to 20 s.

In CO2-sat. 0.1 moldm� 3 NaHCO3, at E= � 1.9 V vs. SCE
j�� 23.5 mAcm� 2; >90% FE for formate production.

Sn@Cu (formate)[81] 0.1 moldm� 3 SnCl2, 0.1 moldm� 3 sodium citrate, 1.2 moldm� 3 HCl, galvano-
static deposition on electro-polished Cu foil, typ. current density: � 2 Acm� 2,
typ. deposition time: 2 min.

In CO2-sat. 0.1 moldm� 3 KHCO3, at E= � 1.2 V vs. RHE
j�� 6.5 mAcm� 2; >90% FE for formate production.

Pb (formate)[68] 0.01 moldm� 3 PbClO4, 0.01 moldm� 3 sodium citrate, 1.0 moldm� 3 HClO4,
galvanostatic deposition on Pb plate, typ. current density: � 0.5 to
� 8 Acm� 2, typ. deposition time: 10 to 20 s.

In CO2-sat. 0.5 mol dm� 3 KHCO3, at E= � 1.7 V vs. SCE
j�� 10 mAcm� 2; >97% FE for formate production at
5 °C.

Zn (CO)[69] 0.1 moldm� 3 ZnSO4, 1.5 moldm� 3 (NH4)2SO4, galvanostatic deposition on a
Cu mesh, typ. current density: � 1 Acm� 2, typ. deposition time: 30 s.

In CO2-sat. 0.1 moldm� 3 KHCO3, at E= � 0.95 V vs. SCE
j�� 27 mAcm� 2; >95% FE for CO formation.

Ag (CO)[72] 0.02 moldm� 3 Ag2SO4, 0.1 moldm� 3 sodium citrate, 1.5 moldm� 3 H2SO4,
galvanostatic deposition on an Ag foil, typ. current density: � 3 Acm� 2, typ.
deposition time: 20 s.

In CO2-sat. 0.5 moldm� 3 KHCO3, at E= � 0.8 V vs. RHE
about � 8 mAcm� 2; >99% FE for CO formation. At
E= � 1.5 V vs. RHE j�� 36 mAcm� 2; FEs: 15% CO, 25%
H2, 55% CH4, 5% C2H4.

Cu (C2

hydrocarbons)[75]
0.2 moldm� 3 CuSO4, 1.5 moldm� 3 H2SO4, galvanostatic deposition on a Cu
wafer, typ. current density: � 3 Acm� 2, typ. deposition time: 20 s.
See Ref..

In CO2-sat. 0.5 moldm� 3 KHCO3, at E= � 0.8 V vs. RHE
j�� 12 mAcm� 2; FEs: 37% C2H6, 22% C2H4, 16% CO,
7% HCOOH, 17% H2.
See Ref. 75.

CuAg bimetallic
(C�2 alcohols)

[86]
0.02 moldm� 3 CuSO4, 0.002 moldm� 3 AgNO3, 1.5 moldm� 3 H2SO4, galvano-
static deposition on a Cu foil, typ. current density: � 3 Acm� 2, typ. deposition
time: 20 s, activated by annealing in air at 200 °C, 12 hours.

In CO2-sat. 0.5 moldm� 3 KHCO3, at E= � 1.05 V vs. RHE
j�� 27 mAcm� 2; FEs: 28% C2H5OH, 4% C3H7OH, 10%
C2 hydrocarbons, 2.5% formate, 2.5% CH4, 3% CO,
50% H2.

AgInCu trimetallic
(CO)[113]

Cu foam substrate is prepared from 0.12 moldm� 3 CuSO4, 0.5 moldm� 3

H2SO4, 1.2 moldm� 3 (NH4)2SO4 and 40 μmoldm� 3 benzotriazole on a Ti foil,
galvanostaticaly, at a current density of
� 1.2 Acm� 2 for 40 s. In deposition then takes place on the Cu foam at a
current density of � 50 mAcm� 2 for 900 s, in a 0.1 moldm� 3 InCl3 and
0.5 moldm� 3 HClO4 solution. Galvanic replacement by Ag follows by
immersion into a solution of 10 mmoldm� 3 AgNO3 and 2 mmoldm� 3 2-
nitrobenzoic acid.

In CO2-sat. 0.5 moldm� 3 KHCO3, at E= � 0.53 V vs. RHE
j�� 2 mAcm� 2; >74% FE for CO formation.
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ultimately leading to the formation of reaction products of a
lower oxidation state (such as hydrocarbons and alcohols).
Moreover, by the application of post-deposition, pre-electrolysis
treatments (such as the oxidation of Cu-containing foams by
annealing in air), the microstructure of the foams may further
be fine-tuned towards the formation of certain, desired, CO2

reduction products. Although most metal oxides never survive
the reductive conditions of CO2 electrolysis, oxide-derived
surfaces have a different (usually, more open) structure, which
opens a pathway before the formation of C2 and even of C3

products.
To conclude, the DHBT technique of metal foams prepara-

tion has the key advantage of meeting the most important
structural and electronic factors that are considered essential
for the electrocatalysis of CO2 reduction. Processes fundamental
to the technique, such as bubble nucleation, growth and
detachment mechanisms, as well as the kinetics of metal
deposition and dendrite formation are now understood at a
level which will allow the rational design of mono- or multi-
metallic foams that can act as new catalysts of CO2 reduction.
As it was shown, research on some metal foam catalysts is now
ready to move in the direction of industrial upscaling (cf. to
Figure 18), as foams with good structural qualities can even be
deposited on gas diffusion electrodes. It is thus expected that in
the coming years, metal foams will provide a viable alternative
to, and may even outperform supported nanoparticle based
(ink-like) catalysts in terms of yield, selectivity and, especially,
stability.
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ABSTRACT: A novel bismuth oxide nanofoam, produced by means of the
dynamic hydrogen bubble template (DHBT) electrodeposition approach
followed by thermal annealing at 300 °C for 12 h, demonstrates excellent
electrocatalytic selectivity toward formate production with faradaic efficiencies
(FEs) never falling below 90% within an extended potential window of ∼1100
mV (max. FEformate = 100% at −0.6 V vs RHE). These promising electrocatalytic
characteristics result from the coupling of two distinct reaction pathways of
formate formation in the aqueous CO2-sat. 0.5 M KHCO3 electrolyte, which are
active on (i) the partly reduced Bi2O3 foam at low overpotentials (sub-carbonate
pathway) and (ii) on the corresponding metallic Bimet foam catalyst at medium
and high overpotentials (Bi−O pathway). For the first time, operando Raman
spectroscopy provides experimental evidence for the embedment of CO2 into the
oxidic Bi2O3 matrix (sub-carbonate formation) at low overpotentials prior to and
during the CO2 reduction reaction (CO2RR). The gradual transition of the
formed carbonate/oxide composite catalyst into its fully metallic state is monitored by operando Raman spectroscopy as a function of
electrolysis time and applied potential. The observed structural and compositional alterations correlate with changes in the faradaic
efficiency and partial current density of formate production (PCDformate), which reaches a maximum value of PCDformate = −84.1 mA
cm−2 at −1.5 V vs RHE. The so-called identical location scanning electron microscopy technique was applied to monitor
morphological changes that take place on the nanometer length scale upon sub-carbonate formation and partial electro-reduction of
the oxidic precursor during the CO2RR. However, the macroporous structure of the foam catalyst remains unaffected by the (oxide/
carbonate → metal) transition and the catalytic CO2RR.

KEYWORDS: ec-CO2 reduction, operando Raman spectroscopy, identical location (IL) SEM, formate production, carbon fiber cloth,
(BiO)2CO3, Bi2O3 nanofoam

■ INTRODUCTION

Societal, economic, and technological advancements over the
last several decades have led to the extensive use of fossil fuels
and, consequently, to substantially enhanced emissions of the
greenhouse gas carbon dioxide (CO2), which is the primary
origin of global climate change.1,2 Furthermore, alternative
energy sources need to be explored due to the limited supply
of fossil fuels. In principle, synthetic fuels (e.g., oxygenates3

and hydrocarbons3,4) and other valuable platform chemicals
(e.g., formate5) can be produced by means of the electro-
chemical reduction of CO2 (denoted hereinafter CO2RR), a
process that has significant potential to contribute in the future
to the necessary closing of the anthropogenic CO2 cycle.

6 It is
the use of renewable energy sources as the input for the highly
endergonic CO2RR that will render the overall CO2 conversion
process truly sustainable.7−10

Formate, one of the targeted liquid CO2RR products, is
currently synthesized in the industry on a large scale from
CO.11 The “green” electrochemical approach of formate
production via the CO2RR (electrochemical synthesis route)
can be considered a promising alternative to the mature but
environmentally unfriendly process of formate production
(CO synthesis route).
It is known that electrocatalysts are essential not only to

accelerate the inherently slow CO2RR process but also to
direct the reaction selectivity toward the targeted product.
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Early studies by Azuma et al.12 and Hori et al.13 focused
primarily on the CO2RR in an aqueous reaction environment
and mono-metallic “bulk” materials as the catalysts. Based on
their pioneering work, CO2RR catalysts were classified into
three major groups depending on the resulting product
distribution: (i) carbon monoxide (CO) forming catalysts
(e.g., Ag, Au, and Zn), (ii) hydrocarbon and oxygenate
producing catalysts (Cu), and (iii) formate producing metals
(e.g., Pb, Sn, Tl, Hg, and In).12,14

Recently, several more complex CO2RR catalysts for formate
production have been developed, such as nitrogen- and sulfur-
doped reduced graphene oxide,15 molecular catalysts,16

nanocomposite materials,17 and Pd-based composites.5 In-
triguingly, transition metal oxides, such as Co3O4,

18,19 SnO2,
20

ZnO,21 and In2O3,
22 have also been identified as promising

candidates for the electrosynthesis of formate from CO2.
Among the formate-producing catalysts studied thus far, Bi

and Bi-based materials stand out, in particular because of their

ability to stabilize the adsorbed CO2
·− radical anion, which is

considered to be a key intermediate in the reaction pathway of
formate production.23−25

Previous studies have focused on two-dimensional (2D) Bi
materials, e.g., foils,26 nanosheets,23,24,27 thin layers of Bi,28 and
dendritic Bi catalysts.29 However, in most of these cases, an
excellent formate efficiency was achieved only within a rather
narrow potential window (e.g., a faradaic efficiency of ∼86%
and PCDformate of approximately −13.33 mA cm−2 at −1.1 V vs
RHE)27 and on a comparably short electrolysis time scale of a
few hours.24,27,30−32 The latter suggests substantial catalyst
degradation over more extended electrolysis times.23,24,27,31,33

In the present work, we apply the additive-assisted dynamic
hydrogen bubble template (denoted hereinafter DHBT)34,35

approach for the electrosynthesis of three-dimensional (3D)
dendritic Bi foams. As substrates of choice, we chose carbon
fiber cloths, which often find use as gas diffusion electrodes
(GDEs, see Figure S1) in electrolyzer systems. The results
obtained on the GDE are further compared to Bi foams
deposited on ideal planar support electrodes (e.g., Cu and C
foils). Herein, we demonstrate that the combination of a GDE
support material with the DHBT approach for catalyst
preparation results in electrodes of particularly high electro-
chemically active surface area (ECSA), thus leading to
excellent partial current densities of formate production
(PCDformate) that reach values of ∼−84.1 mA cm−2

(normalized to the geometric surface area of the support
material).
From previous electrochemical and operando spectroscopic

studies, e.g., on SnO2-based precursor materials, it is known
that (transient) intermediate oxide species can play a crucial
role in the catalytic mechanism of formate formation.36,37

Similar to Sn, Bi and Bi-based materials are also highly
oxophilic and therefore prone to rapid surface oxidation after
their (electro) synthesis. The specific role of oxygen and oxidic
species in the CO2RR mechanism on Bi-based electrocatalysts
has, however, not yet been addressed. For this purpose, we
compare the as-prepared Bi foams with foams that were treated
by a further thermal annealing step at 300 °C, thus
transforming the pristine and largely metallic Bi foams into
well-defined Bi2O3 oxide foams.
By analyzing the CO2RR product distribution in combina-

tion with operando Raman spectroscopy, we demonstrate that
both the oxidic Bi2O3 and the metallic Bi are highly selective

catalyst materials toward formate production. However, the
underlying CO2RR mechanisms on the Bi2O3 and Bi catalyst
are found to be substantially different. Herein, we present for
the first time operando spectroscopic evidence for the so-called
bismuth sub-carbonate30 reaction pathway of formate
production involving the absorptive embedment of CO2 into
the oxide matrix prior to its electro-conversion into formate.

■ RESULT AND DISCUSSION
Synthesis and Ex Situ Structural Characterization of

Bi/BixOy and Bi2O3 Foams. Using the dynamic hydrogen
bubble template (DHBT) electrodeposition approach, Bi
foams were first deposited on planar copper (Cu) and carbon
(C) foil supports. This process was subsequently transferred to
a porous carbon fiber cloth that often finds use as a gas
diffusion electrode (GDE) in electrolyzer systems.
When applying high current densities of j = −3 A cm−2 in a

highly acidic environment (1.5 M H2SO4), the actual metal
deposition is inevitably superimposed on the hydrogen
evolution reaction (HER). Under the applied harsh exper-
imental conditions, the HER relies on the superposition of (i)
proton reduction and (ii) water splitting according to

+ →+ −HER(proton reduction): 2H 2e H2 (1)

+ → +− −HER(water splitting): 2H O 2e H 2OH2 2
(2)

+ →+ −metal deposition: Bi 3e Bi3
met (3)

At these high current densities, proton reduction is mass
transport-limited, thus further activating the HER reaction
pathway through water splitting.38,39 Hydrogen gas bubbles,
which temporarily form on the cathode, function as a transient
geometric template for the actual metal foaming proc-
ess.34,35,40−42 In the course of the metal deposition process,
smaller H2 bubbles tend to coalesce into larger bubbles, thus
introducing dynamics into the templated metal deposition
process.38,43 Importantly, the local pH close to the electrode
surface significantly changes as a consequence of the massive
H+ consumption (eq 1) and OH− formation (eq 2). The basic
principle of the additive and DHBT-assisted metal foaming
process is illustrated in Figure 1 for a carbon fiber cloth (gas
diffusion electrode, GDE, see also Figure S1) serving as the
support electrode. In this work, a citrate-based salt
(ammonium bismuth citrate) was used as the Bi precursor to
avoid undesirable hydrolysis processes, which are typical of
most inorganic Bi salts (e.g., Bi2(SO4)3 and Bi(NO3)3) during
solution preparation in aqueous media. Although citrate anions
transform almost completely into citric acid in the highly acidic
environment of the bulk electrolyte solution, nonetheless
anionic citrate forms in the interfacial boundary layer under
vigorous HER conditions due to local pH changes (Figure
1).34 Therefore, it can be assumed that the actual metal
foaming process occurs from a complexed bismuth solution
because citrate readily forms chelating complexes with Bi3+

ions.40 These complexing ligands are released from the
reduced Bi and remain temporarily chemisorbed on the
metallic surface during metal electrodeposition, which might
further alter the nucleation and growth characteristics of the
Bi.34 Note that, due to their oxophilicity and high surface area,
metallic Bi foams readily undergo surface oxidation immedi-
ately after their emersion from the plating bath (see discussion
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of the XPS results below). For this reason, we denote them in
the following “as-prepared” (ap) “Bi/BixOy” foams.
Figure 2 depicts white light interferometry (WLI) (panel a)

and SEM images (panels b and c) of the ap Bi/BixOy foam
deposited on the planar Cu foil substrate. Similar to the
morphologies of the related Cu, Ag, Sn, and Zn
systems,34,35,42,44,45 the obtained Bi/BixOy foams also show a
distinct gradient in the pore diameters along the surface
normal, with the smallest pores near the support electrode (Cu
foil) and the largest pores at the outermost surface of the foam
material. Two distinct levels of interconnected open-cell pores
are visible with surface pore diameters ranging from 15 to 25
μm, thus representing the “primary” macroscale porosity of the
formed ap Bi/BixOy foam (Figure 2a). The pore side-walls
consist of more loosely packed Bi dendrites, thus introducing a
“secondary” nanoscale porosity to the ap Bi/BixOy foam
(Figure 2b,c). Dendritic metal growth results from the applied
harsh experimental conditions (j = −3 A cm−2), in which the
rate of metal deposition is limited by mass transport of Bi3+

ions along with the decreased mobility of the formed adatoms
on the emerging electrode surface. Both the thickness of the ap
foams and the respective size distribution of the surface pores
increase with elapsed deposition time, at least in the initial time
period of metal foaming (Figure 2d−g, Figures S2 and S3).
Figure 2h−o depicts top-down SEM images of four selected ap
Bi/BixOy@GDE samples differing in the thickness of the

covering Bi foams. Obviously, the dendritic nature of the pore
side-walls does not depend on the chosen support material.
However, the primary macroporosity (e.g., pore size
distribution) experiences certain alterations when changing
the support material. This can in principle be due to the ratio
of faradaic efficiencies (FEH2/FEBi) and the so-called “bubble
break-off diameter”, both of which depend on the chemical
nature and the surface morphology of the support materi-
al.34,35,38,44−46 In general, the pore size distribution of the Bi
foams is broader and less well defined on the porous GDE
support compared to the planar Cu and C foil substrates (see
Figure S5). However, the gravimetric analysis of the deposits
suggests that the amount of Bi material is similar for all three
support materials used (Figure S6).
Obviously, the formed hydrogen bubbles are more stable on

the rough GDE support and tend further to coalesce during the
concerted metal deposition/HER processes, thus explaining
the bigger surface pores in case of the GDE support compared
to the Cu and C foils substrates (Figure S5).
Note that both sides of the carbon fiber cloths used in this

work were coated with a microporous carbon layer (denoted
C-MPL, Figure S1). Due to the porous nature of this support
material, it can be assumed that Bi is also deposited to some
extent inside the outermost C-MPL (Figure 1). For the
electrochemical catalyst performance testing, discussed below,
we restrict our study to foams obtained by 20 s of deposition

Figure 1. Scheme illustrating the additive-assisted dynamic hydrogen bubble template (DHBT) electrodeposition approach carried out on the
carbon fiber cloth support (gas diffusion electrode, GDE).

Figure 2.Morphology of the as-prepared (ap) Bi/BixOy foam. (a) White light interferometry image of the ap Bi/BixOy foam deposited on a Cu foil
support (denoted ap Bi/BixOy@Cu). (b, c) Corresponding SEM images. (d−g) Side view of the ap Bi/BixOy@Cu foams, foam thickness as a
function of the deposition time. (h−o) ap Bi/BixOy foam deposited on a carbon fiber cloth support (denoted Bi/BixOy@GDE).
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time, yielding on the Cu foil support a thickness of the active
catalyst materials of ∼44 μm (Figure 2e and Figure S4).
Thicker catalyst films often become mechanically instable
under harsh CO2RR conditions in particular when gases evolve
as reaction products (e.g., hydrogen gas bubbles at higher
overpotentials).
The ap Bi/BixOy foams were further subjected to thermal

annealing at 300 °C for 12 h in air, thus transforming the
catalyst material into a fully oxidized Bi2O3 foam. This
assumption is confirmed by TEM analyses of the ap Bi/
BixOy and the Bi2O3 foams (see Figure S7). The overall
morphology of the foams remains preserved upon thermal
annealing, as evidenced by SEM inspection (Figure S8). It
should be noted that the thermal treatment leads to a
pronounced color change of the foam from black (ap Bi/
BixOy) to yellowish (Bi2O3, Figure S9).
In the corresponding X-ray diffraction (XRD) analysis

(Figure 3a, Table S1) the diffraction patterns of three Bi foams
in distinct preparation stages are compared. The ap sample
yields a diffraction pattern that is dominated by features of
polycrystalline Bi (rhombohedral crystal structure, space group
P21/c).47−49 These are superimposed by minor contributions
from α-Bi2O3 that likely forms on the surface of the foam
following its immersion in the plating bath and exposure to air.
The diffractogram of the thermally annealed sample, by
contrast, exclusively shows contributions from the monoclinic
α-Bi2O3 phase. Post-electrolysis XRD inspection (after 1 h at
−1.0 V vs RHE in CO2-sat. 0.5 M KHCO3) suggests an
electro-reduction of the α-Bi2O3 bulk phase back into metallic
Bi. Again, the minor contributions of α-Bi2O3 to the XRD
patterns most likely result from post-electrolysis surface
oxidation of the oxophilic Bi under ambient conditions. Also,
trace residuals of the formed Bi2O3, which were not in proper
contact to the support during electrolysis, might add to the
observed minor oxide features visible in the XRD patterns after

the electrolysis (Figure 3a). Similar effects have recently been
discussed for SnO2-based CO2RR catalysts.36

Whereas XRD is sensitive only to the “bulk” of the catalyst
material exhibiting long-range transitional order, XPS
selectively probes the chemical composition of the catalyst
surface, which does not necessarily exhibit a lateral order.
Panels b and c in Figure 3 show the spin-orbit split (5.3 eV)
Bi4f and the O1s photoemissions of the Bi foams depending
on their preparation state (see also Figures S10 and S11). It is
noteworthy that, even for the as-prepared sample, Bi(III)
species (BE (Bi4f5/2) = 162.1 eV) govern the Bi4f emission
(Figure 3b-1) superimposed by minor contributions from
metallic Bi(0), which appear as a satellite peak at BE (Bi4f5/2)
= 156.8 eV. This particular feature can be assigned to
photoemissions from the near-surface “bulk” of the metallic Bi
foam. The ratio of integrated intensities (IBi(III)/IBi(o) = 6.92),
derived from the quantitative analysis of the Bi4f5/2 emissions,
confirms a largely oxidized Bi foam surface. The corresponding
O1s spectrum, shown in panel c, indicates the presence of two
different oxygen components, which are attributed to Bi−OH
(BE (O1s) = 530.7 eV) and oxidic Bi−O species (BE (O1s) =
529.5 eV); the latter can be assigned to the surface-confined α-
Bi2O3 phase, which has already been observed in the respective
XRD analysis of the as-prepared foam sample (panel a-1). Bi−
OH species most likely originate from the partial hydrolysis of
the oxide on the outermost surface of the foam when exposed,
even for a short time, to (humid) air prior to the XPS
inspection.
Annealing the foam sample for 12 h at 300 °C transforms

the mixed Bi/BixOy foam into its fully oxidized α-Bi2O3 state
(panel a-2) and lets the Bi(0) contribution completely
disappear from the respective Bi4f photoemission spectrum
(panel b-2). However, the corresponding O1s emission is only
marginally affected by the thermal treatment (panel c-2). The
presence of hydroxy species on the surface of the foam even
after the annealing treatment is again supportive of a mixed

Figure 3. (a) X-ray diffraction (XRD) inspection of the Bi foams depending on their stage of preparation, as indicated by the numbers. The foams
were deposited on a carbon foil support; for comparison purposes, the references for metallic Bi (blue) and Bi2O3 (yellow) are also provided. (b)
Corresponding Bi4f X-ray photo-emission spectra. (c) Corresponding O1s X-ray photo-emission spectra. Note that for the 1 h CO2RR, the Bi2O3
foam was used as the catalyst.
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hydroxy/oxide surface layer that instantaneously forms on the
foam surface when exposed to air. Obviously, the presence of
hydroxy species on the foam surface does not require any
exposure to an aqueous electrolyte prior to XPS analysis.
Post-electrolysis XPS inspection of the foam sample shows

the re-appearance of satellite peaks in the Bi4f5/2 emissions
assigned to the metallic Bi(0) (panel b-3), thus resembling the
photoemission characteristics of the as-prepared sample, in full
accordance with the XRD analysis. As expected, the
corresponding O1s spectrum again shows the presence of
both hydroxy and oxidic species on the foam surface (panel c-
3), supporting our assumption of a surface chemical
composition of the Bi foam, which is governed more by
exposure to environmental air prior to XPS inspection than by
the particular experimental history of the sample (e.g., thermal
annealing or electrolysis).
These findings call for more advanced in situ (operando)

investigations of the Bi foams to probe the chemical state of
the catalyst under potential control prior to and during the
CO2RR.
Potential- and Time-Dependent Operando Raman

Spectroscopy. The porous nature of the metallic or oxidic Bi
foams facilitates the method of Raman spectroscopy.50,51 Note
that, due to the finite penetration depth of the laser light,
Raman spectroscopy probes both the surface and to some
extent also the bulk properties of the catalyst sample.36,37 The
Supporting Information contains several reference measure-

ments on the optimization of the Raman experiment in terms
of laser light source and laser power (see Figures S12 and S13).
Figure 4a depicts a representative ex situ Raman spectrum of

the dry Bi2O3 foam sample after 12 h of annealing at 300 °C in
air (internal reference). Several prominent peaks are visible in
the range between 100 and 700 cm−1, which can be attributed
to the vibrational modes of the α-Bi2O3 phase and its double
refraction biaxial crystal structure, revealing a low symmetry of
monoclinic geometry.52−54 According to the litera-
ture,46,47,55,56 the observed Raman bands can be grouped
into three types of features: (i) strong Raman bands appearing
at wavenumbers <120 cm−1, which are typically assigned to
displacements of cationic −Bi(III)− entities with regard to the
surrounding oxide matrix (e.g., at 119 cm−1);53 (ii) weaker
bands appearing between 120 and 155 cm−1 that are due to the
concerted vibrational motions of binuclear Bi−O entities;47,55

and (iii) vibrational modes of mononuclear −O− entities that
are typically found at wavenumbers >155 cm−1 (e.g., the Bi−O
stretching mode at 313 cm−1).46,53,56 As expected from the ex
situ XRD and XPS analysis (Figure 3), the Raman spectrum of
the corresponding dry ap Bi/BixOy foam (ex situ character-
ization) shows qualitatively the same Raman features as the
thermally annealed foam (see Figure S14). However, the
oxide-related Raman features are broader, less well defined,
and weaker in intensity in the case of the surface oxides on the
ap sample.
Figure 4b displays a time-dependent series of Raman spectra

of the Bi2O3 foam exposed to an Ar-saturated 0.5 M KOH

Figure 4. (a) Ex situ Raman spectrum of the Bi2O3 foam under dry conditions after annealing the ap Bi/Bi2O3 foam at 300 °C for 12 h. (b) Time-
resolved Raman spectra of the Bi2O3 foam at the open-circuit potential (OCP) in the Ar-sat. 0.5 M KOH solution. (c) Series of potential-
dependent Raman spectra showing the (oxide → metal) transition of the Bi2O3 foam in the Ar-sat. 0.5 M KHCO3 solution; the holding time at
each potential was 3 min. (d) Series of potential-dependent Raman spectra showing the respective (oxide/carbonate → metal) transition in the
CO2-sat. 0.5 M KHCO3 solution; the holding time at each potential was 3 min. (e) Potential-dependent changes of the Raman peak at 313 cm−1

used as the fingerprint for the presence of Bi2O3 (enlarged section of spectra shown in panel (d)). (f) Potential-dependent changes of the Raman
peak at 162 cm−1 used as the fingerprint for the presence of the sub-carbonate species on the catalyst (enlarged section of spectra shown in panel
(d)). (g) Potential-dependent integrated intensities of the Raman peaks shown in panels (e) and (f).
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solution at the open-circuit potential (pH = 13.5, OCP ≈
+0.79 V vs RHE, Figure S15a). A CO2/bicarbonate-free
potassium hydroxide electrolyte was chosen for this measure-
ment to selectively study the effect of the exposure of the foam
to an alkaline electrolyte on its surface composition,
independent of the additional alteration resulting from CO2/
bicarbonate adsorption phenomena (see discussion below).
The Raman characteristics of the dry Bi2O3 foam sample
(panel a) are, in principle, preserved in the alkaline aqueous
electrolyte of pH = 13.5. Very minor alterations appear at the
OCP in the range from 120 to 170 cm−1 and are due to a more
extended surface hydrolysis in the aqueous electrolyte
involving the exchange of Bi−O by Bi−OH species. Further
alterations concern the less intense Raman band at 475 cm−1,
which shows a small satellite feature in the alkaline electrolyte
environment. These minor changes in the Raman character-
istics that are visible in the first spectrum of the time-resolved
series are already completed after 180 s of exposure. There are
no further alterations observed in the subsequently recorded
spectra at exposure times >180 s, thus proving the stability of
the Bi2O3 foam at OCP and pH of 13.5 in full accordance with
the thermodynamic predictions represented in the respective
Pourbaix diagram.57 This observation is full in agreement with
the corresponding OCP measurement which reaches a plateau
value at exposure times >200 s (Figure S15a). The Raman
spectra acquired in the CO2 and bicarbonate-free 0.5 M KOH
electrolyte serve as further reference for the potential-
dependent Raman experiments of the Bi2O3 foam carried out
in an Ar-saturated aqueous 0.5 M KHCO3 electrolyte (Figure
4c). Again, all main Raman features at 119, 313, and 475 cm−1

attributed the Bi2O3 phase are preserved in the Ar-saturated
bicarbonate solution even at the OCP of ca. +0.60 V vs RHE
(see Figures S15b and S16a). However, a new strong Raman
feature appears at 162 cm−1 (highlighted red in panel c), which
can be assigned to the so-called sub-carbonate species58 that
forms in the Ar-sat. bicarbonate solution even at the OCP
through the partial surface exchange of oxidic Bi−O or Bi−OH
species by Bi−CO3−Bi ensembles according to

+ →Bi O CO (BiO) CO2 3 2 2 3 (4)

This assignment could be further corroborated by ex situ
Raman measurements using a commercial (BiO)2CO2 powder
sample as the reference material. Clearly visible in Figure S17
is the strong Raman feature at 162 cm−1. Less intense
vibrational modes at 366 and 574 cm−1, visible in the reference
spectra (Figure S17), are typically not detected in the in situ
(e.g., at OCP) and operando Raman experiments under
CO2RR conditions. These observations (Figure 4c) imply a
direct adsorptive interaction of either dissolved CO2 or the
bicarbonate anion with the Bi2O3 foam even in the Ar-
saturated 0.5 M KHCO3 electrolyte under non-reactive
conditions at the OCP (Figure S16a). Note that traces of
gaseous CO2 are present even in the Ar-saturated bicarbonate
solution. Both the oxide-related Raman features at 119, 313,
and 475 cm−1, and the new sub-carbonate vibrational mode at
162 cm−1 gradually disappear when changing the potential
from the OCP to −0.9 V vs RHE (Figure 4c). A quantitative
analysis of this (oxide/sub-carbonate → metal) transition is
provided in the Supporting Information (see Figures S18 and
S19). Note that the derived integrated intensities do not
exactly correlate with the abundance of a certain Raman active
species on the electrode. Integrated intensities also depend on
other factors, e.g., the surface roughness or changes thereof

(e.g., during the oxide → metal transition). Plots of the
integrated Raman intensity versus the applied electrode
potential (e.g., Figure S18) provide, however, valuable
qualitative trends in the stability of the oxidic and carbonate
phases present on the electrode.
Hereinafter, we restrict the discussion to analogue Raman

experiments carried out in the CO2-saturated 0.5 KHCO3
electrolyte solution (Figure 4d and Figure S15c), which served
as the working electrolyte for mechanistic studies and the
actual catalyst performance testing (discussed below). The
main difference to the Raman spectra acquired in the Ar-
saturated bicarbonate solution (panel c) is the intensity of the
sub-carbonate Raman band at 162 cm−1, which becomes the
dominant Raman feature in the CO2−sat. (∼35 mM)59

electrolyte. Our operando spectroscopic results strongly suggest
substantial “non-reactive” CO2 adsorption on the Bi2O3 prior
to the actual CO2RR onset (see also Figure S16b). These
results also imply a (partial) displacement of the oxide and
surface hydroxide features by the sub-carbonate at the OCP,
which is not restricted to the outermost catalyst surface but
extends further into deeper layers and the near-surface bulk of
the Bi2O3 foam catalyst. This hypothesis is further supported
by Figure S20, comparing the integrated intensities of the
Raman spectra acquired from the ap Bi/BixOy foam and the
corresponding thermally annealed Bi2O3 foam at the OCP.
Interesting to note is that, in the case of the largely metallic ap
Bi/BixOy foam, which is covered only by a thin oxidic skin, the
oxide-related Raman features instantaneously disappear when
brought into contact with the CO2-sat 0.5 M KHCO3
electrolyte (Figure S21). As a result, a thin bismuth sub-
carbonate skin is formed on the otherwise ap metallic Bi foam.
Note that, for the sub-carbonate formation under non-reactive
conditions (at OCP), also the electrolyte pH is of importance
(see discussion of Figure S22).
Formed sub-carbonate species can be regarded as precursors

of CO2 electroreduction at low overpotentials in the initial
stage of the CO2RR. A quantitative analysis of the potential-
dependent (oxide/sub-carbonate → metal) transition is based
on the integrated intensities of the Raman features at 313 cm−1

(Bi2O3 fingerprint, Figure 4e) and 162 cm−1 (sub-carbonate
fingerprint; Figure 4f). The results of this analysis are
presented in Figure 4g. Both the oxide and the sub-carbonate
features follow the same qualitative trend of decreasing
intensities with increasing CO2RR overpotentials (decreasing
applied potentials). The potential-dependent Raman data
suggest that the (oxide → metal) transition of the Bi2O3
foam is completed at approximately −0.8 V vs RHE. By using
Bi2O3 microsphere particles as the CO2RR catalyst, Deng et al.
have recently demonstrated that the Bi−O Raman mode at
313 cm−1 can persist, at least to an extent, even to applied
potentials beyond −0.9 V vs RHE.60 Sub-carbonate-related
Raman features were, however, not discussed in that study. On
the Bi2O3 foam, these sub-carbonate species appear to be even
more stable than the corresponding oxides. This can be
concluded from the quasi-plateau behavior of the 162 cm−1

features in the intensity vs potential plot at potentials ranging
from the OCP to −0.6 V vs RHE (Figure 4g). The significant
decrease in intensity at potentials less than −0.6 V vs RHE
spectra is completed only at −1.0 V vs RHE. We do consider
the formed metallic Bi foam catalyst present at potentials less
than −1.0 V vs RHE as oxide/sub-carbonate derived (denoted
hereinafter as oc-d).
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Note that the data shown in Figure 4d−g do not necessarily
present steady-state conditions; the holding time at each
applied potential was 3 min (see the Experimental Section).
The exchange of the oxide (surface hydroxide) species by the
sub-carbonate might therefore further proceed even during an
ongoing CO2RR in the low overpotential regime. This is
demonstrated by the series of time-dependent Raman spectra
in Figure 5, which further support our working hypothesis that
the oxide/sub-carbonate exchange is not restricted to the
outermost surface but proceeds deeper into the bulk of the
foam catalyst with time. Note that the observed Raman feature
at 1017 cm−1 is due to bicarbonate in the solution phase, as
evidenced by the additional control experiments depicted in
Figure S23.
The transition from the oxidic Bi2O3 foam to the oxide/sub-

carbonate/Bimet composite at low applied overpotentials can be
monitored as a function of time and applied potential by using
visual inspection. Figure 6 depicts representative optical
photographs of the oxidic Bi2O3 foam exposed to the CO2-
sat. 0.5 M KHCO3 electrolyte. The yellowish color gradually
disappears with time and turns into black, which is character-
istic not only of the ap Bi/BixOy foam (see Figure S9 and the
corresponding multimedia file) but also for the corresponding
oxide/sub-carbonate/Bimet composite formed in this potential
regime (see Figure 4g). As expected, this compositional
transition is faster at −0.6 V vs RHE than at −0.3 vs RHE.
ICP-MS Analysis of the Electrolyte during the CO2RR.

Operando Raman spectroscopy is sensitive to the composi-

tional and structural alterations that the oxidic catalyst
undergoes upon sub-carbonate formation and potential-
induced oxide/sub-carbonate reduction. As known from the
work by Mayrhofer et al.,61−63 the electroreduction of oxidic
species can lead to the release of metal ions into the electrolyte.
Under the harsh cathodic conditions typically applied for the
CO2RR, these metal ions might be re-deposited on the catalyst
surface during the ongoing CO2 electrolysis reaction. To probe
these effects, a series of potentiostatic electrolysis reactions was
carried out in CO2-saturated 0.5 M KHCO3 solution using
freshly prepared Bi2O3 foams as the catalysts. Aliquots of the
bicarbonate electrolyte were analyzed by means of ICP-MS as
a function of electrolysis time in the range of applied potentials
between −0.3 and −1.8 V vs RHE. The results of this analysis
are presented in Figure 7 and Table S2.
Clearly, the amount of Bi ions released into the electrolyte

upon oxide reduction strongly depends on the applied
electrolysis potential. Interestingly, we find the highest amount
of Bi ions in the electrolyte at the lowest applied electrolysis
potentials (−0.3 V vs RHE), reaching a maximum Bi content

Figure 5. (a) Series of time-resolved Raman spectra acquired over
120 min at E = −0.6 V vs RHE. (b) Integrated intensities of the
Raman peaks at 162 cm−1 (sub-carbonate) and 313 cm−1 (Bi2O3) as
functions of time. This experiment confirms the non-steady-state
characteristics of the Raman measurements shown in Figure 4.

Figure 6. Operando optical inspection of the time-dependent (oxide
→ sub-carbonate/metal) transition in the CO2-sat. 0.5 M KHCO3
solution at low overpotentials.
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of 0.430 ppm after 4 min followed by a slow drop-down in
concentration. In this potential regime, we observed the
(partial) displacement of the oxidic bismuth species by the
respective sub-carbonate (see Figures 4 and 5). Apparently, it
is this oxide/sub-carbonate displacement at low overpotentials
that provokes the massive release of Bi ions into the electrolyte,
as observed by ICP-MS.
Note that, due to the CO2 purging of the electrolyte during

electrolysis, the released metal ions are homogeneously
distributed in the electrolyte solution after their release from
the electrode surface. A similar peak-like behavior in the Bi
content evolution can be observed for the electrolyses at −0.4
and −0.5 V vs RHE, respectively. The maximum detected Bi
content decreases to 0.100 ppm at −1.8 V vs RHE, suggesting
that rapid oxide reduction and rapid metal ion deposition at
the lowest potentials applied effectively prevented the massive
release of Bi into the solution.
CO2 Electrolysis. The results of the electrochemical

catalyst performance testing, carried out in a broad potential
range from −0.3 V down to −2.0 vs RHE, are presented in
Figure 8a,b for the ap Bi/BixOy foam and the thermally
annealed foam. In both cases, carbon cloths (GDE, Figure S1)
served as the support material for the initial catalyst
preparation. For comparison purposes, also the electrolysis
results obtained for a planar Bi foil are presented (reference).
Panel a in Figure 8 depicts the resulting CO2RR product
distribution in the form of a FE vs E plot (faradaic efficiency
versus applied electrolysis potential), whereas in panel b, the
corresponding partial current densities (PCDs) are considered.
The only electrolysis products are gaseous hydrogen (H2) and
non-volatile formate. Within the entire potential range studied
in this work, the faradaic efficiencies of formate and H2
production sum up to ∼100% (see Table S3). For the sake
of clarity, in Figure 8, we present only the respective formate
data.
In the FE vs E plot (panel a), the Bi foil shows a

characteristic peak-like behavior in the product distribution
with a maximum formate efficiency of FEformate = 55.0%
(PCDformate = −2.92 mA cm−2) at −0.8 V vs RHE. This is in

agreement with the results recently reported by Zhang et al.,
using a sulfide-derived Bi catalyst.64

A significant improvement in the formate efficiency is
achieved when using the foam-type Bi catalyst. Both ap Bi/
BixOy and Bi2O3/oc-d Bi exhibit faradaic efficiencies of formate
production that reach ∼100% (Table S3). Quite intriguingly,
this excellent product selectivity is observed not only within a
narrow potential regime, as typical, e.g., for 2D systems like Bi
foil, but within a rather broad range of applied electrolysis
potentials (“plateau” regime), that is substantially broader in
the case of the Bi2O3/oc-d Bi foam (∼1100 mV) compared to
the ap Bi/BixOy catalyst (∼800 mV). Only marginal differences
between both foam catalysts are noted for electrolysis
potentials less than −0.9 V, whereas substantial differences in
their product distributions appear at low overpotentials in the
range from −0.3 to −0.7 V vs RHE. Under these electrolysis
conditions, the product distribution of the ap Bi/BixOy foam
better resembles the Bi foil with negligible formate production.
It can safely be assumed that the metallic Bi foil is partly
oxidized on its surface prior to the CO2RR, thus rationalizing
the qualitative similarity to the ap Bi/BixOy foam. However, a
high level of formate efficiency is observed for the fully
oxidized Bi2O3 foam catalyst, which also reaches almost 100%
in this low-overpotential regime (Figure 8a and Table S3).
This observation is indicative of the opening of a second
reaction pathway of formate formation on the oxide/sub-
carbonate/Bimet composite at these low overpotentials that is
not active on the ap Bi/BixOy catalyst. The thin surface oxide
layer of the latter catalyst is obviously not sufficient to mimic
the catalytic properties of the fully oxidized Bi foam in the
electrochemical screening experiment at low overpotentials.
The most prominent difference between the ap Bi/BixOy and
the fully oxidized Bi2O3 foam concerns the capability of the
Bi2O3 to adsorb/absorb dissolved CO2 from the electrolyte
phase,65 giving rise to the appearance of prominent features in
the Raman spectra assigned to sub-carbonate species (Figure
4d and Figure S20).
Based on the presented Raman data, it can be concluded

that the near-surface oxide phase is partially converted into a
mixed oxide/carbonate phase, even under non-reactive
conditions, prior to the actual CO2RR onset (Figure 4d).
The Raman data further suggest a partial reduction of the
mixed (BiO)2CO3-Bi2O3 at the CO2RR onset (−0.4 V to −0.8
V vs RHE; Figure 4g) to metallic Bi, thus leading to a complex
oxide/sub-carbonate/Bimet composite on which the CO2RR
takes place in the low-overpotential regime. Figure 8d depicts
the proposed “sub-carbonate” reaction pathway of formate
production on the composite material assuming that the Bi
oxide/carbonate species play an active role in the CO2
conversion at these low overpotentials.30 The overall reaction
rates and the PCDformate remain at low levels within this low
overpotential regime (Figure 8b and Table S4), also likely due
to the limited conductivity of the oxide/sub-carbonate/Bimet
composite. Local pH changes at the catalyst/electrolyte
interface as the driving force for the observed sub-carbonate
formation at low overpotentials (Figures 4d−g and 5) can
therefore be excluded due to the low overall reaction rates
(Table S3) and in particular due to negligible faradaic
efficiencies for hydrogen production at low overpotentials
(Table S3).
It is the compositional transformation from the mixed

oxide/carbonate composite to a fully metallic Bi state,
evidenced by the operando Raman data (Figure 4), that allows

Figure 7. Time evolution of the Bi content in the CO2-sat. 0.5 M
KHCO3 electrolyte solution under potentiostatic conditions deter-
mined by ICP-MS. The potentials applied during potentiostatic
electrolysis are indicated in the graph. Freshly prepared Bi2O3 foams
(20 s deposition time, annealing at 300 °C for 12 h in air) were used
as the catalyst (single catalyst approach).
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the partial current densities of formate production to
substantially increase (Figure 8b). In the following, we denote
the activated metallic Bi catalyst as “oxide/carbonate-derived”
(oc-d). Note that the observed PCDs are systematically higher
for the oc-d Bi foam compared to the ap Bi/BixOy (Figure 8b).
This trend is due to the increased electrochemically active
surface area (ECSA) after the reduction of the “bulk” oxide
phases (see also Figure S24). Similar trends of increasing
ECSA were reported for other oxide-derived CO2RR catalysts,
e.g., Cu-based materials.35,44 Particularly noteworthy are the
maximum PCDs of formate production for the ap Bi/BixOy
and the oc-d Bi, reaching values of PCDformate = −75.8 mA
cm−2 and PCDformate = −84.1 mA cm−2 at −1.5 V vs RHE,
respectively. At potentials less than −1.5 V vs RHE, both the
FEformate and PCDformate values decrease, and the HER becomes
the dominant electrolysis process (see Table S4). This peak-

like behavior in the CO2RR efficiency plot is typically
rationalized by the onset of CO2 mass transport limitations
appearing at elevated total reaction rates and high over-
potentials as the CO2 concentration is limited to only ∼35 mM
in the aqueous electrolyte.59 In contrast, the competing water
splitting reaction (HER) does not become diffusion-limited.
It should be emphasized that both foam catalysts outperform

other Bi-based electrocatalysts in terms of faradaic efficiency
and with regard to the maximum partial current densities
(PCDformate) when considering classical half-cell measurements.
Figures of merit for the Bi2O3 foam catalyst are presented in
Figure 8c along with the performance data of recently reported
benchmark catalysts for formate formation in the half-cell
configuration, e.g., partially oxidized/ultrathin Co3O4,

18,19 Sn/
SnS2,

17 fractal-Bi2O3,
66 Au−Bi2O3

67 and ultrathin Bi-NS,23 and
ZnO.21 Partial current densities of formate formation, higher

Figure 8. (a) CO2RR product distribution represented as FE vs E plot (single catalyst approach); results of the Bi2O3/oc-d Bi foam are compared
with the ap Bi/BixOy foam and a Bi foil catalyst (reference). (b) CO2RR product distribution represented as PCDformate vs E plot; note that the
potential-dependent product distributions shown in panels (a) and (b) are averaged over three individual electrolysis experiments per potential
applied. (c) Performance overview for formate-producing CO2RR catalysts (for detailed discussion in terms of long-term electrolysis, see text and
Table 1). (d) Proposed CO2RR mechanism at low overpotentials, E ≥ −0.6 V vs RHE (Bi2O3 catalyst). (e) Dominant CO2RR mechanism at high
overpotentials, E < −0.6 V vs RHE (Bimet catalyst; Bimet−O pathway). (f) Alternative CO2RR mechanism at high overpotentials (Bimet catalyst;
Bimet−C pathway).
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than those reported herein, were only achieved when using
gas/liquid flow electrolyzer systems.68 In this context, Gong et
al. have recently reported a PCDformate of −288 mA cm−2 using
a high concentration of KOH in combination with an oxidic Bi
double-wall nanotube catalyst.69

The most striking characteristic of the Bi2O3 foam catalyst,
reported herein, is clearly the extraordinarily broad potential
window of ∼1100 mV in which the faradaic efficiency of
formate formation never falls below 90%. This unique feature
is the direct result of the coupling of the two formate reaction
pathways operative either on the oxidic catalyst (“sub-
carbonate” pathway, low overpotentials, Figure 8d) or on its
metallic form (Bimet−O pathway; high overpotentials, Figure
8e). Note that, for the metallic Bi catalyst, also an alternative
reaction pathway has also been proposed that involves Bi−C
bond formation and the appearance of *COOH intermediates
(Figure 8f).29,70,71 However, in light of the high oxophilicity of
Bi and the presented Raman data, proving Bi−O bond
formation, we consider the Bi−O reaction pathway (Figure 8e)
to be the dominant one at high overpotentials where the
oxide/carbonates are fully reduced. This conclusion becomes
further supported by the absence of significant amounts of CO
as a CO2RR byproduct (< 1%) that enables formate
production through the Bimet−O pathway.29,70,71

It should be noted that the choice of the support material
(e.g., Cu foil or carbon fiber cloth) and related to the fact that
differences in the macroporosity have only a marginal impact
on the resulting product distribution (ratio of FEHE and
FEformate, see Figure S5, Figure S25, Figure S26, Table S5, and
Table S6). This is a major difference to other foam-type
catalysts, e.g., copper-based systems, in which changes of the
macroporosity lead to severe alterations in the respective
CO2RR product distribution. The latter effect was rationalized
by Dutta et al.35 by particular “trapping” phenomena of
CO2RR intermediates (e.g., CO or C2H4) inside the porous
foam catalyst, thus facilitating the re-adsorption and further
coupling and hydrogenation of trapped intermediates.35 In the
present case, there are no significant amount of electrolysis
products observed other than formate and hydrogen.
Morphology-induced “trapping” effects are therefore not
relevant for the catalysts and reaction pathways discussed
herein. The beneficial role of the porous foam structure
remains restricted in the present case to the increase of the
electrochemically active surface area (ECSA) and the resulting
increased partial current densities whereas the reaction
pathways remain unaltered.
Electrochemical Durability and Morphological (In)-

Stability of the Bi2O3 Foam Catalyst. Not only are the
resulting product distribution and the observed activity/
product selectivity of importance for the overall catalyst
performance evaluation but also the catalyst durability over
more extended electrolysis times than typically applied in the
standard catalyst screening approach (Figure 8). To demon-
strate the excellent stability of the Bi2O3 foam catalyst, two
extended potentiostatic electrolysis experiments were carried
out under experimental conditions where either the “sub-
carbonate” pathway (Figure 8d) or the Bimet−O pathway
(Figure 8e) was dominant at applied potentials of −0.6 V vs
RHE and −1.0 V vs RHE, respectively.
The corresponding current vs time traces (Figure 9a)

suggest quasi-steady-state conditions after passing an initial
cathodic event indicating the partial or even complete
reduction of the oxidic precursor. Due to the varying applied

electrolysis potentials, also the resulting quasi-steady-state
current densities are different and reach values of jmean = −0.88
± 0.2 mA cm−2 (−0.6 V vs RHE) and jmean = −26.2 ± 2.1 mA
cm−2 (−1.0 V vs RHE). However, a slight trend toward higher
total current densities over time can be noted for both cases
(see also discussion of the IL inspection below).
In particular, for the electrolysis at −0.6 V vs RHE (Figure

9b), the FEformate values decrease by only <10% within 100 h of
electrolysis time (from an initial 97.3% to a final 89.1%), thus
indicating the excellent stability of the mixed oxide/sub-
carbonate/Bimet composite catalyst (sub-carbonate pathway).
Note that trends in the time-dependent FEH2 and FEformate
changes are anti-correlated to each other.
More substantial is the catalyst degradation, however, when

the electrolysis is carried out at −1.0 V vs RHE (Figure 9c). In
this case, we observe a decrease from the initial FEformate =
91.7% to final FEformate = 79.1% after 100 h of electrolysis.
Accordingly, the corresponding partial current density
decreases from jformate = −28.67 mA cm−2 to a final jformate =
−21.06 mA cm−2. Table 1 summarizes the stability character-
istics of various Bi catalysts. It demonstrates that the foams,
presented in this work, reveal an excellent stability in the
electrochemical electrolysis experiment over other Bi-based
electrocatalysts.
Although the extended electrolysis experiments (Figure 9b)

suggest reaching stable quasi-steady-state conditions, at least
on the scale of a few hours, the Raman data have already
indicated substantial compositional changes of the foam
catalyst in particular in the initial phase of the CO2RR.
Under these conditions, the CO2RR is obviously superimposed
by a continued exchange of oxide by the carbonate (Figure 5).

Figure 9. (a) Current transient curves representing the potentiostatic
CO2RR at −0.6 V and −1.0 V vs RHE, respectively. (b) FE/PCD vs t
plot of the CO2RR at −0.6 V vs RHE. (c) FE/PCD vs t plot of the
CO2RR at −1.0 V vs RHE. Bi2O3 foams (20 s deposition time,
annealing at 300 °C for 12 h in air) were used as catalysts for the
extended electrolysis experiments.
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These results prove that stable current vs time and the
corresponding FE vs time traces (Figure 9) alone are not
conclusive for monitoring the actual catalyst stability.
The operando Raman results are therefore further

complemented by so-called identical location (IL) SEM
investigations. Figure 10 displays the changes in the catalyst
morphology due to the thermal annealing of the ap Bi/BixOy

foam and, within the first 45 min of electrolysis, a time scale
that is comparable to the Raman experiment shown in Figure
5. For this purpose, the CO2RR was interrupted at defined
electrolysis times (after 15, 30, and 45 min total electrolysis

time) and then subjected to ex situ SEM inspection, focusing
on the same spot on the catalyst surface.
On a larger μm length scale (panel a, d, g, j, m, and p),

severe morphological alterations are neither observed for the
thermal annealing nor for the electrolysis itself. Both the
“primary” macropore structure and the dendritic nature of the
pore sidewalls are clearly preserved even after 45 min of
electrolysis at −0.6 V vs RHE.
Substantial changes occur, however, on the nanometer

length scale, as evidenced by the SEM images shown in panels
c, f, i, l, o, and r. One characteristic feature of these
morphological changes under CO2RR conditions is the

Table 1. Comparison of Some Representative Studies Conducted in Recent Years for the Electrochemical Reduction of CO2 to
Formate or Formic Acid

catalysts
Pot. vs RHE

(V)
partial current densityformate

(mA cm−2)
FEs of formate

(%)
FEs (over extended electrolysis period of time in

hour) references

Bi2O3 NF @GDE −0.60 −00.88 97.3 100 h (dropped to 91% after 80 h) this work
Bi2O3 NF @GDE −1.00 −26.11 91.7 100 h (dropped to 80% after 80 h) this work
f-Bi2O3 @ CFP −1.20 −24.0 87.0 16 h Tran-Phu et

al.66

Bi2O3NSs@
MCCM

−0.96 −05.58 77.3 12 h Liu et al.31

ultra-thin Bi NS −1.74 −24.00 89.8 10 h Han et al.23

ultra-thin Bi NS −1.10 −16.5 95.5 10 h Zhang et al.27

ultra-thin Bi2O3
NS

−1.00 −12.3 95.1 05 h Su et al.24

Bi nanostructure −0.90 −13.33 92.3 30 h Lu et al.32

Figure 10. (a−r) Identical location (IL) SEM inspection of morphological changes associated to the thermal annealing of the ap Bi/BixOy foam
and subsequent potentiostatic CO2 electrolysis in the CO2-sat. 0.5 M KHCO3 solution at −0.6 V vs RHE.
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appearance of smaller nanoparticles (<10 nm) on the surface
of the dendrite. In addition, it seems that the apparent volume
of the dendrite increases, which is indicative of increased
porosity. Note that the ECSA is further increased upon oxide
reduction. Nanoparticle growth and surface roughening effects
are reported for the activation for foam-type and dendritic Cu
catalysts by CuxO precursor reduction.35,44 In the present case,
a further process needs to be considered, which might also
contribute to the nanoscale changes in the catalyst
morphology. The operando Raman shows the continued
embedment of CO2 into the oxidic Bi2O3 precursor material
(Figure 5), forming sub-carbonate species at the expense of
oxidic Bi−O. Note that this process also involves an inward
(CO2) and outward (e.g., oxygen species) mass transport,
which might further roughen the catalyst. These microscopic
data support our working hypothesis that the observed sub-
carbonate formation (Figure 5) is not restricted to the
outermost surface of the oxidic precursor but also affects the
near-surface bulk of the catalyst material.
The SEM image in Figure 10r represents the oxide/sub-

carbonate/Bimet composite (see also Figure 4g), which is
considered the active catalyst in the low overpotential regime.
A similar IL-SEM analysis but comparing the initial oxidic

catalyst morphology and the one after 100 h of electrolysis
(Figure S27) confirm the morphological changes already
observed on a shorter time scale, suggesting that the most
severe changes occur in the initial stage of the CO2RR
(approximately the first hour).

■ CONCLUSIONS

By means of operando Raman spectroscopy combined with
electrochemical performance testing, we have demonstrated
that three-dimensional Bi2O3 foams, produced by an additive-
assisted dynamic hydrogen bubble template approach and
thermal annealing (12 h at 300 °C), show a “tandem”
electrocatalytic activity toward formate formation. The (partly)
oxidic Bi2O3 foam and the reduced metallic Bimet foam reveal
both a high selectivity toward formate, reaching faradaic
efficiencies close of 100%. It is the porous nature of the foam
catalyst in combination with the use of a carbon fiber cloth
(GDE) as the support material that leads to a particularly high
electrochemically active surface area and, accordingly, to
excellent partial current densities PCDformate of approximately
−90 mA cm−2 (normalized to the geometric surface area) in
the CO2 electrolysis. However, what makes this catalyst unique
is the extraordinarily broad potential window of astonishing
∼1100 mV in which the FEformate values do not fall below 90%.
This was proven herein to be directly related to the coupling of
two different formate reaction pathways, being operative either
at low overpotentials (sub-carbonate pathway) and medium/
high overpotentials (Bimet−O pathway). For the first time,
experimental evidence was provided to demonstrate the
displacement of oxidic species by carbonate species, which is
not only restricted to the outermost surface but further extends
into the near surface bulk of the foam material. The formed
sub-carbonate serves as the reactant in the course of the
CO2RR, at least at low overpotentials. The so-called identical
location (IL) SEM inspection proves severe morphological
alterations upon sub-carbonate formation and partial oxide-
reduction during an ongoing CO2RR at low overpotentials.
In our future studies, we will apply synchrotron-based

operando X-ray absorption and X-ray diffraction techniques in

combination with Raman spectroscopy to reveal in more detail
the mechanism of sub-carbonate formation during the CO2RR.

■ EXPERIMENTAL SECTION
Chemicals and Materials. For metal foaming the

following support materials have been used: (i) a 20 cm ×
20 cm carbon fiber cloth (gas diffusion electrode, GDE) was
purchased from Fuel Cell (USA). This carbon fiber cloth is
covered on both sides with an extra mesoporous carbon layer
(C-MPL, see Figure S1) facilitating the adhesion of the
electrodeposited metallic foam to the support. The total
thickness of the carbon cloth is ∼385 μm. The carbon fiber
cloths were used as received. (ii) Cu foils were purchased from
Alfa Aesar (thickness 0.25 mm, 200 × 200 mm, purity
≥99.95%) and subjected to an electropolishing treatment in
ortho-phosphoric acid (50 w%, ACS grade, Sigma Aldrich) to
remove the native oxide layer prior their use. A graphite foil
thereby served as the counter (cathode) electrode and the Cu
foil as the working electrode (anode). A constant potential
difference of 2.0 V was applied between both electrodes for the
duration of 2 min. (iii) Graphitic carbon foils were purchased
from Alfa Aesar (0.25 mm thickness) and activated by
annealing in air at 550 °C for 12 h in a tube furnace prior
to the Bi electrodeposition.

Electrolyte Solutions. The standard plating bath for the
Bi foam deposition was composed of 1.5 M H2SO4 (prepared
from 96% H2SO4, ACS grade, Sigma-Aldrich) serving as the
supporting electrolyte and 20 mM bismuth ammonium citrate
(C12H22BiN3O14, Sigma Aldrich, purity ≥99.5%). The CO2RR
experiments were carried out in 0.5 M KHCO3 (ACS grade,
Sigma-Aldrich) electrolyte solutions saturated with CO2 gas
(99.999%, Carbagas, Switzerland). For blank experiments, the
same electrolyte was saturated with inert Ar gas (99.999%,
Carbagas, Switzerland). Ar saturated potassium hydroxide
(KOH, ACS grade, Sigma Aldrich) is also used for performing
blank experiments.

Electrochemical Experiments. The galvanostatic Bi foam
deposition was carried out in a 100 mL glass beaker by
applying a current density of j = −3.0 A cm−2 (referred to the
geometric surface area of the support electrode). The three-
electrode arrangement consisted of a leakless Ag/AgCl3M
reference electrode (EDAQ), a bright Pt foil (15 mm × 5
mm) serving as the anode, and the support electrode (GDE,
Cu foil, and C foil) as the cathode. The electrodeposition was
performed in a face-to-face configuration (distance between
the anode and cathode: 3.5 mm) similar to the Ag foam
electrodeposition process described elsewhere.34 Important to
note is that the deposited Bi foam is thick enough to avoid any
undesired contribution from the support material (carbon and
copper) to the resulting CO2RR product distribution (see
discussion of Figure S26). All voltammetric and CO2RR
electrolysis experiments were carried out in a custom-built, air-
tight glass-cell (H-type) described elsewhere.35 Possible
chloride ion cross-contaminations in the working electrolytes
originating from the Ag/AgCl3M reference electrode were
monitored and excluded by ion exchange (IC) chromatog-
raphy (Metrohm). All potentials given herein are iR-corrected
(∼85% of the cell resistance). The cell resistance was
determined by means of the current interrupt method
(Autolab NOVA 2.1 software).
For comparison purposes, all potentials measured versus the

Ag/AgCl3M reference are referenced to the reversible hydrogen
electrode (RHE) and calculated according to
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= + + ×E E(V) (V) 0.210 V (0.059 V pH)RHE Ag/AgCl(3M)

(5)

A reversible redox probe (dimethyl viologen (DMV2+)) was
used for the determination of the electrochemically active
surface area (ECSA) by means of cyclic voltammetric (CV)
measurements (Figure S24). Scan-rate dependent CVs were
measured in an H-type glass cell containing aqueous 1 M
Na2SO4 (ACS grade, Sigma-Aldrich) solution and 10 mM
DMVCl2 (Sigma-Aldrich). The ECSA was determined on the
basis of the Randles− Ševcǐḱ equation according to

ν= ×i n AcD2.69 10p
5 3/2 1/2 1/2

(6)

with ip representing the peak current, n is the number of
transferred electrons (n = 1), c is the concentration of the
redox-active DMV2+ species, D is the DMV2+ diffusion
coefficient, and ν is the potential sweep rate. 1H DOSY
NMR measurements were carried to estimate the diffusion
coefficient of dimethyl viologen (D = 5.5 × 10−10 m2 s−1). We
note that the Randles−Ševcǐḱ equation was originally derived
for planar macroelectrodes (e.g., discs) and not for highly
porous electrode materials. The ECSA was derived from the
linear regression of the respective ip vs ν1/2 plots with A
(ECSA) serving as a free fit parameter (see discussion of
Figure S24 in the Supporting Information).
Annealing Treatment. Electrodeposited Bi metal foams

were further activated by thermal annealing in air at 300 °C for
12 h using a tube furnace (GERO Hochtemperaturofen
GmbH, Germany).
Structural and Compositional Characterization. X-ray

Diffraction (XRD) Analysis. STOE Stadi system with a Cu Kα
radiation source (λ = 0.1540 nm, 40 mA) operated at 40 keV
was used for XRD analysis. Diffractograms were recorded in
reflection mode (Bragg−Brentano geometry) in steps of 1°
min−1 with 2θ values ranging from 0 to 90°. For the XRD
analysis of the Bi foams, a carbon foil substrate was used. The
obtained XRD patterns were analyzed and compared to JCPDS
(Joint Committee on Powder Diffraction standards) data of
polycrystalline Bi and Bi2O3 (file nos. 44-1246 and 41-1449).
Elemental Analysis. Elemental analysis of the electrolytes

after the electrolysis was carried out by means of inductively
coupled plasma mass spectrometry (ICP-MS, Perkin Elmer
NexION 2000 instrument). For the ICP-MS analysis, aliquots
of 20 μL of electrolyte (CO2-sat. 0.5 M KHCO3 solution) were
diluted in 3% nitric acid solutions (501 times dilution). Each
ICP-measurement was repeated four times by default; these
repetitive measurements served as the basis for the
determination of the sample-specific values of the relative
standard deviation (RSD). ICP-MS-related RSD values are
typically between 1 and 2%. An extra measuring error of ca.
1.5% needs to be taken into account and is due to the dilution
treatment required for certain samples. Error bars in Figure 7
include both the instrumental error (ICP-MS) and the
additional error resulting from the dilution procedure.
X-ray Photoelectron Spectroscopy (XPS). XPS measure-

ments were carried out using a PHI VersaProbeII scanning
XPS micro-probe (Physical Instruments AG, Germany)
equipped with a monochromatic Al Kα X-ray source operated
at 24.8 W with a spot size of 100 μm. The spherical capacitor
analyzer was set at 45° take-off angle with respect to the
sample surface. The pass energy was 46.95 eV. Peak positions
were referenced to the carbon C1s peak at 285.5 eV. The curve
fitting was performed using the Casa-XPS software.

SEM, EDX, and TEM. The morphology of the alloy foams
was characterized by means of scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX) using
a Hitachi S-3000 N scanning electron microscope and a Noran
SIX NSS200 energy-dispersive X-ray spectrometer. For the
high-resolution (HR) identical location (IL) SEM imaging, a
Zeiss DSM 982 instrument was used. For HR-TEM imaging, a
FEI Tecnai G2 F20 instrument equipped with a thermal
(Schottky) field-emission source was used and operated at a
200 kV accelerating voltage. The microscope objective lens was
a FEI Tecnai “Twin” lens type. A spherical aberration
coefficient of Cs = 2.2 mm permitted a point resolution of
2.7 Å and a line resolution of 1.44 Å. The images were taken
on a CETA CCD camera.

White Light Interferometry Analysis. The mesoscopic
surface morphology of the foam electrodes was analyzed by
means of white light interferometry (Contour GT, Bruker).
Vision64 software (Bruker) was used for operating the
instrument and the data analysis.

Quantification of Gaseous Electrolysis Products.
During electrolysis, CO2 was continuously purged through
the catholyte at a flow rate of 13 mL min−1. The headspace of
the electrolysis cell was directly connected to the gas sampling
loop of the gas chromatograph (GC 8610C, SRI Instruments).
GC measurements were conducted in intervals of 20 min. The
GC was equipped with both (i) a packed Hayesep D column
and (ii) a packed Molesieve 5A column. Argon (99.9999%,
Carba Gas) was used as the carrier gas. A thermal conductivity
detector (TCD) was applied for the quantification of the
formed H2. Partial current (Ii) of each gaseous product, formed
during the electrochemical CO2 reduction, was determined
according to

=
· · ·

·
I

c v F z
V10i

i
6

m (7)

where Ii is the partial current for a given product i, ci refers to
the amount of product in ppm, z represents the number of
electrons transferred during the electron transfer reaction, F is
the Faraday constant in C mol−1, v is the flow rate in L s−1, and
Vm represents the molar volume of gas at 1 atm and room
temperature in L mol−1.
The faradaic efficiency (FE) for a given gaseous product was

calculated by dividing its partial current density by the total
current density (Itotal), derived from the respective current vs
time traces.

= ·
I

I
FE 100%i

total (8)

Quantification of Liquid Products. In order to
determine the yield of the non-volatile products (formate),
aliquots were taken from the known volume of the catholyte
after (see, e.g., Figures 8a and 8b) or during the electrolysis
(see, e.g., Figure 9). The concentration of the liquid product
was determined by an ion exchange chromatograph (Metrohm
940 Professional IC Vario) equipped with a Metrosep A Supp
7 column and controlled by the MagicNet 3.1 software. A 3
mM Na2CO3/0.1 M H2SO4 solution served as the eluent and
suppressor, respectively. The instrument was calibrated by
injecting known std. concentrations in the range from 2 to 10
ppm formate solution (see Figure S28). The standard solution
was prepared by dilution of 1000 ppm ICstd. solution (Sigma
Aldrich). The electrolysis samples were diluted 20 times by the
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eluent prior to the analysis in order to reduce solvent effects by
the bicarbonate solution.
The faradaic efficiency for the non-volatile products was

derived on the basis of the integrated partial (Qi) and total
charges (Qtotal) of the electrolysis reaction according to

=
· ·
·

·Q
V F z

M
c

10i i
cath

3 (9)

= ·
Q

Q
FE 100%i

total (10)

where Qi is the partial charge involved for the formation of a
certain product i, Vcath is the total volume of the catholyte in L,
ci is the amount of the product i in ppm, M refers to the molar
mass of the product, F is the Faraday constant, and z is the
number of electron transferred to form the product. Qtotal is the
total charge transferred during the electrolysis experiment (see
Figure S29).
Note that, for all potential-dependent CO2RR experiments, a

single catalyst approach was used (e.g., Figures 7, 8a, and 8b).
A freshly prepared catalyst was used for each electrolysis
experiment.
Operando Raman Spectroscopy. Raman spectroscopic

analyses were conducted using a LabRAM HR800 confocal
microscope (Horiba Jobin Yvon). Spectral data were collected
with the Raman spectrometer coupled to a confocal micro-
scope (Horiba Jobin Yvon) and operated by the Lab Space 3.0
software. The calibration was carried out using a silicon wafer
standard (520.6 cm−1). A large working distance objective lens
(50 × magnification, 8 mm focal length) has been applied with
a numerical aperture of 0.1 in order to focus a diode-pumped
solid-state (DPSS) laser beam (excitation wavelength of 532
nm; laser power of 3 mW for standard Raman measurements)
on the sample and to collect both the incident and scattered
laser light. For comparison purposes, also a He-Ne laser
(excitation wave length of 633 nm) was used (see Figure S13).
A home-made spectro-electrochemical cell made of Kel-F

was used for spectroscopic analysis.46 The spectro-electro-
chemical cell consisted of a Ag/AgCl reference (EDAQ)
electrode and an Au wire and the Bi foam (ap Bi/BixOy or
Bi2O3) as the counter and working electrode, respectively.
A μ-Autolab III (EcoChemie) potentiostat was used for the

electrochemical Raman measurements. The ohmic resistances
of about 17 Ω were determined by the current interrupt
method and compensated (∼85%) during the measurement
via GPES 4.0 software. Unless otherwise stated, Raman spectra
were collected in the spectral range from 100 to 1200 cm−1 at a
3 mW laser power and an excitation wavelength of 532 nm
(DPSS laser). For the data acquisition in the potentiostatic
experiments (Figure 4c−g), the holding time was 180 s at each
applied electrolysis potential. The actual Raman spectroscopic
measurements were started only after 2 min holding the
potential in order to reach (quasi) steady-state conditions after
the potential step (see also discussion of Figure 5). To improve
the signal-to-noise ratio, 10 individual spectra (10 s recording
time each) were recorded at a given potential, averaged, and
displayed (e.g., in Figures 4c and 4d). Time-resolved Raman
spectroscopy experiments under OCP conditions were
performed with an interval time of ca. 90 s (e.g., in Figure
4b and Figure S16). For the data acquisition, 10 spectra were
recorded (10 s recording time each), averaged, and displayed
(e.g. in Figure 4b).

All Raman spectra were baseline corrected in the Lab Space
3.0 software using a polynomial fit function. The normalization
of the integrated peak intensities (Figure 4g and Figure S18)
was carried out using the integrated intensity data at the OCP
as the reference point.
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ABSTRACT: Direct electrosynthesis of formate through CO2 electroreduction (denoted CO2RR)
is currently attracting great attention because formate is a highly valuable commodity chemical that
is already used in a wide range of applications (e.g., formic acid fuel cells, tanning, rubber
production, preservatives, and antibacterial agents). Herein, we demonstrate highly selective
production of formate through CO2RR from a CO2-saturated aqueous bicarbonate solution using a
porous In55Cu45 alloy as the electrocatalyst. This novel high-surface-area material was produced by
means of an electrodeposition process utilizing the dynamic hydrogen bubble template approach.
Faradaic efficiencies (FEs) of formate production (FEformate) never fell below 90% within a
relatively broad potential window of approximately 400 mV, ranging from −0.8 to −1.2 V vs the
reversible hydrogen electrode (RHE). A maximum FEformate of 96.8%, corresponding to a partial
current density of jformate = −8.9 mA cm−2, was yielded at −1.0 V vs RHE. The experimental
findings suggested a CO2RR mechanism involving stabilization of the HCOO* intermediate on the
In55Cu45 alloy surface in combination with effective suppression of the parasitic hydrogen evolution
reaction. What makes this CO2RR alloy catalyst particularly valuable is its stability against
degradation and chemical poisoning. An almost constant formate efficiency of ∼94% was maintained in an extended 30 h electrolysis
experiment, whereas pure In film catalysts (the reference benchmark system) showed a pronounced decrease in formate efficiency
from 82% to 50% under similar experimental conditions. The identical location scanning electron microscopy approach was applied
to demonstrate the structural stability of the applied In55Cu45 alloy foam catalysts at various length scales. We demonstrate that the
proposed catalyst concept could be transferred to technically relevant support materials (e.g., carbon cloth gas diffusion electrode)
without altering its excellent figures of merit.

KEYWORDS: CO2 conversion, formate electrosynthesis, indium−copper alloy, hydrogen evolution reaction (HER) suppression,
technical support

1. INTRODUCTION

The electrochemical reduction of CO2 (hereafter, CO2RR) is
considered a feasible approach to mitigate the constantly
raising levels of CO2 in the atmosphere and its harmful impact
on the global climate.1−4 CO2RR provides a means of
producing value-added platform chemicals from CO2 in a
highly sustainable manner, particularly when a surplus of
renewables from solar, wind, and hydro energy sources is used
to power the highly endergonic CO2 conversion process.
Formate is regarded a valuable CO2RR product that has

utility in various sectors. Its potential as a future energy carrier
in advanced fuel-cell technologies is currently being ex-
plored.5,6 In the chemical industry, it finds wide use as a
solvent and reactant for neutralization reactions. In the textile
industry, it is used as a tanning agent in the production of
leather goods.7−9 In many products of our daily life, formate
and formic acid serve as preserving agents.10 Current efforts to
use CO2RR for the electrosynthesis of formate are further
motivated by analyses suggesting that from an economic

standpoint, the electrochemical approach might be competitive
with existing mature synthesis routes.11−15

A key aspect of designing an efficient CO2RR process
concerns the catalyst material, which is essential not only to
accelerate the inherently slow CO2RR process but also to
increase its energy efficiency by lowering the required
overpotentials. In addition, the chemical nature and morpho-
logical characteristics of the catalyst material ultimately dictate
the resulting CO2RR product distribution.16−19 In their
pioneering work, Hori et al. grouped monometallic catalysts
into three categories according to the observed main product
of the CO2RR process.20 The first category of catalysts was
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found to predominantly produce formate (e.g., Sn, Pb, Hg, Cd,
and Tl); the post-transition metal indium (In) also belongs to
this formate-producing group of catalysts. The second category
of metallic CO2RR catalysts, which included but was not
restricted to Ag and Au, showed a high product selectivity
toward CO. Copper stands out as a unique material because it
was identified as the only catalyst that can form hydrocarbons
and alcohols from CO2RR by allowing C−C coupling
reactions.20−28

Combining two metallic catalysts from different groups of
Hori et al.’s classification scheme has demonstrated promise in
various aspects.29−31 Among these, one benefit of such a two-
component catalyst system could be the increase in CO2RR
selectivity toward a certain target product that is predom-
inantly or exclusively formed on one of the catalyst
constituents. The role of the secondary (nondominant)
constituent is to further promote one particular CO2RR
pathway on the primary (dominant) catalyst component. A
prime example is the combination of a CO former (e.g., Ag or
Pd, nondominant constituent) with Cu (C−C coupler;
dominant constituent), where spillover effects of CO
intermediates from the nondominant constituent (Ag or Pd)
to the Cu sites are discussed as the mechanistic origin of the
improved faradaic yields toward higher alcohols (ethanol and
1-propanol).32−36

Another outcome of combining two metallic catalysts from
different groups of Hori et al.’s classification scheme could be
to alter the CO2RR product selectivity in such a way that it
becomes atypical for the respective two pure monometallic
constituents of the mixed system. Examples are co-alloyed
InxCuy systems, which often demonstrate high CO2RR
selectivities toward CO.37−40 This is atypical in particular for
the In component, which, in its monometallic form, belongs to
the group of formate-producing catalysts.20,41−44 In principle,
CO forms on Cu but mainly as an intermediate that is typically
converted further into hydrocarbons or higher alcohols,
particularly at higher negative overpotentials. For the reported
CO-forming InxCuy systems, Cu can be considered as the
dominant catalyst component and In correspondingly as the
nondominant (auxiliary) component. Its mechanistic role in
the course of the multistep CO2 conversion is to weaken the
Cu−CO bond. This concept of weakening the metal−CO
(M−CO) binding strength by a co-alloyed metal is well known
from other two-component catalyst systems, for example, from
binary AuxCuy, AgxCuy, and PdxCuy alloys.45−47 This
weakening of the Cu−CO bond, mediated by In, gives rise
to the facile release of CO from the Cu sites of the alloy
catalyst surface, thereby preventing any further reaction of
intermediates in terms of C−C coupling or multicarbon
formation. For monometallic systems, Kuhl et al. identified
M−CO binding strength as a key descriptor for the resulting
CO2RR product distribution, demonstrating a volcano-like
behavior, with (pure) Cu being located on the side of a high
M−CO binding strength close to the volcano peak.48

According to this consideration, the reported InxCuy
alloys37−40 need to be placed on the “low-binding” side of
the volcano (compared with pure Cu), where catalysts such as
Au and Ag are found to demonstrate lower M−CO binding
strengths and facile release of CO as the main CO2RR product.
In this study, we report a novel dendritic In55Cu45 alloy

catalyst that differs substantially from those reported so far in
the literature. In this In55Cu45 alloy, In is the dominant catalyst
component governing CO2RR product distribution, with a

clear preference toward formate formation, whereas the
electrocatalytic characteristics of Cu in terms of (intermediate)
CO, hydrocarbon, and alcohol formation remain fully
suppressed. Note that when brought into a highly dendritic
form, a pure Cu catalyst also demonstrates a high formate
selectivity of ∼50%, particularly at moderate overpotentials (at
−0.7 V vs RHE).28 Herein, we will demonstrate that the
presence of Cu in the dendritic In55Cu45 alloy further boosts
faradaic efficiency (FEformate) values to 96.8% at −1.0 V vs
RHE, yielding a partial current density (PCDformate) of −8.9
mA cm−2, which is considered excellent for electrolyses in H-
type cells.
The most beneficial effect of co-alloying In and Cu on

catalytic performance concerns, however, is its long-term
stability. The In55Cu45 catalyst shows remarkable catalytic
stability at −1.0 V vs RHE for 30 h with a constant production
rate of formate (FEformate = 94.2 ± 2.1%). On the other hand,
pure In electrocatalysts undergo severe degradation during
extended CO2 electrolysis, which typically results in a drastic
increase in the parasitic hydrogen evolution reaction (HER) at
the expense of formate yields.

2. EXPERIMENTAL METHODS
2.1. Materials and Chemicals. The Cu foil (99.9% pure), serving

as the support material for the alloy foam electrodeposition, was
purchased from Alfa Aesar and cut into pieces of 8 mm × 30 mm. For
X-ray diffraction (XRD) analysis, alloy foam was deposited on a
graphite foil substrate (0.25 mm thick, 99.8%, Alfa Aesar) to omit the
contribution from the Cu foil support to the XRD pattern.

In2(SO4)3·xH2O (Sigma-Aldrich, 99.99%) and CuSO4·5H2O
(Sigma-Aldrich, 99.99%) were used as metal precursors for the
metal foam electrodeposition. ACS-grade H2SO4 (Sigma-Aldrich) was
used to prepare the plating bath. KHCO3 (99.7%) was purchased
from Sigma-Aldrich and used to prepare the electrolyte for the CO2
electrolyses. All chemicals were used as received without further
purification.

Milli-Q water (18.2 MΩ cm, 4 ppb of total organic carbon content;
Millipore) was used to prepare all the solutions.

2.2. Catalyst Preparation. The Cu foil substrate was first
electropolished in 50% orthophosphoric acid (ACS grade, Sigma-
Aldrich) to remove contamination and the native oxide layer from its
surface. For this purpose, a two-electrode arrangement was used, with
graphite and Cu foil serving as a cathode and anode, respectively. For
the electropolishing treatment, a potential difference of 2 V was
applied for ∼2 min. The Cu foil was then thoroughly rinsed with
Milli-Q water, sonicated for 15 min in absolute ethanol (Merck,
Germany), and finally dried in air before using it as the support for the
foam electrodeposition. Before electrodeposition, the Cu support was
masked with insulating PTFE tape, defining a geometrical surface area
(Ageo) of 1 cm2. The In55Cu45 alloy electrodeposition was carried out
from a 1.5 M H2SO4 electrolyte (pH ≈ 0.5) containing 20 mM
indium sulfate and 5 mM copper sulfate precursor salts (25 mM total
metal ion concentration). For the electrodeposition, a three-electrode
arrangement was used, consisting of the electropolished and masked
Cu foil, a Pt foil (4 cm × 3 cm), and an Ag/AgCl3M electrode
(Metrohm) acting as the working electrode (WE), counter electrode
(CE), and reference electrode (RE), respectively. The electro-
deposition was carried out in galvanostatic mode (Metrohm Autolab
128N potentiostat; Autolab 10 A current booster; Metrohm Autolab,
Utrecht, the Netherlands) by applying a constant current density of
−3 A cm−2 for 30 s. The resulting catalyst film was denoted InxCuy@
Cu. After the electrodeposition process, the alloyed InxCuy metal
foams were carefully rinsed with Milli-Q water to remove residuals of
the plating bath from the surface and interior of the porous catalyst
material. The electrochemically active surface areas (ECSAs) of the
alloy foam catalysts were determined by means of a cyclic
voltammetry approach using dimethyl viologen as a reversible redox
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probe. The ECSA determination procedure and possible short-
comings have been described in detail elsewhere.27

The same deposition protocol was transferred to graphite and
carbon (fiber) cloth (gas diffusion electrode, GDE) supports; the
resulting catalyst films were denoted InxCuy@C and InxCuy@GDE,
respectively. Before electrodeposition, the graphite foil (Alfa Aesar,
99.8%) was activated by annealing at 500 °C for 6 h, washing in a 1:1
acetone:water mixture, and finally drying at 100 °C for 1 h.
A 20 cm × 20 cm carbon cloth (GDE) was purchased from Fuel

Cell (USA). This carbon cloth is covered on both sides with an extra
mesoporous carbon layer (C-MPL, see the Supporting Information),
facilitating the adhesion of the electrodeposited metallic foam to the
support. The total thickness of the carbon cloth is ∼385 μm. The
carbon fiber cloths were used as received.
2.3. CO2 Electrolysis Experiments. A 128N potentiostat/

galvanostat (Metrohm Autolab) was used for all electrochemical
measurements. Cell resistance was measured by means of impedance
spectroscopy before each CO2 electrolysis experiment. A custom-
made H-type glass cell was used for the CO2RR experiments, where
the cathode and anode compartments were separated by a proton
exchange Nafion membrane (Nafion 117, Electrochem, USA). All
experiments were performed at room temperature under ambient
conditions. CO2RR experiments were performed in a three-electrode
configuration using aqueous 0.5 M KHCO3 solution as the electrolyte.
The dendritic InxCuy catalyst served as the WE, a leakless Ag/AgCl3M
(EDAQ) electrode served as the RE, and a Pt foil (20 mm × 5 mm,
99.9%, Alfa Aesar) was used as the CE, where the water oxidation
(counter reaction) took place. All potentials reported herein are iR-
corrected. Prior to the CO2 electrolysis, both the anode and cathode
compartments (containing 0.5 M KHCO3 electrolyte) were purged
with CO2 (99.9999%, Carbagas, Switzerland) for at least for 30 min to
obtain a CO2-saturated (sat.) 0.5 M KHCO3 buffer electrolyte (pH =
7.2). The cathode compartment, having a headspace of approximately
12 mL, was constantly purged with CO2 during the electrolysis.
Keeping pH dependency in mind, all the measured potentials vs the

Ag/AgCl3M electrode were converted into RHE using the equation
below:

= + + ×E E(V) 3M(V) 0.210 V (0.0591 V pH)RHE Ag/AgCl

(1)

Quantification of gaseous and liquid products by gas chromatog-
raphy and ion-exchange chromatography is described in detail
elsewhere.28

From the X-ray photoelectron spectroscopy (XPS) and post-
electrolysis inductively coupled plasma optical emission spectroscopy
(ICP-OES) measurements, no traces of Pt were detected on the
catalyst surface or in the electrolyte. Any Pt cross-contamination
originating from the anode during electrodeposition or during the
CO2 electrolysis experiments can thus be excluded.
2.4. Scanning Electron Microscopy (SEM) and Energy-

Dispersive X-ray Spectroscopy (EDX). An FE Zeiss DSM 982
and a Zeiss Gemini 450 scanning electron microscopy (SEM)
instrument were used to analyze the catalyst morphology. The
composition was studied by using a Noran SIX NSS200 energy-
dispersive X-ray (EDX) spectrometer.
2.5. X-ray Diffraction (XRD) Analysis. XRD was carried out by

means of powder XRD (Bruker D8) using Cu Kα radiation (λ =
0.1540 nm, 40 mA) at 40 keV. A range of 2θ value from 30° to 80°
was recorded at a 1° min−1 scan rate. Joint Committee on Powder
Diffraction (JCPD) standards for pure Cu and In metals, as well as for
the bimetallic alloy, were used for comparison purposes to analyze the
measured XRD patterns of the InxCuy material. To avoid undesired
contributions from the Cu foil substrate to the measured XRD
pattern, an activated graphite foil was used as the support for all XRD
analyses.
2.6. X-ray Photoelectron (XPS) Spectroscopy. XPS analyses

were carried out with an Escalab 250Xi ultrahigh-vacuum photo-
emission instrument equipped with a monochromatic Al Kα X-ray
source (spot size, 100 μm). CasaXPS software was used for the peak
fitting and the peak positions were referenced to the carbon C1s peak

at 285.5 eV. It is important to note that the sample specimens were
not subjected to any further modification (e.g., metal sputtering)
before XPS analysis.

2.7. High-Resolution Transmission Electron Microscopy
(HR-TEM) and High-Angle Annular Dark-Field Scanning
Transmission Electron Microscopy (HAADF-STEM). A Talos
F200X G2 TEM (FEI, operating voltage 200 kV; Thermo Scientific)
electron microscope was used for high-resolution transmission
electron microscopy (HR-TEM) and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) anal-
yses. The sample was prepared by dispersing the electrodeposited
catalyst material in ethanol using a bath sonicator and drop-casted on
a carbon-coated Ni grid (300 mesh) that served as the support for the
HR-TEM and HAADF-STEM analyses.

2.8. Inductively Coupled Plasma Optical Emission Spec-
trometry (ICP-OES) and Inductively Coupled Plasma Mass
Spectrometry (ICP-MS). To determine the nominal bulk
composition of the electrodeposited InxCuy catalyst material, ICP-
OES analysis was performed using an iCAP 7400 ICP-OES DUO
instrument (Thermo Scientific). Before the ICP-OES measurement,
the bimetallic InxCuy alloy was chemically dissolved in 30% HNO3
solution. To monitor the time-dependent changes in the metal
content in the electrolyte solution (CO2-sat. 0.5 M KHCO3) during
electrolysis, the ICP-MS technique was applied. For the ICP-MS
analysis, aliquots of 20 μL of electrolyte (CO2-sat. 0.5 M KHCO3
solution) were taken from the electrolysis cell as a function of
electrolysis time and diluted in 3% nitric acid solution (501 times
dilution). Each ICP measurement was repeated five times by default,
these repetitive measurements served as the basis for the
determination of the sample-specific values of the relative standard
deviation (RSD), and ICP-MS-related RSD values are typically
between 1 and 2%. An extra measuring error of ∼1.5% needs to be
taken into account and is caused by the dilution treatment required
for certain samples. Error bars in Figure 4 include both the
instrumental error (ICP-MS) and the additional error resulting
from the dilution procedure.

3. RESULTS AND DISCUSSION
3.1. Physical Characterization of the ap-In55Cu45

Catalyst. The InxCuy alloy discussed herein was produced
using the dynamic hydrogen bubble template (DHBT)
approach of metal foaming49−54 adjusted to the needs of
alloy deposition and specifically optimized toward efficient
formate production from CO2. Figure 1a shows a schematic
diagram of the DHBT-assisted alloy deposition. In the
following, we denote the catalyst used herein as ap-In55Cu45
(as-prepared) according to its bulk composition determined by
the quantitative ICP-OES analysis of the alloy after its
oxidative dissolution into a dilute nitric acid solution (for
details, see Section 2). Note that the complementary EDX
analysis of the bimetallic catalyst revealed a slightly different
chemical composition of 59 at % In and 41 at % Cu (Figure
S1). Semiquantitative EDX has, however, only a limited
probing depth and does not, therefore, necessarily represent
the true bulk composition of the respective catalyst materi-
al.32,36

A top-down SEM inspection revealed a highly porous
appearance of the ap-In55Cu45 catalyst material deposited on a
planar Cu foil support (ap-In55Cu45@Cu; Figure 1b,c and
Figure S2). Although the experimental conditions applied were
common for the DHBT approach,27,51 for example, in terms of
applied current density (−3 A cm−2), no typical foam
morphology developed during the InCu co-deposition. The
ratio of the concentration-dependent exchange current density
of metal deposition (jdepo

0 ) and of the competing hydrogen
evolution reaction (jHER

0 ) governs actual metal foaming and,
thus, the resulting film morphology.49 Clearly, the presence of
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In had a substantial impact on the nucleation, growth, and the
so-called break-off diameter of hydrogen bubbles formed on
the emerging porous alloy during electrodeposition. Further
support for this conclusion came from a comparative survey of
morphologies showing pure Cu, pure In, and ap-In55Cu45 films
after 30 s of deposition at an applied current density of −3 A
cm−2 (Figure S3). Only the pure Cu deposit showed a well-
developed multilevel foam morphology with interconnected
open macropores,27,51 whereas the electrodeposition of In on
the Cu foil support, carried out under the same experimental
conditions, resulted in a comparably smooth polycrystalline
film composed of In grains with diameters in the micrometer
range (In@Cu, Figure S3). In addition to their (primary)
macroporosity, the ap-In55Cu45 deposit and the ap-Cu foam
showed smaller dendritic features on the submicrometer length
scale (Figure S3), thus introducing secondary porosity to both
electrodeposits and further increasing their electrochemically
active surface area (ECSA, Figure S4), which grow in the
following sequence: In@Cu (1.5 cm2) < In55Cu45@Cu (2.7
cm2) < and Cu-foam@Cu (3.6 cm2). The geometric surface
area of the Cu foil support was identical in all three cases (Ageo
= 1 cm2).
White light interferometry (WLI) analysis of the ap-In55Cu45

deposit revealed an apparent thickness of ∼19 μm (Figure
S2a,b), whereas the corresponding cross-sectional SEM
inspection showed a slightly increased catalyst film thickness
in the range of 20 to 23 μm (Figure S2c,d). This is because the
WLI does not completely probe the porous catalyst film down
to the Cu foil support.
TEM analysis showed the branch-like (dendritic) nano-

structures of the In55Cu45 material (Figure 1d). A high-
resolution TEM inspection (Figure 1e,f) of individual
dendrites of the ap-In55Cu45 deposit confirmed the InCu co-
alloying, resulting in the InxCuy fringe pattern corresponding
neither to pure Cu nor to pure In (Figure 1f). The high degree

of co-alloying was further supported by the spatially and
chemically resolved STEM-EDX mapping of a representative
dendrite feature demonstrating the homogeneous intermixing
of Cu and In in the ap-In55Cu45 deposit (Figure 2). An XRD
analysis of the ap-In55Cu45 material suggested the presence of
well-defined intermetallic phases having an elemental compo-
sition close to an In-to-Cu ratio of 1:1 (Figure 3). Most
prominent were the intermetallic InCu and In9Cu11 phases (for
a detailed analysis of the XRD patterns, see Table S1). Only
minor contributions were visible in the diffractogram

Figure 1. (a) Scheme demonstrating the principle of the dynamic
hydrogen bubble template (DHBT) approach of metal foam
electrodeposition using a planar Cu foil as the support. (b, c) Top-
down SEM inspection of the ap-In55Cu45@Cu deposit. (d−f)
Representative TEM and HR-TEM analysis of an isolated dendrite
of the ap-In55Cu45@Cu sample.

Figure 2. (a) HAADF and (b−d) STEM-EDX mapping of an isolated
dendrite of the ap-In55Cu45 foam. This analysis confirms the
homogeneous distribution of Cu and In in the bimetallic alloy
material.

Figure 3. X-ray diffraction (XRD) pattern of the ap-In55Cu45 foam
deposited on a graphite support. For comparison purposes, XRD
patterns of pure (polycrystalline) Cu and In samples (deposited on
graphite support) are also presented. For a detailed analysis based on
JCPDS references, see Table S1.
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originating from InCu2 and metallic In. All of these
experimental observations were in full agreement with the
phase diagram of the binary InCu system (Figure S5).55 It is
interesting to note that there is no indication in the
diffractograms of the presence of (surface) oxides that are
reported for pure (as-prepared) Cu foams.27 This observation
is remarkable insofar as the deposit certainly becomes more
oxophilic when co-alloying Cu with In. The standard enthalpy
changes of formation (ΔfH

⊖) for the pure oxides might serve
as a hint for the affinity of In and Cu toward (surface) oxide
formation:

| Δ = − |
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The presence of a thin oxidic skin on the ap-In55Cu45 alloy,
however, could be concluded from a more surface-sensitive
XPS analysis (Figure S6). The spin-orbit split In3d photo-
emission, shown in Figure S6b, is deconvoluted by assuming
two In species with a binding energies of BE(In3d5/2) = 443.9
eV and BE(In3d5/2) = 444.9 eV assigned to metallic In(0) and
In(III), respectively. The dominance of the In(III) species in
the In3d photoemission clearly indicates the presence of a thin
oxide layer, whereas the In(0)-related photoemission most
likely results from contributions of the metallic In55Cu45 bulk.
The corresponding Cu2p3/2 emission (Figure S6c) showed a
prominent peak at BE(Cu2p3/2) = 932.7 eV and a smaller
satellite feature at BE(Cu2p3/2) = 933.5 eV. The latter can be
ascribed to traces of Cu(II) species. It is important to note that
the ex situ XPS cannot discriminate between cuprous Cu(I)
and metallic Cu(0).56,57 The dominant emission at BE-
(Cu2p3/2) = 932.7 eV might be assigned to a mixture of
both Cu(I) and Cu(0) species.58

3.2. Structural Alterations of the ap-In55Cu45 Catalyst
under Potential Control. Note that the partially oxidized
catalyst surface experiences further alterations when exposed to
the electrolyte at open-circuit potential (OCP) and sub-
sequently set under potential control. Oxides are readily
reduced, in particular under the harsh experimental conditions
required to operate the CO2RR.

56 Such oxide reduction is
typically considered as an inherent part of the catalyst
activation. From online ICP-MS studies on model electrodes,
it is well known that metal ions are preferentially released into
an electrolyte solution upon reduction of the formed (surface)
oxides.59−61 Similar observations have recently been made for
the in situ activation of thermally annealed PdxCuy alloy foam
catalysts under CO2 electrolysis conditions.

36 Time-dependent
ICP-MS analysis of the electrolyte composition revealed, in
that case, partial dissolution of the less precious Cu (E0(Cu2+/
Cu0) = +0.34 V vs standard hydrogen electrode (SHE)) in the
very initial stage of the electrolysis, whereas the more precious
Pd (E0(Pd2+/Pd0) = +0.85 V vs SHE) was not released into the
electrolyte solution at all and remained in a (metallic) state on
the catalyst surface upon oxide reduction. One consequence of
this corrosive behavior during the in situ catalyst activation via
oxide precursor reduction is a slow (mass transport-limited)
metal deposition process superimposed on the actual CO2RR,
even with an extended electrolysis time.36 Similar dissolution
processes are expected for the ap-In55Cu45 alloy catalyst
discussed herein. Figure 4 depicts the time-dependent
evolution of In and Cu ion content in the electrolyte for two

extreme potentials of −0.5 V and −1.2 V vs RHE referring to
the lower and upper limits of the potential window considered
herein (see also Figure 5 below). All traces of the metal ion
concentration vs time showed a rapid increase in the metal ion
concentration within the initial 5 to 10 min of exposure to the
electrolyte before a (quasi)plateau was reached. Note that due
to the continuous bubbling of CO2 gas through the catholyte
during electrolysis, the released metal ions are readily
distributed (diluted) in the entire electrolyte volume after

Figure 4. (a) Time-dependent ICP-MS analysis of the metal ion
content (In and Cu) in the CO2-sat. 0.5 M KHCO3 electrolyte when
−0.5 V vs RHE was applied for 1 h. (b) Corresponding ICP-MS data
for an applied potential of −1.2 V vs RHE.

Figure 5. (a) Product distribution represented as the plot of the
faradaic efficiency (FE) vs the electrolysis potential (E). The 1 h
electrolysis was carried out using the CO2-sat. 0.5 M KHCO3
electrolyte. (b) Corresponding plot of the partial current densities
(PCDs) vs E. Note that the current density is normalized to the
geometric surface area of the support. Highlighted in red and blue are
the data for the maximum FEformate and PCDformate, respectively. FE
and PCD data are listed in Tables S2 and S3.
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completion of the oxide reduction. Figure 4 reveals that the
dissolution characteristics depended on the applied electrolysis
potential. At the lowest applied overpotentials (−0.5 V vs
RHE, Figure 4a), it is the Cu component of the oxidic skin that
gets preferentially dissolved into the electrolyte, whereas the In
content of the electrolyte remains at a comparably low level.
This is likely due to the more negative standard potential of the
In(III)/In(0) redox transition (E0(In3+/In0) = −0.34 V vs
SHE). The reduction of indium oxide is assumed to be much
slower and eventually not fully completed under these
experimental conditions. Interestingly, the situation was
reversed at the highest applied potentials (−1.2 V vs RHE,
Figure 4b). It is now In that gets preferentially dissolved upon
surface oxide reduction, whereas the Cu content in solution
remains at a comparably low concentration. Obviously, the
release of Cu ions into the electrolyte was more suppressed at
higher overpotentials. It rapidly transformed into metallic Cu
upon applying a potential of −1.2 V vs RHE. These ICP-MS
analysis results demonstrate that activation of the catalyst by
(surface) oxide reduction might lead to slightly different
surface compositions when applying different electrolysis
potentials.
3.3. Electrocatalytic Performance. The ap-In55Cu45 alloy

samples were subjected to a series of potentiostatic electrolysis
reactions (1 h each) within a broad range of applied electrode
potentials (−0.5 to −1.2 V vs RHE). The electrolyses were
carried out in a classical H-cell configuration using CO2-sat. 0.5
M KHCO3 as the electrolyte (pH = 7.2). For each electrolysis
experiment, a freshly prepared catalyst was applied (multi-
catalyst approach). Figure 5a,b depicts the resulting product
distribution as plots of the faradaic efficiency (FE) vs the
applied electrolysis potential (E) and the partial current
densities (PCDs) vs E, respectively (Tables S2 and S3). The
most striking observation is that the parasitic HER remains
almost fully suppressed within the entire range of electrolysis
potentials studied herein. Only below −1.0 V vs RHE did the
FEH2 value start to rise, reaching 11.1% at −1.2 V vs RHE
(PCDH2 = −1.99 mA cm−2). The exclusive CO2RR products

are CO and formate, both involving a coupled two-electron/
two-proton transfer reaction as follows:

+ +
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− +CO 2 e 2 H
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+ +
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Under neutral and alkaline conditions, water (solvent) itself
serves as the proton source for the coupled electron-proton
transfer reaction. The parasitic HER, typically superimposed
on the CO2RR, is fed by reductive water splitting rather than
by proton reduction at an electrolyte pH of 7.3.49

+ →+ −2H 2e H (proton reduction)2 (6)

+ → +− −2H O 2e 2OH H (reductive water splitting)2 2
(7)

From the plot in Figure 5a, it is evident that the FEs of CO
and formate formation are anticorrelated with each other. At
the lowest applied overpotentials (−0.5 V vs RHE), the
formate efficiency amounted to FEformate = 60.2% (PCDformate =
−0.54 mA cm−2), increasing to a maximum of 96.8% at −1.0 V
vs RHE (PCDformate = −8.9 mA cm−2). A remarkable
characteristic of the novel In55Cu45 catalyst is that FEformate
values did not fall below 90% within a rather broad potential
window of ∼400 mV (−0.8 to −1.2 V vs RHE). The reaction
selectivities toward CO were only substantial at the lowest

Figure 6. (a) Proposed InxCuy-O pathway of formate production (oxophilic case) and (b) InxCuy-C pathway of CO and formate production
(carbophilic case). (c) Different reaction pathways of hydrogen evolution (proton reduction and water splitting).
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applied potentials (e.g., FECO = 36.1% at −0.5 V vs RHE) and
gradually decreased with increasing overpotentials. The
resulting PCDs in this low overpotential regime, however,
remained low (PCDCO = −0.34 mA cm−2 at −0.5 V vs RHE).
The absence of any hydrocarbons (e.g., CH4, C2H4, and

C2H6) or alcohols in the CO2RR product distribution, in
particular at higher negative overpotentials (<−0.7 V vs RHE),
is indicative of effective suppression of the electrocatalytic
characteristics of pure Cu in the binary In55Cu45 alloy. For a
wide potential range, formate (HCOO−) is the main CO2RR
product, proving that In (formate producer20,41−44) is the
dominant catalyst component in the binary alloy governing the
overall CO2RR product distribution; Cu can be considered as a
“modifier”, amplifying the intrinsic catalytic characteristics of
In in the In55Cu45 catalyst and further improving the
degradation stability of the formed alloy (see discussion
below). Only a few studies in the literature report increased
product selectivities for formate when pure Cu is used as the
CO2RR catalyst. As an example, Rahaman et al. report on a
dendritic Cu catalyst electrodeposited on a Cu mesh support
that demonstrated an anomalously high selectivity toward
formate, reaching FEformate = 49.2% at −0.7 V vs RHE.28 This
high formate efficiency, however, goes along with the
production of hydrogen and decreases to FEformate = 5% at
−1.2 V vs RHE. Note that the opposite trend in potential-
dependent product distribution was observed for the porous
In55Cu45 alloy catalyst discussed herein (Figure 5a).
In particular, oxophilic (post-transition) metals (e.g., Sn and

In) favor CO2RR reaction pathways involving reductive CO2
adsorption through metal−oxygen (M−O) coordination via
HCOO* intermediates (where * represents an adsorption
state), denoted herein as the M−O pathway (Figure 6a). In
some cases, the partially oxidized and oxygen-containing
catalyst surface (e.g., SnO2/SnO nanoparticles) is considered
as the active catalyst species. For the M−O pathway, Feaster et
al. proposed the HCOO* species as a key intermediate for the
production of formate.62 Its stabilization on the catalyst surface
and, consequently, an increased abundance of HCOO* species
are assumed to direct the CO2RR product selectivity toward
formate, thereby hindering the competitive adsorption of

*COOH and *H species, which are considered key
intermediates for the M−C pathway of the CO2RR and the
HER, respectively (see Figure 6b,c).63

For a number of transition metals, Yoo et al. described a
scaling relationship between the Gibbs free energies of
adsorption for *COOH (carboxyl intermediate, M−C path-
way) and *H.63 This consideration suggests that formate
production via the M−C pathway is typically accompanied by
the parasitic HER, as observed for some Cu catalysts.
However, this scaling relation is a bit less pronounced for
the post-transition metals (e.g., In and Sn).63

The effective suppression of the HER within the potential
range studied herein (Figure 5a) is, based on the argument
above, indicative of the prevalence of the M−O pathway
(HCOO* intermediate) of formate formation on the porous
In55Cu45 catalyst (Figure 6a). What makes this bimetallic
In55Cu45 catalyst unique, however, is the fact that both CO and
formate are formed as CO2RR products over the porous
bimetallic alloy. CO formation typically requires a carbophilic
catalyst (the term “carbophilic” refers to CO2RR pathways
where the initial CO2 adsorption occurs via M−C bonding and
carboxyl intermediates (*COOH, Figure 6b)).64−66

From the physical characterization of the ap-In55Cu45
material, there is no indication of any phase separation into
(nanometer-sized) domains of the pure components, as
described for a bifunctional AgCu foam catalyst composed of
a CO-forming component (pure Ag domains) and a C−C
coupler (pure Cu domains).32 Instead, all experimental
observations suggested a rather homogeneous dispersion of
Cu into In (or vice versa) in the ap-In55Cu45 material (e.g.,
Figure 2). These considerations suggest a “hybrid” character-
istic of the bimetallic In55Cu45 catalyst that allows for M−C
bonding or CO production at lower (negative) overpotentials
and dominant M−O bonding or formate production at higher
applied overpotentials.
In-depth mechanistic studies on the underlying CO2RR

pathway (e.g., by operando Raman spectroscopy that has
successfully been applied to Cu and CuAg foam catalysts32,56)
are impeded in the present case by the extraordinarily low

Figure 7. (a) Plot of the total (electrolysis) current density (jtot) as a function of time using ap-In55Cu45@Cu as the catalyst. The extended
electrolysis was carried out at E = −1.0 V vs RHE for 30 h; (b) plot of the faradaic efficiencies (FEs) as a function of electrolysis time; (c) plot of
the partial current densities (PCDs) as a function of electrolysis time; (d−f) corresponding reference data of an extended electrolysis reaction
carried out over an electrodeposited In@Cu (pure In deposit on Cu foil) catalyst (see also Figure S9). Note that the PCD values are normalized to
the geometrical surface area of the support.
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Raman intensities on the porous In55Cu45 material due to the
alloying effect (see Figure S7).
The chemical composition of the In55Cu45 catalyst is

optimized particularly for formate production and extended
catalyst stability. A gradual increase in the Cu content in the
deposit leads to an increase in CO yields at the expense of
formate efficiencies. A survey of catalyst morphologies and
resulting product distributions for In55Cu45, In26Cu74, and
In2Cu98 catalysts are presented in Figure S8. Cu foams
containing only 2 at % In outperformed in terms of CO
production, reaching a CO efficiency of almost 100% in the
potential range from −0.4 to −0.6 V vs RHE. The production
of hydrocarbons and alcohols remained suppressed at higher
overpotentials, suggesting that a trace amount of In was already
sufficient to substantially reduce the M−CO binding strength.
This is why release of the formed CO is favored over C−C
coupling and further transformations of the chemisorbed *CO
intermediate into hydrocarbons/alcohols as reported for
numerous Cu-based CO2RR catalysts.21,22,37,39

What makes the bimetallic In55Cu45 catalyst outstanding,
however, is its long-term stability during extended CO2
electrolysis. Results of a representative 30 h potentiostatic

CO2RR carried out at −1.0 V vs RHE are presented in Figure
7a−c (Table S4). Corresponding reference experiments using
an electrodeposited polycrystalline In film as the catalyst are
shown in Figure 7d−f (Table S5). In both cases, the current
density vs time traces (panels a and d) remained stable during
the 30 h lasting electrolysis. The product distribution, however,
underwent severe alterations in the case of the pure In catalyst
(Figure 7e,f). This suggests that the current densities or
changes thereof (panels a and d) cannot be considered suitable
measures to probe the stability of the catalyst against chemical
or structural degradation, both of which affect the resulting
product distribution. The decrease in FEformate values from
initially 82.1% (PCDformate = −3.67 mA cm−2) to ultimately
50.2% (PCDformate = −2.45 mA cm−2) after 30 h of continuous
electrolysis was anticorrelated with the increase in FEH2 from
15.5% (PCDH2 = −0.71 mA cm−2) to 41.9% (PCDH2 = −2.05
mA cm−2). In contrast, both the faradaic efficiency (FEformate =
94.2 ± 2.1%) and the corresponding partial current density
(PCDformate = −8.2 ± 0.4 mA cm−2) remained stable during
the electrolysis when the porous In55Cu45 material was used as
the catalyst (see also Figure S9). These results strongly suggest
that it is HER (Figure 6c) that causes an irreversible

Figure 8. Identical location (IL) SEM analysis of the ap-In55Cu45@Cu alloy catalyst (a−d) before and (e−h) after the electrolysis. The CO2
electrolysis experiment was carried out for 30 h at −1.0 V vs RHE in the CO2-sat. 0.5 M KHCO3 electrolyte.

Figure 9. (a) Scheme demonstrating the DHBT approach of alloy deposition transferred to a carbon cloth support (GDE); (b) WLI image of the
ap-In55Cu45@GDE catalyst; (c, d) top-down SEM inspection of the ap-In55Cu45@GDE catalyst. (e) Comparison of the product distribution using
In55Cu45@Cu and In55Cu45@GDE as catalysts. (f) Corresponding total (TCD) and partial (PCD) current densities. The electrolyses were carried
out for 1 h at −1.0 V vs RHE in CO2-sat. 0.5 M KHCO3 solution.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c07829
ACS Appl. Mater. Interfaces 2021, 13, 35677−35688

35684

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c07829/suppl_file/am1c07829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c07829/suppl_file/am1c07829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c07829/suppl_file/am1c07829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c07829/suppl_file/am1c07829_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c07829/suppl_file/am1c07829_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07829?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07829?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07829?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07829?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07829?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07829?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07829?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07829?fig=fig9&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c07829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


transformation of the comparatively planar In catalyst surface,
thereby creating more of those (catalytic) surface sites that are
active toward the HER. In this respect, we can consider the
HER as a “self-accelerating” process that becomes increasingly
dominant at the expense of other (competitive) reactions (e.g.,
the CO2RR) with time. On the other hand, a 3D dendritic
In55Cu45 alloy surface, with a higher ECSA, is capable to
stabilize the CO2RR intermediates (HCOO*), thereby
suppressing the HER during the long-term electrolysis. This
emphasizes the importance of complete suppression of HER
right from the beginning of the electrolysis reaction as a crucial
prerequisite for the long-term stability of the catalyst. A
performance comparison based on the existing literature for
InCu-based systems is presented in Table S6 and indicates the
high performance of the In55Cu45 material studied herein.
Further support for the excellent stability of the In55Cu45
catalyst comes from the identical location scanning electron
microscopy (IL-SEM) analysis performed prior to and after 30
h of continuous electrolysis at −1.0 V vs RHE (Figure 8). The
macroporosity on the micrometer-length scale remained
unaffected by the extended electrolysis (Figure 8a,b,e,f).
Minor morphological changes concern, however, the dendritic
fine structure of the porous catalyst on the nanometer-length
scale (Figure 8d,h).
3.4. Transfer of the Catalyst Concept to Technical

GDE Substrates. The preparation of the bimetallic In55Cu45
catalyst has so far been restricted to DHBT-assisted alloy
deposition on planar Cu foil supports. Future applications of
the CO2RR will apply gas-fed electrolyzer systems in which the
gaseous CO2 reactant is transported toward the actual catalyst
layer through a porous (carbon cloth) support electrode.26,40

By this approach, it is possible to substantially reduce CO2
mass transport limitations, which are severe when the CO2RR
is carried from an aqueous electrolyte at high overpotentials.
The actual CO2 concentration in aqueous electrolytes is
limited to ∼35 mM only.67 It is therefore vital that the newly
developed catalyst material can be transferred to a technical
carbon cloth support that might serve as a gas diffusion
electrode (GDE). The principle of DHBT-assisted alloy
deposition on the GDE support is depicted in Figure 9a.
Note that the electrolyte, when brought into contact with the
carbon cloth, will penetrate to some extent into the topmost
layers of the carbon microporous layer (C-MPL) of the GDE
support. Catalyst deposition in the outermost part of the MPL
is considered beneficial because it improves the overall
adhesion (wetting) of the porous metallic catalyst deposit
onto the carbon support. Figure S10a provides insights into the
structure of the carbon cloth support, which consists of carbon
fibers in its core that is further covered by a carbon MPL
(panels b−d of Figure S10) on which the actual catalyst
electrodeposition takes place. The macromorphology on the
micrometer (μm)-length scale observed for ap-In55Cu45@Cu
(Figure 1) is largely conserved on the GDE support (Figure
9b,c). Also, the dendritic features of the porous In55Cu45
catalyst are visible on the nanometer (nm)-length scale (Figure
9d). To exemplarily test the performance of the In55Cu45@
GDE catalyst, a 1 h electrolysis was carried out from CO2-
saturated 0.5 M KHCO3 solution at −1.0 V vs RHE and
compared with data derived for the In55Cu45@Cu catalyst. In
general, the excellent selectivity toward formate observed for
In55Cu45@Cu is reproduced on the GDE support (FEformate ≈
86%); also, hydrogen production remained largely suppressed
(FEH2 ≈ 1%, Figure 9e). Compared with In55Cu45@Cu,

however, FECO was slightly increased (∼15%). These slight
changes in the catalytic activity of In55Cu45@GDE can be
attributed to the minor morphological irregularity of the
catalyst that could arise during the electrodeposition using the
porous carbon network substrate unlike the planar Cu foil
model substrate. It can be further assumed, however, that the
ratio of formate/CO efficiencies can be further improved for
the GDE support by optimizing the plating conditions (e.g.,
current density and deposition time).
Note that the GDE support had an intrinsically higher

surface area compared to the Cu foil. This increased roughness
is transferred during electrodeposition to the layer of the
In55Cu45 catalyst. One consequence of this was improved total
and partial CO2RR current densities. For formate production,
a partial current density of PCDformate ≈ −30 mA cm−2 was
reached when using the carbon cloth as the support (Figure
9f).

4. CONCLUSIONS

A novel porous In55Cu45 alloy catalyst was produced on a Cu
foil support by means of the DHBT deposition approach,
which showed excellent electrocatalytic performance toward
formate production, with FEformate values never falling below
90% within an extended (400 mV) potential window (−0.8 to
−1.2 V vs RHE). Structural and compositional analysis of the
as-prepared In55Cu45@Cu catalyst revealed homogeneous
dispersion of Cu in In. The absence of pure domains of Cu
in the bimetallic In55Cu45 alloy catalyst explains the complete
suppression of CO2RR pathways, which involve hydrocarbon/
alcohol formation via C−C coupling. The most prominent
characteristic of the In55Cu45@Cu catalyst is its high stability
during extended CO2 electrolysis reactions (30 h at −1.0 V vs
RHE). Both the faradaic efficiency (FEformate = 94.2 ± 2.1%)
and the partial current density (PCDformate = −8.2 ± 0.4 mA
cm−2) were unaltered during the continuous CO2 electrolysis.
Essential for this long-term stability is a low rate of hydrogen
formation. In the case of the In@Cu reference system, the
HER has been identified as the source for severe degradation
phenomena in terms of a self-amplifying process, creating
further sites during the continued electrolysis reaction that are
specifically active toward HER, thus reducing the CO2RR
yields.
The concept of DHBT-assisted alloy deposition could be

transferred to technically relevant porous GDE supports. The
CO2RR product distribution experienced only marginal
alterations, whereas the resulting PCDs were substantially
increased (e.g., PCDformate = −30 mA cm−2 at −1.0 V vs RHE).
This was due to the intrinsic roughness of the support, which
was substantially higher for the porous GDE compared with
the plane Cu foil. Future work will focus on the transfer of this
In55Cu45@GDE to gas-fed electrolyzer systems, where even
higher PCDs are expected.
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Highlights: This mini-review encapsulates the operando and identical location techniques for 

electrocatalysts like CuxO and Bi2O3 metal foam obtained by DHBT assisted method. We 

evaluate two prototype metal foam electrocatalysts used for CO2 conversion into value-added 

products (e.g. alcohols on Cu foams, formate on Bi foams). In case of oxidic Cu foam catalyst, 

the active catalyst is metallic Cu produced from the precursor by oxide electroreduction. On 

the contrary, in oxidized Bi foams, both metallic and the thermally derived oxidic Bi foams are 

highly active towards ec-CO2RR (formate production). 

Contribution: I was involved in the electrochemical measurements and physical 

characterization of the monometallic Cu foam, Bi foam catalysts for the CO2 reduction process. 
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Insights from Operando and Identical 
Location (IL) Techniques on the Activation 
of Electrocatalysts for the Conversion of 
CO2: A Mini-Review

Abhijit Dutta*a, Kiran Kirana, Motiar Rahamana#, Ivan Zelocualtecatl Montiela, Pavel Moreno-Garcíaa, 
Soma Vesztergoma,b, Jakub Drnecc, Mehtap Oezasland, and Peter Broekmann*a

Abstract: In this mini-review we compare two prototypical metal foam electrocatalysts applied to the transforma-
tion of CO2 into value-added products (e.g. alcohols on Cu foams and formate on Bi foams). A substantial im-
provement in the catalyst performance is typically achieved through thermal annealing of the as-deposited foam 
materials, followed by the electro-reduction of the pre-formed oxidic precursors prior or during the actual CO2 

electrolysis. Utilizing highly insightful and sensitive complementary operando analytical techniques (XAS, XRD, 
and Raman spectroscopy) we demonstrate that this catalyst pre-activation process is entirely accomplished 
in case of the oxidized Cu foams prior to the formation of hydrocarbons and alcohols from the CO2. The actu-
ally active catalyst is therefore the metallic Cu derived from the precursor by means of oxide electro-reduction. 
Conversely, in their oxidic form, the Cu-based foam catalysts are inactive towards the CO2 reduction reaction (de-
noted ec-CO2RR). Oxidized Bi foams can be regarded as an excellent counter example to the above-mentioned 
Cu case as both metallic and the thermally derived oxidic Bi foams are highly active towards ec-CO2RR (formate 
production). Indeed, operando Raman spectroscopy reveals that CO2 electrolysis occurs upon its embedment 
into the oxidic Bi2O3 foam precursor, which itself undergoes partial transformation into an active sub-carbonate 
phase. The potential-dependent transition of sub-carbonates/oxides into the corresponding metallic Bi foam 
dictates the characteristic changes of the ec-CO2RR pathway. Identical location (IL) microscopic inspection of 
the catalyst materials, e.g. by means of scanning electron microscopy, demonstrates substantial morphological 
alterations on the nm length scale on the material surface as consequence of the sub-carbonate formation and 
the potential-driven oxide reduction into the metallic Bi foam. The foam morphology on a mesoscopic length 
scale (macroporosity) remains, by contrast, fully unaffected by these phase transitions.

Keywords: Catalyst activation · CO2 reduction reaction · Identical location (IL) technique · Metal foam · 
Operando spectroscopy 
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1. Introduction
The conversion of CO

2
 into value-added products by means of 

electrolysis (denoted hereafter ec-CO
2
RR) is considered a promis-

ing approach to mitigate the negative impact that CO
2
 is exerting on 

the global climate.[1] The vision of converting this environmentally 
harmful molecule into chemical platform chemicals or synthetic fu-
els on large industrial scale even offers the unique chance of decreas-
ing the existing atmospheric CO

2
 concentration, which already ex-

ceeds a level of 400 ppm. For this purpose, the ec-CO
2
RR has to be 

coupled in the future to advanced direct air capture technologies.[2–4] 
The products of CO

2
 reduction – typically light-weight molecules 

such as carbon monoxide, formic acid or alcohols – could be used 
as either chemical feedstock and transformed further into products 
of higher value, e.g. via Fischer–Tropsch synthesis or biotechno-
logical transformations,[5] or directly as ‘green’ fuels. The latter is 
considered vital for the so-called ‘energy transition’.[6,7] In particu-
lar, if a surplus of renewable energies, originating from solar, wind, 
or hydroenergy sources, is used to operate the highly endergonic 
and energy demanding ec-CO

2
RR, this conversion process might 

become truly sustainable and possibly a key element of a future 
circular economy. Without doubt, ec-CO

2
RR has the highest poten-

tial of contributing to the closing of the anthropogenic CO
2
 cycle 

(see Fig. 1).[8] 

Most of the known electrochemical CO
2
 transformations are, 

however, still immature and uneconomic.[9] One reason for this is 
related to electrocatalysts which still require substantial improve-

Fig. 1. Schematic depiction of the overall concept to close the anthro-
pogenic carbon cycle by ec-CO2RR: Towards sustainable conversion of 
CO2 into synthetic fuels and chemical feedstock powered by solar en
ergy. Adapted from ref. [8], with permission from John Wiley and Sons.
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coupled (liquid) alcohols are of particular interest due to their 
high volumetric energy density (e.g. n-propanol: 27.0 MJ L–1).[27] 
Note that, prior to their use in operating electrolyzers, numerous 
as-synthesized/as-deposited ec-CO

2
RR catalysts require further 

activation as an essential pre-requisite to attain a highly selec-
tive CO

2
 conversion into the targeted product(s).[28–33] The terms 

‘as-synthesized’ and ‘as-deposited’ refer to the stage of cata-
lyst preparation right after the initial electrodeposition of the 
catalyst material and prior to its further activation. A common 
approach of such catalyst activation involves the partial or com-
plete surface oxidation of the as-deposited metallic foams, e.g. 
by thermal annealing in air.[20,29,31] An ultimate activation step of 
such formed oxidic catalyst precursors is often only achieved in 
situ under reductive conditions prior to or during the actual CO

2
 

electrolysis.[19,31,34] Such oxidation/electro-reduction treatments 
not only lead to the further increase of the electrochemically ac-
tive surface area of the catalyst but also often create those active 
sites on the foam surface which are required for highly selective 
ec-CO

2
RR.[28] It should be emphasized that, at least in the case 

of copper-based materials, the oxidic precursors (Cu
2
O or CuO) 

formed upon thermal annealing are thermodynamically instable 
at electrolysis potentials typically applied during ec-CO

2
RR,[35] 

which in turn results into the formation of so-called oxide-de-
rived (OD) catalysts.[31,36] In general, one possible complication 
of this catalyst activation approach lies in the reduced electric 
conductivity of the formed ‘bulk’ oxides. This can, in principle, 
lead to a ‘kinetic’ stabilization of the formed oxidic catalyst 
precursor phases even under the extremely cathodic potentials 
applied. In some rare cases one might therefore observe oxidic 
catalyst species even at potentials far beyond the stability regime 
predicted by thermodynamics. The specific role of oxides for the 
ec-CO

2
RR mechanism and in particular the occurrence of oxy-

gen species embedded inside the hosting metallic Cu matrix un-
der reductive conditions are still the subject of highly controver-
sial debates. To date, there is no ultimate consensus achieved in 
the literature on the potential-dependent stability of surface and 
sub-surface oxide/oxygen species and their specific role for the 
ec-CO

2
RR.[19,20,33,37–42] To address these mechanistic questions 

of catalyst activation, a highly complementary approach utiliz-
ing several operando techniques is needed, which provides vari-
ous means of deriving structural and chemical information of the 
catalyst state under reactive conditions.[28] When further com-
bined with high-resolution imaging techniques, e.g. identical-
location electron microscopy (e.g. IL-SEM[28] or IL-TEM[43]), 
this holistic approach even permits discriminating transient phe-
nomena of catalyst precursor reduction (activation). Fig. 3 de-
picts the set of complementary operando analytical techniques 
described herein.[19]

X-ray absorption spectroscopy (XAS)[19] provides informa-
tion on (i) the oxidation state (XANES: X-ray Absorption Near 

ments in terms of material costs, (energy) efficiency and catalyst 
reliability (stability).[8] Additionally, electrocatalysts are essential 
not only to accelerate the intrinsically slow ec-CO

2
RR process but 

also to direct the electrolysis reaction towards the desired reaction 
products (selectivity).[10] It is, however, not only the chemical na-
ture of the catalyst itself which governs the resulting ec-CO

2
RR 

product distribution[10] but also its morphological characteristics 
on various length scales.[11] Some of the most common ec-CO

2
RR 

catalyst concepts rely on the use of nanoparticulate materials.[12] A 
clear advantage of this classical approach of catalyst design is that 
the whole spectrum of (mature) colloid chemistry can be applied 
to synthesize nano-materials of various shapes, morphologies and 
size distributions. In addition, this approach offers a straightfor-
ward and well-established route to functionalize highly porous 
carbon supports (e.g. gas diffusion electrodes (GDEs), Fig. 2) that 
are used in gas-fed electrolyzer systems that can reach ec-CO

2
RR 

current densities of technological relevance (> 200 mA × cm–2).
[13,14]

A relatively new and alternative concept of ec-CO
2
RR cata-

lyst design relies on the electrodeposition of foam-type materi-
als[11,15–17] (Fig. 2), which, similar to their nanoparticulate coun-
terparts, offer a large surface area that is not only accessible 
to reactants but also enables fast, multidimensional electron 
transport.[17] Moreover, self-standing foams can directly be em-
ployed as cathodes for the ec-CO

2
RR often without the need for 

additional mechanical support, rendering the application of con-
ductive binders unnecessary.[17]

Herein we review and compare the structural, compositional 
and performance characteristics of two prototypical foam elec-
trocatalysts that are based on Cu and Bi systems published re-
cently.[11,18–20] Among various materials studied so far, Cu stands 
out as the only known mono-metallic catalyst that can produce 
multiple hydrocarbons and alcohols of various chain lengths at 
elevated rates from the ec-CO

2
RR.[10,21–26] In this context, C–C 

Fig. 3. Complementary operando 
analytical approaches to study 
the potential-dependent oxide 
precursor–metal conversion. 
a) Operando X-ray absorption
spectroscopy (XAS); b) Operando 
X-ray diffraction (XRD); 
c) Operando Raman spectros-
copy. Adapted from ref. [19], with 
permission of Elsevier.

Fig. 2. Complementary catalyst concepts for the ec-CO2RR: carbon-
supported colloidal nanoparticles (left) versus electrodeposited metal 
foams (right) exemplified for Ag-based electrocatalysts. Adapted from 
refs [13,19], with permission of the American Chemical Society. 
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2.1 Preparation of the Cu/CuxO and Bi/Bi2O3 Foam 
Catalysts[11,19]

Metallic Cu foams were electrodeposited onto activated car-
bon foil substrates (0.25 mm thick, 99.8%, Alfa Aesar, Germany) 
using the dynamic hydrogen bubble template (DHBT)[15,16] ap-
proach (see Fig. 4). The carbon foil support was then immersed 
into a Cu plating bath containing 0.2 M CuSO

4
·5H

2
O and 1.5 M 

H
2
SO

4
. For the galvanostatic deposition process, a current density 

of j = –3.0 A × cm–2 (normalized to the geometric surface area of 
the carbon support) was applied for the duration of 5 seconds. 
The electrodeposited Cu foams were further subjected to thermal 
annealing in air for 12 h at a temperature of 300 °C using a tube 
furnace (GERO, GmbH, Germany). 

For the operando Raman spectroscopy studies, metallic Bi 
foams were electrodeposited on graphitic carbon foils (Alfa 
Aesar) that were activated prior to the Bi deposition by annealing 
in air at 550 °C for 12 h in a tube furnace. To further increase the 
electrochemically active surface area Bi foams were deposited 
on highly porous carbon fiber cloths (gas diffusion electrodes, 
GDEs, Fuel Cell, USA) for the electrolysis experiments. The car-
bon fiber cloths were used as received. The standard plating bath 
for the Bi foam deposition was composed of 1.5 M H

2
SO

4
 (pre-

pared from 96% H
2
SO

4
, ACS grade, Sigma-Aldrich) serving as 

the supporting electrolyte and 20 mM bismuth ammonium citrate 
(C

12
H

22
BiN

3
O

14
, purity ≥ 99.5 % Sigma Aldrich). The galvano-

static Bi foam deposition was carried by applying a current den-
sity of j = –3.0 A × cm–2 (referred to the geometric surface area 
of the support electrode) for 20 s. The as-prepared Bi foams were 
further subjected to thermal annealing in air at 300 °C for 12 h, 
thus transforming the metallic Bi into fully oxidized Bi

2
O

3
.

2.2 Operando X-ray Absorption Spectroscopy[19]

XAS experiments were carried out at the SuperXAS (X10DA) 
beamline at the Swiss Light Source (SLS) in Villigen, Switzerland. 
The storage ring was operated at 2.4 GeV and 400 mA. For the 
operando spectroscopic experiments a dedicated liquid flow-cell 
was used.[45] XAS experiments were carried out in CO

2
-sat. 0.5 

M KHCO
3
 electrolyte solution (pH = 7.2) in the potential range 

from +0.8 V to –0.9 V vs. RHE. All potentials were iR-corrected.

2.3 Operando X-ray Diffraction[19]

Operando XRD experiments were performed at the high 
energy beamline ID31 of the European Synchrotron Radiation 
Facility (ESRF). The X-ray beam was mono-chromatized with a 
Laue-Laue monochromator to the energy of 69 keV and focused 
to the size of 5 × 20 µm2 (vertical × horizontal) at the sample posi-

Edge Structure) and (ii) the coordination number changes (EXAFS: 
Extended X-ray Absorption Fine Structure) that typically go 
along with the electro-reduction of the oxidic precursor materials. 
Compared to their nanoparticulate counterparts, metal foam elec-
trocatalysts and their oxidic precursors exhibit a more unfavorable 
surface to volume (bulk) ratio (see e.g. Fig. 2). Therefore, infor-
mation derived from XANES and EXAFS techniques originate 
predominantly from the ‘bulk’ of the foam material and comprise 
only marginal contributions from the respective catalyst surfaces. 
However, what makes the operando grazing-incidence X-ray ab-
sorption spectroscopy particularly valuable is its capability to probe 
these potential-dependent oxidation state transitions even when 
amorphous phases, lacking any long-range translational order, are 
involved. Note that the activation of Cu foam catalysts via ther-
mal annealing and subsequent electroreduction often proceeds via 
amorphous Cu

x
O phases.[19,20] 

The operando X-ray diffraction (XRD) technique[19] is highly 
complementary to XAS as it permits probing changes in the crys-
tal structure of the foam catalysts, which typically accompany the 
potential-driven oxidation state changes. 

Raman spectroscopy[19] can be considered as the most surface 
sensitive operando technique among those employed herein. A par-
ticular strength of the operando Raman spectroscopy is that not only 
the potential-induced alterations of the catalyst themselves can be 
probed but, in addition, also the emergence of ec-CO

2
RR intermedi-

ate species, which might be chemisorbed on the evolving ‘active’ 
metallic catalyst surface.[19,44]

Herein we introduce Cu foams and their oxidic precursors as 
prototypical model systems where the oxide–metal transition (cat-
alyst activation) is completed prior to (or at the very onset of) the 
ec-CO

2
RR.[19,20,28] The actual foam catalysts, being active towards 

alcohol and hydrocarbons, can therefore be considered as truly oxide-
derived (OD).[19]

As a counter-example to that, we also discuss oxidized Bi foam 
catalysts[18] used for the highly selective production of formate. Our 
investigations reveal that both the oxidized as well as the correspond-
ing metallic foams exhibit pronounced electrocatalytic activity to-
wards the ec-CO

2
RR. Finally, we hint at two ec-CO

2
RR pathways 

that are distinctly active on oxide-derived Cu and Bi
2
O

3
/Bi foam 

electrocatalysts.[18]

2. Experimental[18,19]

Experimental details on the Cu and Bi foam preparation and 
the performed operando/IL investigations have already been de-
tailed elsewhere.[11,18,19] We therefore restrict ourselves here to a 
brief description of the applied experimental approaches.

Fig. 4. Metal foam electrodeposition (‘Me’ deposition) by means of the dynamic hydrogen bubble template (DHBT) approach. The working principle 
is exemplified for a porous carbon support that finds use as gas-diffusion electrode (GDE). ‘MPL’ and ‘Me’ stand for microporous layer and metal, 
respectively. Adapted from ref. [18], with permission of the American Chemical Society. 
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tion. The 2D XRD patterns were collected with a Dectris Pilatus 
2M CdTe detector. A custom-made PEEK electrochemical flow 
cell was used for the experiments.[46] The measurements were 
performed in grazing incidence geometry (the incidence angle 
was less than 1 degree), in CO

2
-sat. 0.5 M KHCO

3
 electrolyte. A 

continuous flow of fresh CO
2
-sat. electrolyte solution through the 

spectro-electrochemical cell prevented any undesired accumula-
tion of soluble Cu species in the investigated X-ray window. All 
potentials were iR-corrected.

2.4 Operando Raman Spectroscopy[19]

Raman spectra were recorded using a LabRAM HR800 con-
focal microscope (Horiba Jobin Yvon) at a working distance of 8 
mm between the objective lens (LMPLFLN from Olympus, 50X 
magnification) and the sample with a numerical aperture of 0.1 in 
order to focus a diode-pumped solid-state or He-NE laser beam 
(excitation wavelength of 532 or 633 nm, power of 3 mW) on 
the sample. The Raman signal was collected in a back-scattering 
geometry using a lab-made spectro-electrochemical cell made 
of Kel-F.[47,48] CO

2
-sat. 0.5 M KHCO

3
 solution was used as the 

electrolyte. The ohmic drop was determined using the positive 
feedback technique and compensated during the measurement. 

2.5 Identical Location Scanning Electron Microscopy 
(IL-SEM)

For the high-resolution (HR) identical location (IL) SEM im-
aging a Zeiss DSM 982 instrument was used.

2.6 Product Analysis of the ec-CO2RR[11,18]

All electrolysis experiments were carried out in CO
2
-sat. 

0.5 M KHCO
3
 solution using a custom-built, air-tight glass-cell 

(H-type) described elsewhere.[11] During electrolysis CO
2
 was 

continuously purged through the catholyte at a flow rate of 13 
mL × min–1. The headspace of the electrolysis cell was directly 
connected to the gas sampling loop of the gas chromatograph (GC 
8610C, SRI Instruments). The GC was equipped with a packed 
Hayesep D column and a packed Molesieve 5A column. Argon 
(99.9999 %, Carbagas) was used as the carrier gas. A flame ion-
ization detector (FID) coupled to a methanizer was used to quan-
tify CO and volatile hydrocarbons. A thermal conductivity detec-
tor (TCD) was used for the H

2 
detection. Non-volatile products 

(e.g. alcohols) were quantified by a second FID detector. After 
the electrolysis, a 2 µL aliquot of the electrolyte solution was in-
jected into a second Haysep D column (post-electrolysis alcohol 
detection). Other liquid products (e.g. formate) were analyzed by 
means of ion exchange chromatography (IC, Metrohm Advanced 
Modular Ion Chromatograph: L-7100 pump, Metrosep A Supp 
7-250 column, conductivity detector).

3. Results and Discussion

3.1 Activation of Cu Foam Electrocatalysts[19]

Fig. 5 displays a prime example of Cu foams fabricated by 
means of the DHBT-assisted electrodeposition method.[11] The 
basic concept of this approach was adapted from the work by Shin 
et al.[15,16] As the Cu electrodeposition takes place under rather 
harsh hydrogen evolution reaction (HER) conditions (e.g. at cur-
rent densities of j = –3 A × cm–2, see Fig. 4), gas bubbles rapidly 
evolve on the support electrode and serve as geometric template 
for the actual metal plating process which is superimposed on the 
HER. Cu is deposited only in the bubble-free areas of the support 
and the emerging porous film. The process of hydrogen bubble 

Fig. 5. Top-down SEM analysis showing the surface pore size (upper row) and dendrite size (lower row) evolution as function of the deposition time 
(exemplified for a Cu foam catalyst). Adapted from ref. [11], with permission of the American Chemical Society. 
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confirms the composite nature of the oxidic foam.[19,20] It should 
be noted that the applied annealing temperature of 300 °C is suf-
ficient to form a crystalline Cu

2
O phase whereas the cupric CuO 

remains largely in an amorphous state lacking any long range tran-
sitional order.[19,20] Consequently, Cu(II) species are detected in 
the XPS but not in the corresponding XRD analysis.[19,20] It should 
be noted here that, in full agreement with previous studies, the 
thermal annealing activates the Cu catalyst for C2 and C3 alcohol 
production.[19] For instance, the partial current density for ethanol 
formation increases from j

EtOH
 = –0.86 mA × cm-2 (FE

EtOH
 = 5%)

at –0.77 V vs. RHE to j
EtOH

 = –1.61 mA × cm–2 (FE
EtOH

 = 6.7%) at
–0.87 V vs. RHE. Similarly, the partial current density for n-pro-
panol formation reaches a value of j

PrOH
 = –1.72 mA × cm–2 (FE

PrOH
= 7.1%) at –0.87 V.[19] A full description of the electrocatalytic 
performance of the annealed Cu foam can be found in ref. [19]. 

More sophisticated operando analytical techniques are re-
quired to ultimately address how important oxide species are in 
particular for the alcohol electrosynthesis via the ec-CO

2
RR on 

these Cu foams. Fig. 7 provides an overview on the results of the 
highly complementary XAS, XRD, and Raman spectroscopic 
investigations discussed by Dutta et al.[19] Changes in the po-
tential-dependent Cu K-edge XANES spectra of the Cu

x
O foam 

could be attributed to potential-dependent redox state changes 
of Cu species (Fig. 7, panel a; selected data set). Panel b in Fig.7 
shows the result of a linear combination fitting (LCF) that was 
applied to the obtained XANES data using Cu K-edge XANES 
spectra of a Cu foil, Cu

2
O and CuO as reference materials. The 

plot displays the relative concentrations of the Cu(0), Cu(I), and 
Cu(II) species present in the Cu

x
O foam as a function of the po-

tential applied.[19] The LCF analysis suggests that the Cu
x
O foam 

at +0.6 V vs. RHE predominantly consists of CuO, whereas only 
a lower Cu

2
O content was observed (25–35 wt.%). Upon po-

tential excursion from +0.6 down to 0 V vs. RHE, the relative 
abundances of Cu(II) and Cu(I) anti-correlate and further nega-
tive polarization leads to the onset of oxide reduction to metallic 
Cu(0). At potentials below 0 V vs. RHE the Cu(II) abundance 

nucleation, growth and coalescence is continuous. This is why 
the average surface pore size increases as function of the deposi-
tion time and film thickness (Fig. 5).[11] A characteristic feature of 
the formed metal foams is a gradient in the pore sizes along the 
surface normal. Smallest pores are typically created close to the 
support electrode whereas the biggest ones are found at the outer-
most surface of the foam material which is exposed to the (liquid) 
electrolyte during the CO

2
 electrolysis reaction.[11] 

In addition to this primary macro-porosity (µm length scale), 
originated by the gaseous H

2
-template during the metal deposition, 

the scaffold of the formed 3D foam itself is porous, too.[11,20,49] 
The macro-pore sidewalls are composed of randomly distributed 
Cu dendrites thus introducing a secondary porosity to the catalyst 
(nm length scale).[15] Such a dendritic growth mode originates 
from the applied experimental conditions that impose a deposi-
tion rate limited by mass transport of the metal ions and a reduced 
mobility of the deposited atoms on the emerging foam surface.[11]

In particular when alcohols are targeted as products, the elec-
trodeposited catalysts often require further activation prior to the 
ec-CO

2
RR, e.g. by thermal annealing in air.[28,50] Fig. 6 displays 

representative SEM micrographs of an ‘as-deposited’ Cu foam and 
its morphological evolution induced by thermal annealing at 300 °C 
for 12 h in air, and a subsequent 1  h CO

2
 electrolysis in CO

2
-

sat. 0.5 M bicarbonate solution carried out at –0.67 V vs. RHE. 
Obviously, the macro-porous morphology of the Cu foam remains 
completely unaffected by both the thermal annealing in air (Cu 
oxidation) and the subsequent ec-CO

2
RR, the latter involving the 

electro-reduction of the formed oxides.[19,20] However, the Cu foam 
undergoes substantial morphological alterations on the nm length 
scale particularly induced by the thermal treatment (see Fig. 6e–h). 
Following the 12 h annealing step at 300 °C, the surface of the 
pristine metallic Cu foam is completely transformed into a com-
posite material consisting of cuprous (Cu

2
O) and cupric (CuO) 

oxides[19,20,28] (denoted Cu
x
O). This transformation requires sub-

stantial mass transport of oxygen and Cu species. A combination of 
ex situ (post-deposition, post-electrolysis) XRD and XPS analysis 

Fig. 6. Identical location (IL) SEM inspection of the Cu foam catalyst. (a–d) As-deposited Cu foam (5 s deposition at -3 A × cm–2); (e–h) Thermally an-
nealed Cu foam (300 °C for 12 h in air, denoted CuxO foam); (i–l) Oxide-derived (OD) Cu foam after 1 h CO2RR in CO2-sat. 0.5 M KHCO3 solution at 
–0.67 V vs. RHE. Adapted from ref. [19], with permission of Elsevier.
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drops down to zero, whereas Cu(I) species are present in the bulk 
material down to potentials of -0.5V vs. RHE.[19] The potential-
dependent decrease of the Cu(I) content below 0 V vs. RHE is 
clearly anti-correlated to the increase of the Cu(0) abundance. 
The transition from the oxidic precursor to metallic Cu in the 
bulk is completed at about –0.7 V vs. RHE.[19]

Operando XRD experiments basically confirm the XAS in-
vestigations (panel c and d in Fig. 7). As hypothesized on the ba-
sis of the XAS results the integrated intensity of the Cu

2
O(220) 

diffraction peak first increases when sweeping the cathode po-
tential from +0.5 V to +0.2 V vs. RHE. This trend is consistent 
with the assumption of an intermediate crystalline Cu

2
O phase 

which accumulates in the initial stage of the oxide–metal transi-
tion in the foam material at the expense of the amorphous CuO 
phase.[19] Interestingly, the disappearance of the Cu

2
O related 

diffraction pattern with negative going potentials is already com-
pleted at –0.4 V vs. RHE, whereas the XAS experiment indicates 
the presence of Cu(I) species for potentials down to –0.8 V vs. 
RHE. These deviations in the particular potential-dependence 
of the Cu(I)(XAS)/Cu

2
O(XRD) stability regime are related to 

the intrinsic characteristics of both operando techniques. The 
ultimate reduction of the Cu(I) to Cu(0) proceeds most likely 
via an intermediate amorphous Cu(I) phase.[19]

Among the operando techniques applied Raman spectros-
copy is the most surface sensitive one.[19] Raman features ob-
served at 148 cm–1, 518 cm−1, and 624 cm−1 can be ascribed to 
cuprous oxide species (Cu

2
O), whereas vibrational modes at  

298 cm−1 and 346 cm−1 originate from cupric oxides (panel e and 
f in Fig. 7 ).[19] Interesting to note is that after exposure to the 
0.5 M KHCO

3
 electrolyte at the open circuit potential, the CuO 

related vibrational modes have completely disappeared from the 
Raman spectra.[19] Only vibrational modes of the cuprous oxide 
(Cu

2
O) are left which indicates that the initial catalyst surface 

is terminated exclusively by Cu(I) species when exposed to the 
electrolyte. Both XRD and XAS typically do not show these 
effects when the oxidic foam is exposed to the electrolyte at 
OCP.[19] This is due to the dominance of ‘bulk’ contributions to 
the data with only minor contributions from the foam surface. 
Integrated intensities of the Cu

2
O specific Raman features (panel 

f) follow qualitatively the same trend as observed in the XAS
and XRD. However, the ‘surface oxide reduction’ proceeds ap-
parently faster than the corresponding transition of the oxidic 
‘bulk phases’ probed by operando XAS and XRD and is there-
fore completed at less negative applied potentials.[19]

Operando Raman spectroscopy provides additional informa-
tion on intermediate species associated to the ec-CO

2
RR. Raman 

modes observed at 283 cm−1/253 cm−1, 1050 cm−1, 1584 cm−1 and 
2031 cm−1/2093 cm−1/2133 cm−1 are attributed to adsorbed CO, 
HCO

3
–, and HCOOH respectively. These intermediates appear 

only after partial reduction of the oxide to the metallic Cu.[19]

The ‘holistic view’ on the potential-dependent oxide–metal 
transition using different complementary operando techniques let 
us safely conclude that the surface and bulk Cu oxide reduction is 
completed at potentials more positive than the onset of hydrocar-

Fig. 7. Survey of experimental operando results demonstrating the potential-dependent oxide–metal transition of the oxidic catalyst precursor (CuxO 
foam). (a) Potential-dependent operando XANES spectra (Cu K-edge) of the thermally annealed Cu foam (CuxO) in CO2-sat. 0.5 M KHCO3 solution; 
(b) Potential-dependent composition of the CuxO foam (relative content of Cu species: Cu(0), Cu(I), and Cu(II) derived from a linear combination 
fitting (LCF) of the XANES spectra shown in (a)); (c) Potential-dependent operando grazing-incidence X-ray diffractograms of the Cu2O(220) and 
Cu(200) reflections; (d) Integrated and normalized peak intensities of the diffractograms shown in (c); (e) Corresponding potential-dependent operan-
do Raman spectra; (f) Integrated and normalized peak intensities of the Cu2O-related Raman peaks (518 cm–1 and 624 cm–1) shown in (e). The peak 
areas were normalized with respect to the most intense peaks at most positive electrode potentials. The grey and orange areas in panel b, d, and f 
indicate the stability windows of the oxidic and metallic state of Cu, respectively. Adapted from ref. [19], with permission of Elsevier.
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Bi
2
O

3
@GDE. Note that the as-prepared oxophilic Bi foam is typi-

cally covered by an ultrathin Bi
2
O

3
 layer after its emersion from 

the Bi plating bath.[18]

The thermal treatment at 300 °C for 12 h in air leaves the 
macroporosity of ap Bi/Bi

2
O

3
 foam fully unaffected (see also Fig. 

9), similar to the Cu case (Fig. 6). This annealing yields a fully 
oxidized Bi

2
O

3
 foam which shows a characteristic yellow color 

(Fig. 8i at 0 s). 
The formed oxidic Bi foam exhibits a superior electrocata-

lytic selectivity toward formate production with Faradaic ef-
ficiencies (FEs) never falling below 90 % within an extraordi-
narily huge potential window of ~ 1100 mV (max. FE

formate
 = 

100% at –0.8 V vs. RHE).[18] Panel c and d of Fig. 8 depict the 
potential-dependent Faradaic efficiencies (c) and partial current 
densities (d) of formate production when the electrolysis is car-
ried out from aqueous CO

2
-sat. 0.5 M KHCO

3
 solution. 

For the first time, operando Raman spectroscopy provided 
clear experimental evidence for the embedment of CO

2
 into 

an oxidic matrix (so-called ‘sub-carbonate’ formation) at low 
overpotentials prior to and during the CO

2
 reduction reac-

tion (Fig. 8e–h). We used the Raman bands at 313 cm–1 and 
162 cm–1 as characteristic ‘fingerprints’ for the presence of Bi 
oxide and Bi subcarbonate species, respectively.[18] Note that 

bon and alcohol formation. Obviously, oxidic species do not play 
any significant role for the ec-CO

2
RR on Cu in general and for the 

alcohol production in particular. 

3.2 Activation of Bi/Bi2O3 Foam Electrocatalysts[18]

A novel bismuth oxide (Bi
2
O

3
) foam-type of catalyst (precur-

sor) material has been produced by means of an additive-assisted 
DHBT electrodeposition followed by thermal annealing at 300 °C 
for 12 h.[18] This DHBT approach could successfully be applied 
to functionalize technical supports, e.g. gas diffusion electrodes 
(GDEs). This transfer of the foam catalyst from planar substrates 
(e.g. Cu foils[11]) to highly porous carbon supports is considered 
a crucial technical pre-requisite for any future application of this 
novel catalyst concept in gas-fed (CO

2
) electrolyzer systems. The 

latter will be vital to achieve ec-CO
2
RR current densities which 

are of technological relevance (j
CO2RR

 > 200 mA × cm–2). It should
be noted that the resulting (surface) pore sizes are altered when 
changing the support material.[18] In general, the pore size distri-
bution is substantially broader when the foam materials are elec-
trodeposited on porous carbon supports compared to respective 
metal foaming processes on planar metal foil supports. Fig. 8a,b 
shows representative top-down SEM images of the as-prepared 
Bi foam on the technical carbon support denoted hereafter ap Bi/

Fig. 8. (a,b) ap Bi/BixOy foam 
deposited on a carbon cloth sup-
port (denoted Bi/BixOy@GDE); 
(c) CO2RR product distribution 
represented as FEformate vs. E plot 
(FE: Faradaic efficiency). The 
annealed foam (denoted Bi2O3@
GDE) was used as the cata-
lyst; (d) Corresponding CO2RR 
reaction rate represented as 
PCDformate vs. E plot (PCD: partial 
current density). Note that the 
only side-product of the CO2RR 
is hydrogen; (e–h) Operando 
Raman spectroscopy results 
showing the potential-dependent 
oxide/sub-carbonate reduction. 
Raman bands at 313 cm–1 and 
162 cm–1 were used to probe 
the presence of oxide and sub-
carbonate species, respectively; 
(i) Operando optical inspection 
of the time-dependent oxide/
sub-carbonate/metal transition in 
CO2-sat. 0.5 M KHCO3 solution 
at -0.6 V vs. RHE; (j,k) Proposed 
reaction mechanisms of formate 
formation. Adapted from ref. [18], 
with permission of the American 
Chemical Society.
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the exchange of the oxide by the sub-carbonate is a spontane-
ous and rather fast process which takes place in the CO

2
-sat. 0.5 

M KHCO
3
 solution even at the open circuit potential without 

initiating the ec-CO
2
RR. Indeed, the potential-dependent inte-

grated intensities of the Raman bands at 313 cm–1 and 162 cm–1 
suggest that formed sub-carbonate species are more stable than 
the corresponding oxides (Fig. 8h). As shown in Fig. 8i, this 
transition from the oxide/sub-carbonate to the metallic Bi state 
is accompanied by a characteristic color change from yellow 
(oxide) to black (metal). 

These excellent electrocatalytic characteristics of the novel 
Bi foam catalysts result from the coupling of two distinct re-
action pathways of formate formation which are active (i) in 
the presence of the (partly-reduced) Bi

2
O

3
 foam at low overpo-

tentials (sub-carbonate pathway) and (ii) on the corresponding 
metallic Bi foam catalyst at medium and high overpotentials 
(Bi-O pathway). The reaction mechanisms, proposed also on 
the basis of the operando Raman results, are displayed in Fig. 
8j,k. To probe in more detail the structural and morphological 
changes which take place on the nanometer length scale upon 
sub-carbonate formation and partial electro-reduction of the ox-
idic precursor during ec-CO

2
RR we further applied the identical 

location (IL) scanning electron microscopy (SEM) technique 

by sequentially imaging the same single spot on the catalyst 
surface after the initial electrodeposition (as prepared), after 
the thermal annealing treatment, and after a series of dedicated 
CO

2 
electrolyses. The results of this IL-SEM analysis are de-

picted in Fig. 9 and demonstrate severe morphological changes 
on the nm length scale which go along with (i) the oxidation 
upon thermal annealing, (ii) the sub-carbonate formation when 
exposed to the CO

2
-sat. bicarbonate solution, and (iii) the ensu-

ing catalyst electro-reduction into the metallic state at higher 
applied overpotentials.

These microscopic results impressively demonstrate that the 
actually active catalyst forms only under reactive conditions. 

4. Conclusions
Herein we have demonstrated the usefulness of advanced

operando analytical techniques to probe the (chemical) state 
evolution of foam-type catalysts under reactive conditions, e.g. 
in the course of CO

2
 electrolysis. In particular for the case of Cu 

foams and their oxidic precursors it could be shown that a com-
plementary operando analysis approach is mandatory to derive 
a full understanding of the catalyst activation process which in-
volves the potential-driven electro-reduction of the oxidic pre-
cursors. Due to intrinsic technical limitations associated with 

Fig. 9. (a-r) Identical location (IL) 
SEM inspection of morphological 
changes associated to the ther-
mal annealing of the ap Bi/BixOy 
foam, the sub-carbonate forma-
tion and subsequent potentio-
static CO2 electrolysis in CO2-sat. 
0.5 M KHCO3 solution at –0.6 V 
vs. RHE. Adapted from ref. [18] 
with permission of the American 
Chemical Society. 
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each applied operando technique (e.g. XAS, XRD, and Raman 
spectroscopy) the probed potential dependence of the observed 
structural and compositional alterations is slightly different in 
all cases. However, from all applied operando techniques it can 
be concluded that the oxide–metal transition is completed prior 
to the onset of hydrocarbon or alcohol formation. The active Cu 
catalyst can be indeed considered as metallic (oxide-derived).

The understanding of the catalyst activation process is, how-
ever, much more complex in case of Bi foams and their oxidic 
counterparts. As evidenced by the comparison of operando 
Raman spectroscopy results and corresponding electrochemi-
cal performance testing, both the oxidic and the metallic foams 
are active towards ec-CO

2
RR (formate production). The sce-

nario becomes even more complex due to the rapid exchange of 
oxidic species by sub-carbonates in the presence of (dissolved) 
CO

2
 in the electrolyte solution. It is the coupling of two distinct 

reaction pathways of formate production (sub-carbonate path-
way at low overpotentials; Bi-O pathway at high overpoten-
tials) that leads to the extraordinarily broad potential window of  
~1100 mV in which the Faradaic efficiency of formate produc-
tion does not fall below 90%. 
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