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Abstract

Abstract

Electrochemical CO2 reduction reaction (denoted hereinafter CO2RR) using renewable electric
power from carbon-free sources shows high potential to transform CO: into value-added
commodity chemicals, such as carbon monoxide and formic acid. The ultimate goal of research
activities in this field is to achieve a commercial scale of CO2 conversion, which requires not only
the development of effective catalysts but relies also on the design of appropriate electrochemical
reactors to reach the high target product partial current density with long-term operation stability.
There are still challenges towards industrial application, such as CO2 mass transport limitations,
and severe system stability issues due to flooding, and precipitation phenomena occurring in the

gas diffusion electrodes (GDEs) during operation.

Colloidal catalysts are typically prepared by reducing metal precursors in the presence of
capping agents which are used to control the size distribution of the colloidal particles, their shape
and composition. These well-defined colloidal catalysts have already showed excellent
electrocatalytic performance for CO2RR. However, most of research has prioritized the activity
and selectivity of catalysts, while the stability received less attention, especially in the presence of
surfactants. In addition, the studies on the residual capping agents that may block the active site

from colloidal synthesis processes are few for CO2RR.

For this PhD project, various colloidal Ag catalysts with different sizes, morphologies and
capping agents were employed for electrochemical CO:RR. The capping agents (i.e.
polyvinylpyrrolidone, PVP) were demonstrated to severely affect the CO2RR performance on Ag
catalysts due to its coverage of active site. Electrochemical looping has been proved herein to be
a suitable and effective method for surfactant removal in particular when using H-type electrolysis
cells where the catalysts are exposed to a liquid electrolyte solution; this leads the Ag catalysts to
perform close 100% of faradaic efficiency for CO. More importantly, the excess capping agents
(e.g. PVP) not only changed the degradation pathway of Ag catalysts but they also reduced the
stability of gas-fed electrolyzer systems. Ag catalysts with distinct sizes, morphologies and
capping agents showed dissimilar degradation pathways for CO2RR when using these gas-fed flow

cells. However, the loss of CO2RR performance could be in many cases regained after removing
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precipitate formed on the GDE:s. It is further demonstrated herein that cracks often appearing as
defects in the gas-diffusion layers (GDLs) and the removal of excess PVP from the catalyst inks

could effectively mitigate flooding phenomena and prolong the life-time of the electrolyzer

systems.
In conclusion, to advance electrochemical CO2RR towards commercial scale, durability is

currently more reliant upon the reactor and GDE design rather than the catalyst itself in this stage.

The influence of capping agents, especially the excess surfactant, should not be neglected.

II
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Theoretical background

1 Theoretical background
1.1 Climate change and rising CO: status

Unnatural climate change has been observed. Extreme natural disasters, such as wildfires,
hurricanes, floods and droughts, have happened more frequently and caused greater damage.
Global annual temperature has increased at an average rate of 0.08 °C per decade since 1880 and
the rise has accelerated since the Industrial Revolution [1]. Sea level rise has continued due to
global warming; the global sea level reached a new high record in 2020, which was 91.3 mm (3.6
inches) higher than the record in 1993 [2]. Some of these changes, such as continued sea level rise,

are irreversible and could last hundreds of years.

The rising concentration of greenhouse gases such as water vapor (H20), carbon dioxide (CO2),
methane (CHa4), and nitrous oxide (N20) in the atmosphere leads to sever changes of the global
climate. The greenhouse gases particularly impact on Earth’s climate through the absorption of
infrared radiation. Approximately 30% of solar radiation is reflected back to space by clouds and
the Earth’s surface. Approximately 20% of solar radiation is absorbed by the atmosphere. The
Earth’s surface absorbs the rest 50% of the solar radiation. The remaining solar radiation in Earth’s
surface is then emitted with infrared wavelengths. The majority of this infrared radiation emission
is absorbed by greenhouse gases and remitted in all directions such as to other greenhouse gases
molecules, back to Earth’s surface and towards space. The trapped heat by greenhouse gases
warms the Earth’s surface. This cycle known as greenhouse effect, is natural and in principle
beneficial for maintaining temperatures that sustain life. The increased concentration of
atmospheric greenhouse gases negatively alters, however, the balance of Earth’s incoming and

outgoing radiation, which forces the climate to change.

COz, the most released greenhouse gas, contributes significantly to the enhanced greenhouse
effect and climate changes due to its long atmospheric lifetime (hundreds of years). For this reason,
COz is of great concern and studied thoroughly. The most renowned observatory for measurements
of anthropogenic CO2 concentration is the Mauna Loa Observatory in Hawaii. The measurements
of COz concentration started in 1958 by Charles David Keeling and are presented in a plot referred

to as the Keeling Curve (presented in Fig 1.1) [3]. The graph shows the continuous rising of CO2



Theoretical background

concentration in the atmosphere. Global emissions of CO2 have increased by almost 50% since

1990. More than 50% of CO2 was emitted from combustion of fossil fuels since 1950s [4].

Atmospheric CO; at Mauna Loa Observatory
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Fig 1.1 Keeling Curve-Trend in atmospheric carbon dioxide concentration [3]. Reprinted from ref. [3].

There are several international organizations that proposed suggestions to retard the climate
changes. The United Nations Environments Programme and the World Meteorological
Organization established the Intergovernmental Panel on Climate Change (IPCC) to provide
science assessments related to climate changes in 1988. The Paris Agreement adopted by 196
members in 2015 aims to limit global warming to well below 2 °C, ideally to 1.5 °C, compared to
pre-industrial levels [5]. The Sustainable Development Goals, which were adopted by all United
Nations Member States in 2015, include goals concerning climate action and affordable and clean

energy.

1.2 CO; capture, storage and utilization

A range of strategies and concepts are explored to reduce or avoid releasing CO2 emissions. The
capture of COz, from the primary industrial sources of CO2 include power plants, oil refineries,
and steel industries, is an important and viable CO2 emission reduction technology (shown in Fig
1.2 [6]). The COz2 capture involves absorption, adsorption, and separation technologies [7]. There
are basically three routes of CO:2 capture: post-combustion, pre-conversion and oxy-fuel

combustion [6], as summarized in Fig 1.2. The post-combustion capture process captures and

2
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separates CO:2 from waste gas streams after the conversion of the carbon source to COa.
Monoethanolamine, assumed to capture 90% of the CO: in the system, is commonly used in the
post-combustion capture system [8]. The pre-conversion capture process refers to capturing CO2
generated as an undesired co-product of an intermediate reaction of a conversion process [6]. The

oxy-fuel combustion can be used only in the industries involving combustion.

main industrial sources of CO,

I [ | I

7 S

energy sector oil cement iron & steel biogas chemicals
(fossil fuels) refineries industry industry sweetening sector
S - -
E CO, capture :
E I |
E [ | | !
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| capture capture capture ;
- _|_ ____________________________________________________________________________________________________________________ + -
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................................................. 1 '

:\ fuels o'ther. .:
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Fig 1.2 Different carbon capture, storage and utilization options [6]. Adapted from ref. [6].

CO2 storage strategy includes CO: capturing and compression, followed by pumping to
geological reservoirs and ocean for long-term storage [9]. However, there are challenges, such as
the possible leaks depending on the permeability of the geological structure, non-profit requiring

large capital investment of COz storage, and limitation of storage capacity in some regions [8-10].

In contrast to COz storage, CO: utilization is more profitable and attracts great interest in recent
years. The captured COz can be utilized directly in food and drink industry as a carbonating agent,
packaging gas, and preservative [11-13]. In addition, it can be used for enhanced oil recovery by

decreasing viscosity of oil and increasing the extraction yields [14-15]. Mineral carbonation and
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biofuels from microalgae are other options to fix CO2 [9,16]. Furthermore, CO2 can also be
converted into valuable products such as chemicals [17] and fuels [18] via carboxylation or
reduction. Various concepts of chemical CO2 conversion have been investigated recently [19].
Most chemical conversions are based on classical heterogeneous catalysis, typically employing
solid catalysts and gaseous reactants. For example, methanol synthesis from CO2 occurs by using

hydrogenation catalyst at high temperatures (> 413 K) and high pressures (> 1 MPa) [20].

Among CO2 conversion technologies, electrochemical CO2 reduction reaction (CO2RR) is
especially noteworthy. This approach is promising not only because the electrolysis converts CO2
directly into value-added chemical feedstock but also it uses renewable electric power generated
from various carbon-free sources such as solar, wind, hydroelectric, tidal and hydrothermal
processes (shown in Fig 1.3). There are two primary ways for electrochemical CO2RR: (i) the
electrochemical reduction of CO2 with other organic substrates to produce some target compounds
(electrochemical synthesis) and (ii) direct electrochemical reduction of CO: to some value-added

products, such as CO, ethylene, alcohols, and formic acid [21]. This PhD project focuses on the

o A
%‘) H \ chemicals

products

direct electrochemical CO2 conversion.

OQQ\\) | hemical
electrochemica
CO, conversion

CO, emission combustion

Fig 1.3 Schematic representation of CO; electroreduction using renewable electric energies
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1.3 Thermodynamics and Kinetics for electrochemical CO: reduction
CO2 is a linear molecule (O=C=0) in which two oxygen atoms are each covalently double bonded

to a single carbon atom. The equivalent carbon-oxygen bond length is 116.3 pm, which is much

shorter than that of C-O single bond. An average C=0 bond energy (745 kJ/mol) is much higher
than O=0 bond energy (495 kJ/mol) and C=C bond energy (614 kJ/mol) [21]. The Gibbs free
energy of formation of COz is -394.0 kJ/mol. Therefore, CO: is incredibly stable. A substantial
input of energy, optimized reaction conditions and active catalysts are necessary for any chemical

conversion of COz to a carbonaceous fuel or other commodity chemicals.

An electrochemical reaction always includes two half reactions: the oxidation of reactants (loss
of electrons) occurs at an anode and the reactant reduction (gain of electrons) occurs at a cathode.
In the case of electrochemical CO2RR, CO2 reduction occurs at the cathode, while the anode

reaction is typically the oxygen evolution reaction (OER).

1.3.1 Thermodynamics
A chemical conversion is driven by the differences in the Gibbs free energy between the reactants
and the products of chemical transformation (under standard conditions: 298.15 K, 1 bar), as
determined by the Gibbs-Helmholtz relationship.

AG® = AH® — TAS° (1)
AH° refers to the enthalpy changes at standard conditions, T is the system temperature and A4S°
represents the entropy changes at standard conditions. In electrochemical reactions, this equation
transforms for a reversible reaction at constant temperature and pressure to:

AG® = —nFE° (2)

where n represents the number of transferred electrons, F is the Faraday’s constant (96485.33
C/mol), and E° is the standard state potential that refers standard electromotive force as well. E°
means the minimum potential required for CO2RR. When the sign of 4G° is negative, the reaction

occurs spontaneously.
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Table 1 Selected standard electrode potentials for half-cell reactions related CO,RR at 1.0 atm and 298.15
K [21-23].

. E®/Vvs
Products Reactions n
SHE
. CO, + 2H* + 2e~ - CO + H,0 2 -0.106
carbon monoxide
CO, +2H,0 + 2e~ - CO + 20H~ 2 -0.934
formic acid CO, + 2H* + 2e~ > HCOOH 2 -0.250
methane CO, + 8H* +8e~ » CH, + 2H,0 8 0.169
2C0, + 12H* + 12~ - CH,CH, + 4H,0 12 0.064
ethylene
2C0, +8H,0 +12e~ - CH,CH, + 120H" 12 -0.764
ethanol 2C0, + 12H* + 12¢e~ -» CH3CH,0H + 3H,0 12 0.084
CO, + 6H* + 6e~ - CH;0H + H,0 6 0.016
methanol
€O, + 5H,0 + 6e~ - CH3;0H + 60H™ 6 -0.812
propanol 3C0, + 18H" + 18e~ — (C3H,0H + 5H,0 18 0.09
2H* +2e” - H, 2 0
hydrogen
2H,0 + 2e~ - H, + 20H™ 2 -0.830
CO2 radical anion CO, +e” »x(C05 1 -1.9
oxygen
2H,0 - 0, + 4H" + 4e~ 4 1.23

(anode reaction)

From thermodynamics, Gibbs free energy is related to the concentrations of reactants and
products (reaction quotient, Q) as follows.

AG = AG° + RTInQ (3)

The relationship between the electrode potential and the standard-state potential can be obtained,

which is known as Nernst equation, shown in equation (4).

RT C
—In=Z
nF Co

E=E°- 4)

E° is the standard state potential, R is the universal gas constant, n is the number of transferred

Cr . : o . .
electrons, and C—r is the bulk concentration of reduced and oxidized species. The Nernst equation

o

provides a bridge between electrode potential and the concentrations of participants in the
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electrode process and characterize the equilibrium for the electrode reaction. If a system follows
the Nernst equation or an equation derived from it, the electrode reaction is often considered

thermodynamically or electrochemically reversible [24].

The standard potential can be calculated from Gibbs free energy. Some of the half-cell reactions
related to CO2RR, the associated standard electrode potentials E° (V vs SHE, standard hydrogen

electrode), and the number of transferred electrons are summarized in Table 1.

1.3.2 Kinetics

The standard potentials listed in Table 1 only indicate the thermodynamic tendencies of reactions;
they do not take into consideration of the role of kinetics. CO2RR is not achieved at applied
potentials predicted from thermodynamics. Instead, much higher electron energies (more negative
potentials) must be applied to initiate the reaction at a measureable rate. The rate constant for a
heterogeneous electron-transfer reaction is a function of applied potential, which is a constant at a
given temperature. The deviation of the electrode potential from its equilibrium value is termed as

overpotential [24]. The lower the overpotential is, the more active the catalyst is.

The electrode reaction overpotential consists of three main components: ohmic overpotential,
concentration overpotential, and activation overpotential [21,25-27]. The ohmic losses are from
conduction of ions in the bulk electrolytes and ion transport across the membrane. The ohmic
losses are greater at high current density. The activation overpotential is the overpotential from
anodic and cathodic kinetic activation; it strongly depends on the electrode catalytic characteristics.
The activation overpotential can be reduced by obtaining a catalyst with a faster
oxidation/reduction rate constant for CO2RR [21]. The concentration overpotential is required to
maintain concentration gradients near the electrode for sustained electrochemical reactions and is
caused by the slow diffusion of reactant or products. For CO2RR, the mass transport includes
diffusion of CO2 and forming products (e.g. CO formed at the cathode and O: produced at the
anode). The overall reaction rate can be limited by the CO2 mass transport to the electrode surface.
Other additional overpotentials can be minimized by material modification and altering the cell
design. Moreover, the electrolysis condition (such as pressure and temperature) affect the

overpotential as well. Therefore, it is highly desired to develop superior catalysts and optimize cell
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design and operation conditions to lower the total energy applied to the conversion system via

decreasing the overpotential.

CO2RR on the electrode surface consists of several steps: mass transfer of the reactants, surface
reactions, interfacial charge transfer, and products involving bulk and surface diffusion [21]. The
first step of CO2RR is one-electron reduction of COz to radical anion *COz” (* means absorption
state) has been suggested to be a common critical limiting step with a standard potential of -1.9 V
vs SHE as shown in Table 1 [23]. This step causes the geometry of linear CO2 molecule to become
a bent *COz" radical ion, which in turn leads to increased overpotential of CO2RR. Stabilization of
the *COz radical ion intermediate at a catalyst surface may lead to decreasing CO2RR
overpotentials. In addition, CO2RR proceeds in aqueous media in the potential range of a parasitic
hydrogen evolution reaction (HER) [28-29]. Therefore, the designed catalysts should display high
selectivity for CO2RR and suppress HER.

1.4 Classification of catalysts for electrochemical CO; reduction reaction

Catalysts are essential to decrease the overpotential of electrochemical CO2RR. Selectivity,
activity, and stability are three important requirements for a CO2RR catalyst. The selectivity is
expressed in faradaic efficiency (FE) which is the fraction of faradaic charge consumed to produce
a targeted product. The activity corresponds to the rate of conversion and is usually described as a
decrease of overpotential. Instead, the activity towards a given product, referred as partial current
density, is extracted from the total current density. Only the charges converted to given product
are counted for the calculation of the partial current density. The stability of catalysts is the least
studied aspect, although it is one of the most important factors for the commercial applications.
The factors impacting the stability of catalysts include the deposition of metal impurities in the
electrolyte [28], the formation of graphitic carbon from CO: reduction intermediates [30], and the

degradation of the catalysts [31].
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Table 2 Catalyst classification according to Hori et al. [32]. Adapted with permission from Electrochim.

Acta, 1994, 39 (11), 1833-1839 [32]. Copyright 1994 Elsevier.

Potentia Current Faradaic efficiency / %

Catalysts /'Vvs density

NHE / mA em2 CHy C:Hy EtOH PrOH CO HCOO H;

Pb -1.63 -5.0 0.0 0.0 0.0 0.0 0.0 97.4 5.0
Hg -1.51 -0.5 0.0 0.0 0.0 0.0 0.0 99.5 0.0
In -1.55 -5.0 0.0 0.0 0.0 0.0 2.1 94.9 3.3
Sn -1.48 -5.0 0.0 0.0 0.0 0.0 7.1 88.4 4.6
Cd -1.63 -5.0 1.3 0.0 0.0 0.0 13.9 78.4 9.4
Tl -1.60 -5.0 0.0 0.0 0.0 0.0 0.0 95.1 6.2
Au -1.14 -5.0 0.0 0.0 0.0 0.0 87.1 0.7 10.2
Ag -1.37 -5.0 0.0 0.0 0.0 0.0 81.5 0.8 12.4
Zn -1.54 -5.0 0.0 0.0 0.0 0.0 79.4 6.1 9.9
Pd -1.20 -5.0 2.9 0.0 0.0 0.0 28.3 2.8 26.2
Ga -1.24 -5.0 0.0 0.0 0.0 0.0 23.2 0.0 79.0
Ni -1.48 5.0 1.8 0.1 0.0 0.0 0.0 1.4 88.9
Fe -0.91 -5.0 0.0 0.0 0.0 0.0 0.0 0.0 94.9
Pt -1.07 -5.0 0.0 0.0 0.0 0.0 0.0 0.1 95.7
Ti -1.60 -5.0 0.0 0.0 0.0 0.0 0.0 0.0 99.7
Cu -1.44 5.0 333 255 5.7 3.0 1.3 94 20.5

The activity and selectivity of CO2RR greatly depend on the type of the heterogeneous catalysts.
Extensive research has been dedicated to design the catalysts with high activity, selectivity, and

stability for CO2RR [33-37]. Y. Hori et al classified metallic catalysts into four groups according
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to the product distribution of CO2RR during electrolysis at the current density of -5.0 mA/cm? in
0.1 M KHCO;3 solution at ambient condition (shown in Table 2) [32]: (1) Pb, Hg, In, Sn, Cd, and
Tl bind strongly *CO2" and can transform CO2 to HCOO; (2) Au, Ag, Zn, Pd, and Ga produce CO
mainly; (3) Cu is the only catalyst yielding hydrocarbons and oxygenates; (4) this group includes
Ni, Fe, Pt, and Ti that are not active for CO2RR and mainly produce Hz in HER.

1.5 Mass transport

The performance of CO2RR is kinetically limited at low current densities, whereas mass transport
limitation becomes the key factor at high current densities. Most CO2RR studies have been carried
out in aqueous solution. CO2 molecules firstly dissolve in an electrolyte solution and then diffuse
through the liquid to the cathode-electrolyte interface. The solubility of CO2 in aqueous media is
about 30 mM in water at 1 atm at ambient temperature, which is low. Under this circumstance, the
highest partial current density of target product is typically far lower than 100 mA/cm?, which does
not meet criteria for a commercially viable process [38]. Various solutions have been proposed to
improve the mass transport of COz. The solubility of CO2 in aqueous electrolyte can be increased
by using pressurized CO2 in the reaction cell. The solubility of CO2 in organic solutions (e.g.
methanol, acetonitrile) is typically higher than that in common aqueous systems, and the HER can
be hindered in the organic solution due to the low proton availability [39]. lonic liquid is another
alternative electrolyte for increasing the solubility of COz. Ionic liquids provide increased
solubility of CO2 and serve as co-catalysts for CO2RR stabilizing radical-anion *COz" at the
electrode surface and decreasing overpotential of the reaction [40]. So-called gas diffusion
electrodes (GDEs) employing a porous catalysts layer along with diffusion media to facilitate
reactant transport and distribution can also help to overcome the CO2 mass transport problem [41].
The alternative to solve the mass limitation of COz is the direct flow of CO: to the catalyst surface
achieving by application of GDE in the flow cell. Flow cells are discussed in more details in section

1.7.1.
1.6 Possible target products from CO: reduction reaction
Electrochemical CO2RR is a multiple proton- and electron-transfer reaction that converts CO: into

value-added products. Table 3 lists the cost of major CO2RR products from COz-electrolysis cell
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and the well-established commercial chemical synthesis [42]. Compared to the production prices
from the conventional production routes, CO:z-electrolysis are not competitive for all of the
possible reaction products. The conversion of CO2 into CHs, C2Hs, and CH30OH by electrochemical
CO2RR appears much higher in cost than the current market prices shown in Table 3. From an
economic perspective, the generation of CO and formate from COz electrolysis seems to be most
promising. The cost of transforming CO2 to CO is 0.27-0.54 $/kg, which is lower than the current
market price (0.65 $/kg). Moreover, the production volume for CO is large at 210000 Mt per year.
Formate production ranges from 0.17 $/kg to 0.34 $/kg, which is 2-4 times lower than the current
market price (0.8-1.2 $/kg). However, the annual market production (0.8 Mt) is much smaller

compared to the demand of CO.

Table 3 Costs of H,, CHs, CoHs, CO, HCOO™ and CH3OH from commercial synthesis and CO; electrolysis
[42]. Reprinted from ref. [42].

Current Current Production Production
Product Produced by mal.'ket production price by' volume'per .
price volume electrolysis electrolysis unit
/$ kgt /Mty? /$ kgt /Mty!
H, Steam reforming, part{al 0)(.1dat10n -4 65 4 0.0003
of methane or gasification
CH, methanogenesis or hydrogenation <0.08 2400 -4 0.0007
of CO,
C,H, pyrolysis or vapocracking 0.8-1.5 141 1.6-3.2 0.0009
CcO Boudouard reaction 0.65 210000 0.27-0.54 0.005
HCOO/ hydrolysis form methyl formate
and formamide or by-product of 0.8-1.2 0.8 0.17-0.34 0.008
HCOOH . .
acetic acid production
cH,om  Tomnatural gas, coal, biomass, 0.4-0.6 100 0.7-1.4 0.002

waste

CO has a wide range of applications in a metal fabrication, steel production, and pharmaceutical
manufacturing. In addition, CO combines with Hz (syngas) serves as an important chemical
precursor for a number of industrial processes via Fischer-Tropsch [43-44]. The Fischer-Tropsch
process converts CO and hydrogen into liquid hydrocarbons such as synthetic lubrication and
synthetic fuel (shown in Fig 1.4). However, Fischer-Tropsch reactions require high temperature
and pressure in the presence of the catalysts. The effort to convert chemical feedbacks from CO2

electrolysis with less chemical infrastructure has done by Haas and co-workers [45]. The system
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coupled a COz electrolyzer by using photovoltaic electricity and a fermentation module to convert
syngas from CO2RR to butanol and hexanol. It reaches nearly 100% FE conversion of CO2 and
H20 to CO and Hz, and nearly 100% transformation of CO and H2 to desired alcohols [45].

W,

chemicals synthetic
natural gas
\ i '
steam T S——
/ \ fertilizer
) \'
onsumer
—— products
transportation
fuels

Fig 1.4 Main uses of syngas [46]. Adapted with permission from React. Chem. Eng., 2021, 6 (6), 954-976.
[46]. Copyright 2021 Royal Society of Chemistry.

The possible reaction pathway of CO2 conversion into CO on Ag that was the main catalyst
material in this PhD project is shown in Fig 1.5. It is proposed as a two-electron and two-proton
reaction [47]. The first step is formation of the bent structure of intermediate *CO2" by a single
electron transformation, which is crucial step mentioned in the section of 1.3.2. Subsequently, a
proton transfers to *CO2" resulting the formation of *COOH. Another coupled electron-proton
transfers to *COOH and drives on the hydroxyl group in *COOH to yield a water molecule, leaving
*CO on the catalyst surface. *CO desorbs from the electrode surface as a main product due to the

moderate binding of intermediates on Ag catalysts [47].
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e/H
—
HO

carbon oxygen hydrogen

Fig 1.5 Reaction pathway of CO; conversion into CO on Ag catalysts [48]. Adapted with permission from
ACS Catal., 2020, 10 (15), 8503-8514 [48]. Copyright 2020 American Chemical Society.

1.7 Electrolyzer for electrochemical CO; reduction

The electrolysis cell is the fundamental hardware device for performing CO2 electroreduction.
There are mainly two types of configurations available: H-type cell and flow cell. Many
researchers have sought to design and optimize the reactors to achieve high current densities for

long durations.

1.7.1 Electrochemical cell designs

The classic H-type cell has been commonly used for lab-scale electrochemical CO2RR because the
configuration is low cost, easy to operate, and fast to screen for the catalysts. Its schematic is
presented in Fig 1.6. The H-type cell includes two compartments separated by a cation/anion
exchange membrane. The electrochemical reactions typically employ a system with three
electrodes. The working electrode (WE) is cathode where CO2RR occurs, while the counter
electrode (CE) is anode where the OER processes. The third electrode referred as reference
electrode (RE) is used to control and measure the working electrode potential. The commonly used
RE include the saturated calomel electrode (SCE), SHE, and the silver/silver chloride electrode
(Ag/AgCl). In case of CO2RR, the measured potentials are converted to the reversible hydrogen
electrode (RHE) usually for the sake of comparability. The H-type cell is filled with an electrolyte
solution. COz gas is bubbled through the solution to saturate it with dissolved CO2 molecules. High
selectivity of CO2RR has been obtained in this cell; Liu et al tested colloidal silver nanowires (Ag
NWs) in H-type cell, and achieved maximum values of 99.3% for the FE of CO [49]. Ag
nanoparticles (Ag NPs) prepared by dip-coating and thermal annealing method in air showed over

90% of CO selectivity under a current density of ~21 mA/cm? [50]. However, as stated in section
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1.5, the solubility and diffusion of COz2 in electrolyte solution is quite low under ambient conditions
[38]. In this case, the achievable partial current density of desired product is far below than 100
mA/cm?. The commercial applications for CO: electrolysis require high current densities (> 200
mA/cm?) and long-term operation (> 8000 h or 1 year) with high selectivity and low overpotential,

which was highlighted in a gross margin model developed by Kenis and co-workers [51].

CO, inlet products outlet

| !

B AR IFIHI“II‘EII

! | I

l oo} o
o
° o
o P o
o

CE membrane RE WE

Fig 1.6 Schematic of the H-type cell used in this work

To overcome the mass-transport limitation of the H-type reactor configuration, flow cells have
been developed. The reactants are continuously circulated to and away from the electrodes, and
the products are transported away from the electrodes. This configuration can be realized at a
laboratory scale as well as an industrial scale. This approach has already proved to be highly
effective in fuel cells and water electrolyzers [52]. The flow cells employed for CO2 electrolysis
have two primary architectures: microfluidic reactors and membrane-based flow cells [38]. The
microfluidic cell (shown in Fig 1.7 (a)), described by Kenis and co-workers [53-54], uses a thin
layer (<1 mm) electrolyte flow channel to separate the anode and the cathode. The COz2 gas diffuses
through the GDE and reacts at the electrode-electrolyte interface. This configuration can operate
without a membrane. The diffusion of reactants and products is controlled by laminar flow
conditions. This system could reach high current densities for CO2RR through precise control of
pH and water management [53-54]. However, it is challenging to scale up this reactor because of

the pressure of the microfluidic architecture. The most widely used flow reactor is membrane-
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based flow cell, which introduces a polymer electrolyte membrane to separate the anodic
component and the cathodic component and attenuate the crossover of products. Zero-gap
membrane configuration (shown in Fig 1.7(b)) is one of the prevalent flow cell presented in the
literature. There is no space between the catalysts on the electrode and the membrane in the zero-
gap membrane based flow cell. Three different membranes have been deployed in this
configuration: cation/proton exchange membranes (CEMs) [55], anion exchange membranes
(AEMs) [56-57], and bipolar membranes (BPMs) [58]. The CEMs promote the cation includes H"
from the anode to the cathode. The cathode is required to suppress HER; however, the transport of
protons to the cathode favors HER instead of CO2RR. Therefore, CEMs may not be the most
suitable membranes for CO2RR. BPMs facilitate the dissociation of water into their ionic
counterparts under reverse bias, forcing OH and H" to the anode and the cathode, respectively
[38]. The advantages of BPMs are maintaining the constant pH on the electrode and minimizing
the crossover of products. The disadvantage of this membrane is the function of BPMs consuming

large potential, which reduces the overall energy efficiency of the cell.

(a)

C?z(g) (b)

membrane
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Fig 1.7 Schematic of (a) microfluidic reactor and (b) zero-gap membrane-based flow cell [38]. Reprinted
with permission from Acc. Chem. Res., 2018, 51 (4), 910-918 [38]. Copyright 2018 American Chemical
Society.

Many of the best performing membrane-based CO2 flow cells utilize AEMs. AEMs were
employed in this project as well. AEMs facilitates the transport of anions (e.g., OH", CO3%, and
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HCO3") from the cathode to the anode compartment. The flow cell equipped with AEMs have been
demonstrated high current densities with high CO and hydrocarbon selectivity [59-62]. However,
most of the devices exhibit limited durability with performance loss after a few hours of operation
[63-64]. The loss of CO2RR performance may be related to the cathode flooding, (bi)carbonate
salt formation in the cathode, and catalyst failure [65]. The flooding refers to water penetrating the
cathode and blocking the CO2 diffusion pathway to active sites of the catalysts. Flooding may
happen after a decrease in hydrophobicity of GDE and the break-down of hydrophobic ionomers
and/or polytetrafluoroethylene (PTFE) binders in catalyst layer. Flooding may result from the
movement of water accompanied with the migration of cations, especially at high concentration of
electrolyte and the high potentials [66]. The (bi)carbonate salt formation is caused by the increased
local pH at the cathode [67]. During COz electrolysis, CO2RR and HER consume protons from
water molecules and form OH™ ions as a by-product. The OH™ ions react with CO2 and form HCO3"
and COs%, significantly reducing the CO: availability. The mobility of HCO3™ and CO3? are lower
than that of OH", and the accumulation of the ions will hinder the membrane ion transport [68].
Furthermore, the accumulation of (bi)carbonate ions with the cross-over of cation ions (e.g. K*)
from the anolyte lead to the precipitation of (bi)carbonate salt on the GDE. The (bi)carbonate salt
hampers the CO: diffusion and decreases the CO2RR performance. Another possible reason for
decreased CO2RR performance is catalyst failure referring to degradation of catalysts that lowers

the selectivity and rate of COz reduction. The catalyst failure is discussed in section of 1.8.2.

Efforts have been made to improve the cell performance including optimizing GDE material
and structure [41,69], reactor design [65], and operating conditions [70-71]. The porous solid
electrolyte reactor was designed to use a sulfonated polymer electrolyte buffer layer between
cathode and anode [72]. The carbonate ions formed at the cathode were converted back to COz in
the solid electrolyte, and recaptured CO2 was fed back to the CO2 input stream. By this way, the
high COz2 conversion efficiency and long-term operation were obtained. Xu et al. switched the
applied voltages between an operational potential and a lower regeneration potentials to avoid the
salt formation and gained 236 h duration with 80% selectivity of C2 products and 138 mA/cm? of
C2 partial current density [70]. The direct injection of water into gas channels has been

demonstrated to prevent salt crystallization in a zero-gap flow cell [71].
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1.7.2 Gas diffusion electrode

The GDE design plays a critical role on CO2 reduction flow cell. It presents a porous material with
high surface area and comprises an electrocatalyst layer deposited on a porous gas diffusion layer
(GDL). It reduces the CO2 diffusion pathway to the surface of the catalyst through a liquid phase:
from ~50 um in H-type cells (an approximate thickness of diffusion layer) to ~50 nm using GDEs,
which allows for high current densities [63]. The most common GDE for COz electrolysis consists
of a microporous layer (MPL, typically compressed carbon powder) and macroporous support
(MPS, typically carbon fibers layer (CFL)). The MPS provides mechanical stability and electrical
contact for the GDEs as well as distribution of CO2 gas through its macro-scale pores [73]. The
structure and composition of MPL and MPS influence the transport of reactants and products
through electrolyzers, which affects the transport of chemical species to and from the catalyst and
thus the CO2RR electrolyzer performance [69]. The hydrophobicity is required for prevention of
GDE flooding and often enhanced by coating with a fluorinated polymer, such as PTFE. The
loading of PTFE in each GDE layer should be optimized to achieve desired hydrophobicity, good
GDL electrical conductivity, and sufficient gas permeability [69]. Kim et al demonstrated that the
GDE containing 10% PTFE in MPS and 20% PTFE in MPL with a thickness of 190 um for MPS
exhibited the highest partial current density of CO on Ag catalyst compared to higher or low
concentration of PTFE in MPS and MPL [74]. The porosity and thickness of GDE are also crucial
for CO2RR electrolysis because they affect CO2 and water transport, (bi)carbonate formation and
local pH [69]. Even though several GDLs have been developed for fuel cells and electrolyzers,
most of them are not suitable for long-term CO: electroreduction operation, especially at high
current density and the processes involving liquid products [75]. To improve the stability of GDL,
functionalization of carbon-based GDLs with hydrophobic compounds was applied [76]. Another
approach to increase the stability is to use non-carbon-based GDLs, such as porous PTFE [59,62].

1.8 Colloidal catalysts
1.8.1 Synthesis of colloidal catalysts

The physicochemical properties of catalysts are strongly influenced by their size, shape and
composition; structural and compositional design provides an effective strategy to boost their
performances and broaden their applications. Effort has been devoted to developing stable

electrocatalysts that can reduce CO2 with high efficiency and selectivity towards one specific
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product. Traditional synthetic routes usually lead to forming low surface energy facets, which
usually have low catalytic activities [77]. Compared to traditional methods, colloidal protocol is
one of the most powerful wet-chemistry techniques to achieve the nanocatalysts with narrow size
distribution, well-defined shape, and precise composition through the appropriate reaction
conditions. A typical colloidal approach involves the reduction or decomposition of metal
precursors in the presence of surfactants/capping agents in either aqueous or organic media [78].
Nanomaterial structures that can be obtained through colloidal synthesis, range from sphere, cube,
wire, and triangular plate to more complex structures, such as rhombic dodecahedra, and core—
shell heterostructures [78-79]. To rationally tailor the nanocatalysts to desired shape and size,
many reaction parameters need to be considered during the synthesis. Reaction temperature,
reaction time, ratio of reactants (e.g., metal ion precursor and reducing agent), injection speed of
chemicals, atmosphere, and reactor volume need to be considered. However, the action of the so-
called surfactants and capping agents is especially important. The binding affinities of capping
agents are varied on the crystal facets. The preferential capping can effectively hinder the growth
of a certain surface facet, thus crucially affecting the nucleation and growth kinetics of
nanomaterials for controlling the nanocrystal structure [80]. Most of the capping agents are organic
molecules or polymers, such as polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), oleylamine
(OAm), oleic acid, branched polyethylenimine (BPEI), polyethylene glycol (PEG), and
cetyltrimethylammonium bromide (CTAB).

The capping agents may functionalize as a byproduct liberated during the synthesis. For
example, decomposition of metal carbonyl compounds during a synthesis liberates CO binding
strongly to many metal surfaces [81-82]. The adsorption of CO can hinder the reaction rate on
certain facets resulting in anisotropic growth. More importantly, the capping agents can stabilize
the high-energy surface of the nanoparticles and protect them from overgrowth and aggregation.
They can also affect the reduction kinetics by forming complexes with original metal precursors
and control the growth of nanocatalyst via the selective adsorption on particular crystallographic
planes facets [83]. Through its chemical interaction with a metal surface, the presence of a capping
agent can change the order of free energies for different crystallographic planes, and thus their
relative growth rates to surfaces with different surface orientations [79]. For example, PVP can

serve as capping agents of which oxygen atoms bind most strongly to the {100} facets of Ag [84].
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Citrate ion binds most strongly to {111} facets for Pd favoring the formation of decahedrons,
icosahedrons, and octahedrons [85]. After the synthesis, the capping agents play a vital role to

protect the nanomaterials from aggregation and decomposition.

1.8.2 Colloidal catalysts for CO; electroreduction

Catalysts are essential for COz electrolysis, as they decrease the activation barrier (overpotential)
and direct the electrolytic reaction towards the desired target product. Nanomaterials produced via
colloidal synthesis have shown potential for industrial CO2 reduction applications due to easy
scaling-up of their production and simplicity of their deposition on GDEs. The selectivity and rate
of electrochemical CO2 conversion can be governed by controlling size, shape, and compositions
of colloid nanocatalysts. Furthermore, nanocatalysts synthesized by colloidal means represent a
material platform to correlate the catalytic performance with its structure and composition, which
is of significant importance in advancing the knowledge of the structural and compositional
reaction sensitivities and the degradation pathways of catalysts for electrochemical CO2

conversion [86-87].

As catalyst size reduces towards the nanoscale, the surface-to-volume (or mass) ratio increases,
and size effect becomes more pronounced [88]. The small nanomaterials with high density of low-
coordinated atoms show high surface energy. The colloidal nanocatalysts with different size may
reveal distinct performances for CO:2 reduction; the performance can be adjusted by controlling
the structure and size of nanomaterials [39]. For example, the ultrathin Ag NWs prepared with
diameters smaller than 25 nm synthesized through polyol method obtained nearly 100% of FE for
CO and lower overpotentials compared to the thicker Ag NWs with diameters of 100 nm in an H-
type configuration with 0.1 M KHCOs3 [49]. Pd nanoparticles with narrow size distribution
(ranging from 2.4 to 10.3 nm) were prepared using NaBH4 and sodium citrate as a reductant and a
stabilizing agent. The FE for CO production vary at -0.89 V vs RHE from 5.8% over 10.3 nm
nanoparticles to 91.2% over 3.7 nm nanoparticles in an H-type cell filled with 0.1 M KHCO3; this

is due to the changing ratio of corner, edge, and terrace sites [89].

Previous studies have shown that the nanocatalyst morphology influences CO2RR performance.

The adjustment of catalyst morphology causes the changes in particular exposed facets and the
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surface area of the materials, which in turn affects the number of available active sites. Some
researchers have demonstrated that colloidal nanomaterials, with optimal facet and edge site, may
tune electrocatalytic activity and selectivity for CO2RR through precise shape-control synthesis.
Gregorio and co-workers employed the colloidal Cu nanocrystals of different shapes (i.e., sphere,
cube of (100) facets, and octahedra of (111) facets) at commercial scale current densities in a gas-
fed flow cell. They observed that Cu sphere nanocatalysts are not selective toward any specific
product, Cu cube nanocatalysts are highly selective toward ethylene, and Cu octahedral
nanocatalysts are selective toward methane [90]. The triangular silver nanoplates reveal
significantly improved FE of CO, enhanced current density, an ultralow overpotential, and
considerable durability (7 days) compared to similarly sized Ag nanoparticles and bulk Ag, which
is due to both the optimum edge-to-corner ratio and the predominant Ag(100) facet in the triangular

silver nanoplates [91].

Besides the tuning of size and morphology, tuning composition of nanocatalysts via colloidal
approach has also attracted attention. Considering Ag has high catalytic performance as well as
lower price and richer reserves compared with Au, the alloys based on Ag have been widely
reported in CO2 conversion. For example, the bimetallic Ag-Cu nano-dimers of tunable Cu domain
size (Agi-Cuos, Agi-Cuiri, and Agi-Cus2) were prepared by pre-synthesizing Ag NPs as
nucleation seed for the growth of the Cu domain through colloidal chemistry. The Agi-Cui.1 nano-
dimers show a 3.4-fold enhanced FE and a 2-fold improved partial current density of C2Ha at -1.1
V vs RHE in a COz-saturated 0.1 M KHCO3 solution compared with the Cu NPs of similar size

and shape, which is attributed to design multicomponent catalysts efficiently [92].

Most studies have focused on exploring the selectivity and the activity of colloidal
electrocatalysts. The durable electrochemical performance is an equally important characteristic
of catalysts as the high activity and selectivity for commercial applications of CO2RR.
Nevertheless, the structural alterations of the catalysts have received much less attention than
activity/selectivity issues. Understanding the degradation pathway occurring during operation and
developing mitigation strategies of structural alteration may improve catalyst design, facilitating
the translation of fundamental knowledge to technological application. The degradation

mechanism of the catalysts during CO: electroreduction includes agglomeration, corrosion,
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Ostwald ripening, detachment, and chemical poisoning [31]. The degradation may change the

surface area and number of active sites. Thus, it affects the selectivity and activity of catalysts [93].

1.8.3 Surfactant effects for CO; electroreduction

The colloidal synthesis of nanocatalysts with precise control of size, morphology, and composition
have been successful used for catalytic applications in electrochemical reactions (e.g. CO2RR and
OER). Capping agents are usually required in colloidal synthesis. After the synthesis process,
capping agents or their decomposition products presumably remain in the catalyst suspension.
They can be divided into two types: ligands adsorbed on the catalyst surface and free ligands
(excess capping agents) in the suspension (shown in Fig 1.8). Understanding how these surfactants
affect electrolytic performance is important for optimizing the utilization of colloidal catalysts for
electrochemical applications. It has been proved that surfactants influence the catalytic
performance through steric and electronic effects [94-95]. Surfactants sterically contain a
particular conformation for an adsorbed intermediate or block certain reactants from reaching the
catalytically active sites, affecting the activity and selectivity [96]. The electronic effects refer to
that ligands tuning the electronic structure of a catalyst surface by modulating the electron density,

e.g. via Lewis acid-based interactions [96].
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Fig 1.8 Schematic of capping agents adsorbed on the catalyst surface and free ligands in the catalyst

suspension.

The local environment plays an important role in driving CO:2 reduction and suppressing the

HER. The local environment for CO2RR is the interfacial region of the electrode/electrolyte in an
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H-type cell and the electrode/gas/water triple-phase boundary on the GDE in a flow cell reactor.
This microenvironment can be modulated by surfactants on colloidal nanomaterials. The surfactant
can change permeable selectivity, tune cation adsorption and interfacial solvation, participate in
chemical activation, and template active site selection [96]. An increasing number of studies have
been reported to improve CO2RR by the tenability of molecules on nanocatalysts surface. Kim and
co-workers applied OAm, oleic acid, and dodecanethiol to prepare Ag NPs modified with amine,
carboxyl, and thiol groups, respectively [97]. The amine functional group on Ag nanoparticles
shows highest FE for CO production, while the thiol group favors HER. The density functional
theory (DFT) calculation supports the results: the attaching amine molecules destabilize the
hydrogen binding, while the thiol molecules show strong hydrogen binding [97]. From
Breugelmans’s group, the bimetallic Cu-Ag core-shell nanoparticles were produced with three
different surface modes: (i) capped with OAm, (ii) capped with monoisopropylamine, and (iii)
surfactant-free with reducing borohydride agent respectively and these nanoparticles were applied
on GDEs in flow reactor [98]. Cu-Ag capped with OAm gives a lower overpotential for
hydrocarbon production, whereas Cu-Ag capped with monoisopropylamine and surfactant-free
favor syngas production; this can be associated with gradual increases in the electrical conductivity

and active surface area after each surface treatment [98].

Capping agents attached on the catalyst surface may block the active sites and reduce the
activity of catalyst. For example, capping agent PVP prefers to adsorb on Ag(100) facet, which is
highly active for CO2RR [79]. The remaining capping agents also add complexity to the system,
such as uncertain coverage density of capping molecules, noncovalent interaction between capping
molecules and reactants, and charge transfer at the organic—metal interface [99]. Therefore, it is

crucial to activate the colloidal catalysts by removing the capping agents.

Some methods have been developed to clean the catalyst surface, such as chemical washing
[100], thermal treatment [101], plasma treatment [ 102], ozone treatment [ 103] and photonic curing
[104]. Chemical washing procedures involve: (1) repeatedly washing catalysts with chemical
solvent and collecting catalysts by centrifugation or precipitation and (2) displacing long-chain
hydrocarbons on catalysts surfaces with small molecules, which are easy to dispose [100]. It is

difficult to separate small unsupported catalysts from the solvent with regular centrifugation. In
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practice, the poor/good solvent mixtures are employed (e.g., acetone/water for PVP removal and
ethanol/hexane for oleylamine removal) [99]. Chemical treatment is flexible, but it consumes a
large quantity of chemicals, which contradicts to green chemistry principles. Thermal treatment is
also used to decompose the ligands; however, it may cause sintering [101]. Photonic curing has
been demonstrated as an effective method to activate and stabilize the copper nanowires for the
electrochemical reduction of COz in our previous work [104]. Electrochemical cleaning is also
useful in dealing with the capping agents. For example, electrochemical potential cycling was
carried out between 0 and 1.0 V vs RHE to remove PVP and OAm/oleic acid on Pt nanocubes in
0.5 M NaOH and 0.5 M H2SOs4, respectively. The electrochemical treatment shows it is more
effective to remove capping agents in alkaline solution than acidic solution [105]. It is noted that
harsh treatment may cause undesired morphological changes (e.g., agglomeration) that reduce the
activity of catalysts, while the gentle approaches to surfactant cleaning may leave residues that
still block the active sites [99]. Furthermore, readsorption of capping agents and poison from the

decomposition of ligands compounds should not be ignored [93].

1.9 Thesis outline

Electrochemical CO2RR has shown promise in converting COz to value-added chemical feedstock,
which combines with renewable power supply. Among the products of CO:2 electroreduction,
carbon monoxide attracts high attention due to its relative low cost from COz electrolysis and high
market demand. Ag is an excellent catalyst for electrochemical CO2-to-CO conversion. The
structure of the nanocatalysts plays an important role for CO2RR performance. The nanomaterials
with well-defined sizes and shapes can been obtained through colloidal approaches controlled via
capping agents. Most of the research have explored the selectivity, activity, and stability of
colloidal catalysts. However, there are a few studies related to the influences of capping agents
from the colloidal synthesis, especially free ligands in the catalyst suspension. This dissertation
presents a study of activity, selectivity, and stability of colloidal Ag nanocatalysts capped with
different capping agents for electrochemical CO: reduction in the H-type cell (shown in
Publications 5.1, 5.9, and 5.10) and the gas-fed zero-gap flow cell (shown in Publications 5.2, 5.3,
54,5.5,5.6,5.7, and 5.8). It aims to correlate the capping agents with nanocatalysts for CO2RR
performance and further promote Ag nanocatalysts on electrochemical CO2RR at commercial

scale (e.g., electrolysis stability with high product partial current density).
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The colloidal Ag catalysts (Ag NWs and Ag nanocubes, Ag NCs) were synthesized through a
polyol process with PVP as capping agents to control the size distribution and the shape. PVP
adsorbs on the surface of Ag catalysts that blocks the active sites and reduces the selectivity and
activity of the catalysts for CO2RR, even after chemical washing by acetone/water.
Electrochemical method was applied to remove the capping agents in the H-type cell as shown in

section 2.1 and Publications 5.1 and 5.10.

To achieve industrially relevant CO2 conversion rate, the CO2 electrolysis was investigated in
a gas-fed zero-gap flow cell. The influence of capping agents, including ligands adsorbed on Ag
catalyst surface and free ligands in the Ag catalyst ink, was studied (section 2.2 and 2.3). The
commercial PVP-capped Ag NPs with the initial sizes of 10, 40, and 100 nm were used in the flow
cell to study the structural alterations during the CO2RR as shown in Publication 5.2. The effects
of different ligands (i.e., BPEIL, PVP, PEG, and citrate) on Ag NPs were discussed in Publication
5.6. The influence of excess capping agents (i.e., free ligands in the ink) on the stability of the flow

cell and on the Ag degradation pathway was included in Publications 5.3 and 5.6, respectively.

In addition, a novel analytic method based on the combination of inductively coupled plasma
mass spectrometry (ICP-MS) and energy dispersive-X-ray (EDX) spectroscopy was introduced to
help visualize and quantify flooding phenomena in the flow cell (shown in Publication 5.7). Some
parameters (e.g., the cracks on GDEs) influencing the stability of the gas-fed zero-gap electrolyzer
have been investigated in Publication 5.8. Furthermore, the limitation of identical location
scanning electron microscopy (IL-SEM) in the presence of capping agents was investigated in

Publication 5.9.
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2 Results and discussion

2.1 Selectivity and activity of colloidal Ag catalysts in H-type cell

As stated in previous sections 1.4 and 1.8.2, Ag catalysts with well-defined size distribution and
faceting display excellent selectivity and activity for CO2RR. In some cases, however, the CO2RR
performance of colloidal Ag catalysts is hindered by the capping agents (e.g., PVP) used in the
process of synthesis. There are various methods to remove the capping agents, such as chemical
washing, thermal treatment, plasma treatment, ozone treatment and photonic curing [77,99]. Here
the selectivity and activity of Ag NWs and Ag NCs capped with PVP were studied, and

electrochemical means were applied to activate the colloidal Ag nanocatalysts.

Ag NWs were synthesized by the PVP assisted-polyol process. After washing with
water/acetone, some PVP still adsorb on the surface of Ag NWs, which blocks the active site of
catalysts and promotes HER. The CO2RR itself was utilized to activate the Ag NWs catalysts in
an H-type cell. The electrochemical activation denoted hereinafter electrochemical looping (ec-
looping) refers to a sequence of potentiostatic COz electrolysis. The electrolysis started at a fixed
potential (Estart) 0of -0.6 V vs RHE to a variable more negative vertex potential (Evertex) in a stepwise
manner ranging from -0.9 V vs RHE to -1.3 V vs RHE. The loop is closed through the backward
run of electrolysis and ended at the starting potential. The electrolysis time for each applied
potential was 20, 40, and 60 min. It is identified as the most effective treatment for the removal of
capping agents applying electrochemical looping to vertex potential of -1.3 V vs RHE with the
individual 40 min-long electrolysis for each potential, which achieves over 80% of FEs for CO, as
shown in Fig 2.1 (a). After pretreatment by electrochemical looping, the true potential-dependent
product distribution was presented in Fig 2.1 (b). The CO faradic efficiencies are close to 100%
after the successful removal of PVP, which is much higher than the ones for the as-prepared
catalysts. The removal of PVP was confirmed by X-ray photoelectron spectroscopic (XPS)
inspection in Fig 2.1 (e). When extending the Evertex from -0.9 V vs RHE to -1.3 V vs RHE, the
elemental concentrations for nitrogen originating from the PVP capping agent decrease. This

observation is full agreement with the corresponding increase of the CO selectivity.
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Fig 2.1 (a) Product distribution in the forward and backward runs of the electrochemical looping
experiments (40 min duration at each potential) employed on Ag NWs catalysts in CO;-saturated 0.5 M
KHCOs. (b) The CO2RR product distribution for 1 h lasting electrolysis experiments on as-prepared Ag
NWs catalysts and those pretreated by an electrochemical looping (Everex =-1.3 V vs RHE, 40 min duration
at each potential). (c) Faradic efficiencies of CO at potential of -0.9 V vs RHE for 1 h electrolysis after
different activation protocols. The integrated intensity of N1s emissions normalized to the corresponding
integrated intensity of the Ag3d emission (d) of different protocols corresponding to (c) and (e) after the
ec-looping treatment with different Eyerex. Adapted with permission from ACS Catal., 2020, 10 (15), 8503-
8514 [48]. Copyright 2020 American Chemical Society.

In addition, ec-looping in Ar-saturated electrolyte and in CO2- and Ar- saturated electrolyte
with galvanostatic electrolysis were tested. The selectivity of CO has been further improved after

the ec-looping in COz electrolysis than in HER, as shown in Fig 2.1 (¢), which corresponds to the
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removal of PVP in Fig 2.1 (d). It demonstrates that the CO formed during the CO2 electrolysis is

vital for removing the capping agents efficiently. More details can be found in Publication 5.1.

The similar hysteresis was observed in PVP-capped Ag NCs. However, Ag NCs show some
degradation after the electrochemical activation. It is due to lower thermodynamic stability of Ag

NCs compared with Ag NWs [106]. More details are described in Publication 5.10.
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Fig 2.2 Schematic for (a) the exploded and (b) the cross-sectional view of the gas-fed zero-gap for the
electrolysis of CO,. (¢) Faradic efficiencies of CO and (d) PCD of CO at different applied potentials with
2 M KOH in zero-gap flow cell for Ag NC catalysts. Adapted with permission from ACS Catal., 2020, 10
(21), 13096-13108 [107]. Copyright 2020 American Chemical Society.

As discussed in section 1.5, COz2 transport becomes a rate determining process at high current
densities. To overcome this transport limitation, the gas-fed zero-gap electrolyzer was applied in

the following studies. The schematic of a flow cell with a water trap for perspiration is represented
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in Fig 2.2 (a-b). The faradic efficiencies of CO reach more than 70%, and the partial current
densities (PCD) of CO achieve more than 500 mA/cm? for carbon-supported Ag NCs after 10 min
electrolysis, as presented in Fig 2.2 (c-d). However, the performance of CO2RR degrades as the
electrolysis time increases (more details in Publication 5.5). Similar results are shown in
Publication 5.4. The stability of the catalysts and the electrolyzer system were analyzed to address

the key parameters for the degradation of electrochemical CO2RR performance in this electrolyzer.

2.2 Stability and activity of colloidal Ag catalysts in zero-gap flow cells

The catalyst stability is as crucial as activity and selectivity for commercial application of CO2RR.
As discussed in section 2.1, relatively high selectivity and activity are achieved in the initial
electrolysis on the colloidal Ag catalyst in the zero-gap gas-fed electrolyzer. The studies in this
section prioritized the stability of nanocatalysts in the presence of capping agents. The colloidal
Ag NPs with different capping agents were used for CO2 electrolysis in the gas-fed zero-gap
electrolyzer (Fig 2.2 (a-b)).

IL-SEM is a useful tool for structural alterations research during electrolysis; it links the
morphological changes to the changes of the catalytic performance. However, IL-SEM shows its
limitation in the case of the surfactant-capped catalysts. The activity of catalysts might be altered
upon exposure to the electron beam of SEM during pre-electrolysis. The spot subjected to SEM
shows no or little changes during the electrolysis, even the entire catalysts degrade. The details are
shown in Publications 5.5 and 5.9. To avoid any misinterpretation caused by the IL-SEM technique,
the following studies about Ag nanocatalysts degradation were collected using SEM images of

several different spots at the electrodes.

Commercial PVP-capped Ag NPs with the sizes of 10, 40, and 100 nm were used. The Ag NPs
were drop casted on the GDEs. The SEM images and size distribution of as-prepared Ag NPs
deposited on the GDEs were shown in Fig 2.3 (d-f). The SEM images display the well disposition
of Ag NPs on the MPL of GDEs, and the estimated sizes are in agreement with the values indicated
by the company. According to SEM, the number of NPs (in terms of volume or mass) on the
surface of GDE exhibited diversity that can be explained by the distribution of Ag NPs inside GDE.
The Ag NPs with the sizes of 10 nm and 40 nm penetrate the MPL and the cracks of GDE to the
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CFL. Whereas, the 100 nm Ag NPs were detected in GDE, except the areas of MPL far away from
the big cracks. In other words, a large amount of Ag NPs is inside GDE, and the Ag NPs might

not take part in the electrolysis reaction.
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Fig 2.3 (a-c) FEs of CO, HCOO, and H» versus charge passed during galvanostatic CO, electrolysis at j =
-283 mA/cm* employing Ag NPs catalysts. (d-f) SEM images of as-prepared Ag NPs catalysts on GDE.
The inset shows a histogram representing the size distribution of the Ag NPs. (g-1) SEM images of Ag NPs
and (j-1) histograms showing the particle size distribution of Ag NPs after galvanostatic CO; electrolysis at
j = -283 mA/cm? with the charge of 1018.4 C/cm®. The SEM images were measured after precipitation
removal. The sizes of Ag NPs: (a, d, g, j) 10 nm, (b, e, h, k) 40 nm, (c, f, i, I) 100 nm. Adapted from ref.
[108].

The formed products during galvanostatic CO2 electrolysis at current density j = -283 mA/cm?
and the structure changes of pre- and post-CO: electrolysis on Ag NPs catalysts are shown in Fig
2.3. The initial FE of CO reach ~90-93% during COz electrolysis and is nearly identical for three
sizes of NPs (Fig 2.3 (a-c)). The FE of CO drops drastically over time. After electrolysis,

precipitation was found in GDEs. After water washing, the structural alterations were analyzed by
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SEM (shown in Fig 2.3 (g-1)). In the case of 10 nm NPs, the particles tend to agglomerate, and
some of them reach 100 nm. For 40 nm NPs, a large fraction of NPs remains on the initial size,
and agglomerated NPs could be seen as well. The 100 nm NPs display the fragmentation and
faceting of individual NPs, which is related to cathodic corrosion. The faceting of spherical NPs
is opposite from the degradation behavior of Ag NCs fragmenting and changing the cubic shape
to more spherical during COz electrolysis, which could be found in Publication 5.5. More details

are shown in Publication 5.2.
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Fig 2.4 SEM and the particle size distribution of the Ag NPs with original content PVP and less excess PVP

before and after electrolysis at potential of -1.754 V vs Ag/AgCl with the charge of 300 C/cm?®. Adapted
from ref. [109].

In addition, the colloidal Ag NPs stabilized by four ligands (i.e., BPEI, PVP, PEG, and citrate)
with the size of ~40 nm were used to investigate the effect of capping agent on structural alterations
during COz electrolysis in the zero-gap flow cell. The activities and structural alterations of Ag
NPs capped with different ligands display distinctiveness that obviously depends on the chemical
nature of capping agents. Moreover, the effect of the excess PVP on the degradation pathway was
studied. The results were summarized in Fig 2.4. Most excess PVP was removed by centrifugation
to obtain the Ag NPs with less excess PVP content. Compared with the original NPs from the

manufacturer, the size distribution seems unaffected by the removal of the excess PVP.
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Nevertheless, the structural alteration is markedly changed. The corrosion is observed for the
original content PVP-Ag NPs while the Ag NPs with reduced PVP content show coalescence. It
could be concluded that the degradation pathway is affected by the capping agent absorbed on the
catalyst surface and also the excess capping agents in the catalyst ink. The details are in Publication

5.6.

Even though the Ag catalysts undergo structural degradation, the loss of the electrochemical
CO2RR performance could be regained at least in the initial electrolysis in the “recovery”
experiments shown in Fig 2.5. The “recovery” experiments were performed as follows: place the
GDEs after 1% electrolysis onto Milli-Q water for precipitate removal, then dry, and use the
“cleaned” GDEs for electrolysis again (2" electrolysis). The same phenomena are presented in
Publications 5.2, 5.6, 5.8. In this case, it is safe to conclude that the loss of CO2RR performance is

not caused by the degradation of the Ag catalysts in this gas-fed zero-gap electrolyzer.
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Fig 2.5 FEs of (a-c) CO and (d-f) H, versus charge passed during galvanostatic CO; electrolysis at j = -283
mA/cm? employing PVP-capped Ag NPs catalysts in gas-fed zero-gap electrolyzer for 1* and 2™
electrolysis. The size of NPs: (a, d) 10 nm, (b, ) 40 nm, (c, f) 100 nm. Reprinted from ref. [108].
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2.3 Stability of gas-fed zero-gap electrolyzer

In section 2.2, it has been proved that the degradation of the Ag electrocatalysts is not responsible
for the loss of the COz electrolysis performance in the gas-fed zero-gap electrolyzer. As discussed
in section 1.7.1, flooding and precipitation on GDE reduce CO2RR performance in the flow cells.
The flooding depends on diverse physical-chemical processes. One example is the architecture of
GDEs: their hydrophobicity, thickness, and porosity [41,69,73]. A few other factors include the
applied electrode potential, the pH of the electrolyte [65], the temperature and pressure, and the
thickness of employed membranes [69]. For this PhD project, the influence of cracks of GDE and
the excess surfactant were studied. The analytical approach, based on combination of EDX
mapping and ICP-MS analysis, were employed to visualize and quantify the flooding-related

phenomena in GDEs, as seen in Publication 5.7.

The four commercial GDEs with different ratios of cracks have been selected as Ag NWs
supported electrodes in the gas-fed zero-gap electrolyzer. The GDEs with abundance of cracks
show high and sustained catalytic activity, while the fast drop of CO2RR performance was
observed for non-cracked GDEs. Based on SEM and EDX elemental analysis combined with ICP-
MS inspection, it is demonstrated that the cracks serve as preferential pathways for the electrolyte
transport through the MPL and mitigate the flooding in GDEs. The details could be found in
Publication 5.8.

The studies of excess surfactant influence were carried out on as-purchased PVP-capped Ag
NPs from the company (referred as original PVP content-Ag NPs) and lower PVP content-Ag NPs
obtained through the centrifugation to remove most of free PVP ligands in the catalyst ink. In one
hour electrolysis experiments, the stability of CO2RR decreases faster with increases in the loading
of original PVP content-Ag NPs on the 10 nm Ag NPs catalysts. The potentials shift to more
negative values that indicates the reaction transition from CO2RR to HER. However, the FE of CO
could be stabilized for an hour after removing the majority of excess PVP, even at high mass
loading of Ag. Extending the electrolysis time to 2.5 hours on 10 nm NPs, the distinction is clearer
(Fig 2.6 (a-b)). The FE of CO on original PVP content-NPs decrease to below 50% after 30 min
electrolysis and the high FE of CO (~90%) extend to 60 min on lower content PVP-NPs. The EDX

mapping of K element after one hour electrolysis is shown in Fig 2.6 (d). The precipitation has
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covered the surface of MPL, and the entail of GDE for electrode that was deposited with original
PVP content Ag NPs; for less PVP content Ag NPs, it appears in the cracks and leaves the catalyst
layer active for CO2RR. The perspiration is an important factor for the flooding. The perspiration
was quantified by employing a liquid K2CO3/KHCOs trap in the gas outlet of the electrolyzer and
analyzing via ICP-MS. The schematic of trapping perspiration was shown in Fig 2.2 (a). The
amount of K in the trap constantly raises along with the function of the electrolysis time/charge.
More perspiration appears from PVP-deficient GDE, as shown in Fig 2.6 (¢). The correlation of
the perspiration and the FE of CO demonstrates that the excess PVP blocks the microscale fluid
channels of the GDE and decreases the perspiration, thus facilitating the flooding on the GDEs.
The details could be found in Publication 5.3.

q/ (kC cm?) (d) q=1030 Ccm™
0O 0.2 04 0608 1012 14 16 1.8 20 22 24 -
100 T T T T T T T T T T T "E fop-clown SEM top-down EDX
r 8 * % 5 5 3 o)
< “H(a) § £ i
\o 60: (&) >
ut 4of o ‘
T { } { > : :
20 { } } o cross-secuonal SEM cross-sectional EDX
b L 1T %% e e aoaoaaoa ] ] [ 1 !
20F £
1.9 [ (b) 9)
> Tt ol
~ 1.8

top-down EDX

= original PVP content e less PVP content —
15F q‘:)
[(cy ] I=
6 X
(o) N o
e [ S I { } { 1 o
s - > cross-sectional EDX
g2 U ) | o
E [ . .= t8t T 838811 2
0 20 40 60 80 100 120 140
t/ min

Fig 2.6 (a-c) Comparison of the performance of two GDEs deposited with original and less PVP content
during galvanostatic CO, reduction in a gas-fed zero-gap electrolyzer at a constant current density of -283
mA/cm?. Plane (a) shows the Faradaic efficiency of CO production, plane (b) shows the measured electrode
potential vs Ag/Ag CI (IR corrected) and plane (¢) is the mass of K™ ions collected in a liquid trap equipped
in the gas outflow of the electrolyzer. (d) EDX mapping corresponding to the post-electrolysis of 1030
C/cm? at current densities of -283 mA/cm?. Nominal size of the Ag NPs used as catalyst was ~10 nm and

the applied mass loading was 300 pg/cm?. Adapted from ref. [110].
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Besides 10 nm Ag NPs, the sizes of 100 nm Ag NPs with original and less PVP content were
employed under the same electrolysis conditions. The same phenomena were observed on 100 nm

Ag NPs as that on 10 nm NPs that the stability could be maintained for longer time with the lower
PVP content.
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3. Conclusions and outlook

This PhD project aims to motivate electrochemical CO2RR knowledge toward industrial
applications. The colloidal Ag catalysts capped with different capping agents were applied for
electrochemical CO: reduction. The influence of capping agents on the selectivity, activity, and
stability of Ag nanocatalysts and the stability of the gas-fed zero-gap electrolyzer were investigated

during COz electrolysis.

(a ) ( b ) electrolyte solution
[e2= 2%

\ electrolyte solution anion exchange membrane

;\_ L34 ' s o
e (“'::‘ . 22 e 4‘ o
P m afal- =g .

b

H-type cell flow cell

© Agcatalysts = PVP o @@ CO, &9 CO k’, formate 3, H,

Fig 3.1 Overview of the PVP effect on Ag catalysts during CO.RR. (a) PVP adsorbed on Ag catalysts
surface influences the selectivity of CO,RR in the H-type cell. (b) Excess PVP from the Ag catalyst ink
affects the stability of CO2RR in the gas-fed zero-gap electrolyzer.

The capping agents, including ligands adsorbed on the catalyst surface and free ligands in the
catalyst ink, play significant roles during COz electrolysis. The activity and selectivity of Ag NWs
and NCs catalysts over CO2RR are hindered in the presence of PVP. The electrochemical looping
is a useful method to remove the PVP, which gives the high selectivity of Ag catalysts for CO2RR.
The degradation pathway of Ag catalysts during the COz electroreduction depends on the chemical
properties of capping agents as well as the sizes and shapes. The excess PVP in the ink not only
influences the degradation pathway but also reduces the stability of the flow cell. Most importantly,
this study demonstrates that the PVP capping agents adsorbed on Ag catalysts affect the selectivity

and activity of CO2RR at lower current density in the H-type electrolysis cell; however, it is the
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excess of PVP capping agents from the Ag catalyst ink which determines the stability of CO2RR

at the high current density in the gas-fed zero-gap electrolyzer, as demonstrated in Fig 3.1.

Although the Ag catalysts with distinct sizes, morphologies and capping agents show dissimilar
structural degradation for CO2RR on gas-fed flow cell, the loss of CO2RR performance could be
regained after removing the precipitation on the GDEs. The durability is more dependent on the
reactor and GDE design rather than the catalyst itself in this zero-gap flow cell. The cracks on the
GDEs and the removal of excess PVP could mitigate the flooding and prolong the life-time of the

electrolyzer system.

To advance towards commercial scale, efforts can be made to develop effective catalysts and
optimize the reactors. For catalysts, the influence of capping agents should not be ignored,
especially the excess capping agents. For electrochemical reactors, an appropriate flow cell should
be designed and the operation conditions should be optimized to reach the high desired product

partial current density with long-term stability.
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5. Publications

The following section presents the main research works in which I participated during my PhD.
The first three publications are the core of this project and the rest is the additional research works

in that I was involved.
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5.1 Activation matters: Hysteresis effects during electrochemical looping of

colloidal Ag nanowire catalysts

Reprinted with permission from ACS Catal., 2020, 10 (15), 8503-8514. Copyright 2020 American

Chemical Society.

Authors: Huifang Hu, Menglong Liu, Ying Kong, Nisarga Mysuru, Changzhe Sun, Maria de Jesus

Galvez-Vazquez, Ulrich Miiller, Rolf Erni, Vitali Grozovski, Yuhui Hou,* and Peter Broekmann*

ACS Catal., 2020, 10 (15), 8503-8514. DOI: 10.1021/acscatal.0c02026

Highlights: Ag NWs synthesized via PVP-assisted polyol method are excellent catalyst for
electrochemical CO2RR after the activation by the electrochemical looping treatment. The
electrochemical looping refers to a sequence of potentiostatic electrolysis experiments with well-
defined starting, vertex, and end potentials. The CO formed during the CO2RR is vital to remove
the capping agents blocking the active sites. The potential window in the electrochemical looping,
spanning from the starting potential of -0.6 V vs RHE to the vertex potential of -1.3 V vs RHE,
achieves 100% faradaic efficiencies of CO at -1.0 V and -1.1 V vs RHE. The improvement of
selectivity agrees with the decrease of PVP concentration on the electrodes. There is no significant

structural alteration after the electrochemical looping treatment.

Contributions: I synthesized the Ag NW catalysts, prepared the electrodes and carried out most of
the CO2RR measurements. I also analyzed the results and participated in the manuscript writing

process.
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ABSTRACT: Colloidal electrocatalysts are commonly synthesized using organic capping agents (surfactants), which control the
size distribution and shape of the resulting nano-objects and prevent them from agglomerating during and after synthesis. However,
the presence of a surfactant shell on the catalyst is detrimental, as the resulting performance of the electrocatalyst depends crucially
on the ability of reactants to access active surface sites. Techniques for postsynthesis deprotection are therefore mandatory for
removing the capping agents from the otherwise blocked reactions sites without compromising the structural integrity of the
nanocatalysts. Herein, we present silver nanowires (Ag-NWs)—produced via PVP-assisted polyol synthesis (PVP,
polyvinylpyrrolidone)—as effective catalysts for the electrochemical CO, reduction reaction (ec-CO,RR), which reach Faradaic
efficiencies close to 100% for CO formation after deprotection by a so-called “electrochemical looping” (ec-l) pretreatment.
Electrochemical looping refers to a sequence of potentiostatic CO, electrolysis experiments that exhibit well-defined starting (E..,),
verteX (Eeuer), and end (E.,4) potentials. The resulting product distribution undergoes a profound hysteresis in the forward and
corresponding backward run of the electrochemical looping experiment, thus pointing to an effective deprotection of the catalyst as
made evident by postelectrolysis XPS inspection. These results can be considered as a prime example demonstrating the importance
of the catalyst’s “history” for the resulting ec-CO,RR performance. These transient (non-steady-state) effects are crucial in particular
for the initial stage of the CO, electrolysis reaction and for catalyst screening approaches carried out on the time scale of hours.

@ chioride () Pyrrolidone

KEYWORDS: CO, reduction reaction, silver nanowires, surfactant removal, catalyst deprotection, electrochemical looping

B INTRODUCTION be used as a reactant on a large scale (e.g., in the Fischer—
The conversion of environmentally harmful carbon dioxide Tropsch synthesis of aliphatic hydrocarbons [synthetic fuels] or
(CO,) into value-added products is one of the major alcohols).® Cost estimates suggest that the electrochemical
intersectoral challenges that we currently face." In this context, coelectrolysis of water/CO, might indeed become competitive
electrochemical approaches of CO, valorization deserve with more well-established routes of CO production.” The
particular attention as they can utilize the “green” electric electrochemical production of CO via the coelectrolysis of
power—generated by renewables such as solar or wind water/CO, can be considered to be a versatile “synthesis

energy—as energy input for the highly endergonic process of
CO, electrolysis, thereby rendering the overall process more
sustainable.”™* One of the main target products of the

module”, which also can be coupled to other process units for

electrochemical CO, reduction reaction (hereafter referred to Rec.eived: May 6, 2020 %
as ec-CO,RR) is carbon monoxide (CO), which is currently Revised:  June 26, 2020 o,

produced on an industrial scale via the “Boudouard” reaction Published: July 6, 2020

and reaches a yearly production volume of approximately
210000 Mt.> CO is considered to be a valuable intermediate
(current market price: ~0.65 $ kg™')* and has the potential to

© 2020 American Chemical Society https://dx.doi.org/10.1021/acscatal.0c02026
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the production of valuable end products. A promising
alternative to interlinking this process to the heterogeneous
gas-phase Fischer—Tropsch reaction has recently been
proposed by the Siemens/Evonik consortium"’ and couples
the ec-CO,RR (CO production; Siemens) to a biotechnological
fermentation process (Evonik), thereby yielding fine chemicals
such as butanol and hexanol as key intermediates for the
production of specialty plastics.” The first test plant is expected
to become operative in 2021' and thus demonstrates the
enormous efforts that are currently underway to bring the ec-
CO,RR process from the lab to the market.'

Catalysts are essential for ec-CO,RR, as they direct the
electrolytic reaction toward the desired target product (e.g.,
CO). The pioneering work by Hori et al.*”' identified silver
(Ag) as one of best (electro)catalysts, in addition to Au and Zn,
which yielded CO with Faradaic efficiencies (FEs) that reached
81.5% (E = —1.14 V vs NHE).” In these early studies, catalyst
screening was mainly based on the use of polycrystalline
electrode materials as active catalysts (e.g., metal foils).
However, substantial progress has been made during the last
two decades in the development of tailored nanomaterials with
an improved surface-to-volume ratio and well-defined shapes,
the latter being important for the rational design of active
surface sites.'”'? In future, these nanomaterials have the
potential to be used in gas diffusion electrodes (GDEs) as a key
component of advanced gas-flow electrolyzer systems.”'*~'°
From a technical point of view, it is mandatory to use a gas-flow
approach to reach the current densities that are targeted by
industry (100 to 1000 mA cm™2) to cover the capital and
operating costs of these systems."”'”'® Typically, these
nanomaterials are produced via colloidal synthesis, which also
allows the process to be easily scaled up and which is
considered to be a key perquisite for any industrial application.
A wide range of particle morphologies can be obtained usin
this colloidal approach, ranging from spheres,"” cubic shapes,”
and triangular platelets (confined 2-D systems)”' to 1-D nano-
objects such as rods'® and wires.”>~*° To rationally design these
nano-objects, a multiparameter space needs to be considered,
which includes but is not limited to (i) the reaction
temperature, (ii) the convective transport of reactants (e.g.,
stirring speed), (iii) the ratio of reactants (e.g, metal ion
precursor, reducing agent, etc.), (iv) reaction times, and (v) the
injection speed of chemicals.”’ "> However, the most
important aspect to consider is the action of the so-called
surfactants and capping agents.'”**** Their presence in the
reaction medium crucially affects the nucleation and growth
kinetics of the nano-objects and could even cause crystal growth
to be anisotropic, which is required for the synthesis of metallic
nanowires (NWs).>! The physical origin of this anisotropic
growth behavior is the preferential surfactant adsorption on
certain surface facets (e.g., [100] textured), which reduces their
growth rate relative to surfaces with different surface
orientations (e.g,, [111]).’>**7° In this sense, the role of the
surfactants is a result of the steric blocking of surface sites that
are active for the (e-less) metal deposition by selectively
limiting the access of precursor metal ions in the liquid reaction
medium to the emerging surface of the nanocrystals (NCs).*
Note that not only the monomeric'"*” or polymeric (e.g,,
polyvinylpyrrolidone, PVP**) organic surfactants need to be
considered, but also anionic species (e.g, halides) that are
added to the reaction media along with the metal precursors.
These counteranions usually play a crucial role in the initial
nucleation process of the nano-objects (concept of self-seeded
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growth®**) and further tend to chemisorb on the emerging
facets in an advanced stage of NC growth.”"

While this facet-specific blocking by adsorbed surfactants is a
mechanistic prerequisite for any anisotropic growth mode, it is
highly detrimental to the desired (electro)catalytic performance
of the nanocatalysts. As capping agents sterically block the
access of reactants to the active catalyst sites during the
electrocatalyzed reaction of interest,”’ ** various “soft”
postsynthesis methods have been proposed to deprotect the
“capped” nano-objects without compromising their structural
integrity (e.g, loss of the shape, changes in size distribution, NP
agglomeration, etc.). These deprotection techniques range from
purely physical (e.g., thermal annealing*""** or exposure to light
of particular wavelength and intensity*>**) to chemical
treatments under nonreactive (e.g, “chemical” washing38) or
reactive conditions (e.g., plasma treatment, the use of oxidizing
or reducing agents, etc.).””*%* 73! Note that, under extremely
drastic experimental conditions (e.g, thermal treatment at
elevated temperatures), this type of catalyst pretreatment could
lead to the loss of surface texture or to the agglomeration of
nanoparticles.>”

Also, electrochemical treatments (anodic or cathodic polar-
ization) have successfully been applied to deprotect colloidal
catalysts.”>>® For example, Oezaslan et al.>* reported on the
efficient removal of a PVP capping shell from Pt nanocubes by
applying an oxidative stressing protocol (electrochemical
cycling up to +0.8 V vs reversible hydrogen electrode [RHE]
in 0.1 M HCIO,), whereas the electrochemical deprotection
failed under alkaline conditions. Also, the chemical nature of
the capping agent (PVP versus oleylamine) has been shown to
play a crucial role in the structural integrity of the nanocatalysts
after electrochemical deprotection.”

So far, most studies on catalyst activation have considered
only one single electrocatalytic reaction, (e.g, the oxygen
reduction reaction [ORR],*>* the oxygen evolution reaction
[OER], or the hydrogen evolution reaction [HER] 37 etc.). For
these single reactions, there are straightforward electrochemical
descriptors and measuring approaches available to monitor the
effectiveness of the applied deprotection technique (e.g., via the
electrochemically active surface area [ECSA]), which is probed
either by Faradaic or non-Faradaic processes. Their increase is
directly proportional to the increase in the ECSA and is related
to an overall improvement in the reaction rate,””*%*33%

However, the situation is more complex when considering
the ec-CO,RR owing to the fact that the CO, electroreduction
is necessarily superimposed on the parasitic HER when carried
out in an aqueous reaction environment, which leads to a less-
than-unity Faradaic efficiency of the ec-CO,RR. Thus, the
presence of the capping agents and the applied deprotection
treatment affect not only the overall reaction rate (current
density normalized to the geometric surface area) but also the
resulting product distribution.

Herein, we present a comprehensive study on an approach to
electrochemical catalyst activation (surfactant removal) that
utilizes the ec-CO,RR itself to achieve the desired catalyst
deprotection. As the catalyst of choice, we applied silver
nanowires (Ag-NWs) that were synthesized by a self-seeding
polyol process using high-molecular-weight PVP as the capping
agent.”¥*7?%7%% The coelectrolysis of water/CO, that is
performed over A§ catalysts yields only H, and CO as the
reaction products.” '”*” In the present study, we sought to
demonstrate that the formed CO acts as an excellent surfactant
removal agent that is capable of deprotecting the Ag-NWs,

https://dx.doi.org/10.1021/acscatal.0c02026
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thereby further self-accelerating the ec-CO,RR at the expense of
the parasitic HER and leading to CO efficiencies of nearly
100%. This PVP removal by “cathodic” electrode polarization
complements the “oxidative” approach that was proposed by
Oezaslan et al.>*

B EXPERIMENTAL SECTION

Catalyst Synthesis. Ag nanowires (Ag-NWs) were
synthesized in a three-necked flask accordin% to a modified
protocol introduced by Jiu et al. and others.”*"**>”*% For this
purpose, 0.2 g of PVP (M,, = 1 300 000 g mol ™!, Sigma-Aldrich;
see Figure 1) was dissolved at room temperature under

N~ O

n

Figure 1. Polyvinylpyrrolidone (PVP) used as the capping agent for
the Ag-NW synthesis. The pyrrolidone functionality attached to the
linear aliphatic backbone is highlighted purple.

magnetic agitation in 25 mL of ethylene glycol (EG, Sigma-
Aldrich, 99.8%). Subsequently, 0.25 g of silver nitrate (AgNO;,
Sigma-Aldrich, ACS reagent, >99.8%) was added to the PVP
containing EG, followed by the addition of a solution of 1.95
mg of FeCl, (Sigma-Aldrich, 97%) predissolved in 2 mL of EG,
which serves as a solvent and reducing agent.”**>>”>* This
mixture was then stirred for an additional 2 min before the
three-necked flask containing the transparent EG solution was
transferred to a preheated oil bath. This solution was kept at
130 °C for a total of 5 h. During the first hour, the solution was
continuously stirred, while no magnetic agitation was applied
during the last 4 h of the thermal treatment. The resulting Ag-
NW precipitate was separated from the EG solvent by
centrifugation at 4000 rpm for 10 min, followed by three
repetitive washing/centrifugation treatments using a mixture of
Milli-Q water and acetone (V,er:Viceton = 2:1), ultimately
yielding 24 mg of the Ag-NW catalyst (denoted “as-
synthesized”). The Ag-NW powder was finally redispersed in
8 mL of isopropanol (BASF SE, assay >99.0%).

Electrode Preparation. After 30 min of sonication, 50 uL
of the Ag-NW suspension was drop-cast onto a glassy carbon
support electrode (A = 0.8 cm™?, Alfa Aesar, 2 mm thickness).

For the sake of comparison, Ag-NW catalysts were also
dispersed onto a technical carbon support. For this purpose, 12
mg of the as-prepared Ag-NWs was suspended in 15 mL of
isopropanol, followed by 1 h of sonication. Technical carbon
powder (12 mg, Vulcan XC 72R, Cabot) was dispersed in 15
mL of isopropanol, and this was also followed by 1 h of
sonication. Both suspensions were subsequently mixed and
homogenized by sonicating for 30 min. The resulting
suspension was dried under vacuum conditions and yielded a
carbon-supported (C-supported) Ag-NW catalyst powder. This
powder was redispersed in 4 mL of isopropanol containing 400
uL of Nafion solution (Aldrich, S wt % dissolved in a mixture of
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lower aliphatic alcohols and water) and subjected to 30 min of
sonication. Subsequently, 50 uL of the resulting ink was drop-
cast onto the glassy carbon support electrode (see the
aforementioned protocol).

Electrode Characterization. The morphologies of the Ag-
NW films (nonsupported, C-supported) that were deposited on
the glassy carbon support electrodes were characterized by
means of scanning electron microscopy (Zeiss Gemini
SEM450). Complementary white-light interferometry (Con-
tourGT profilometer, Bruker) was applied to determine the
thickness and roughness of the Ag-NW films. For the
transmission electron microscopy (TEM) imaging and selective
area electron diffraction, an FEI Titan Themis instrument was
used with an accelerating voltage of 300 kV.

An X-ray photoelectron (XPS) inspection was performed on
a Physical Electronics (PHI) Quantum 2000 scanning ESCA
microprobe system using monochromated Al Ko radiation (hv
= 1486.7 eV). A hemispherical capacitor electron-energy
analyzer, equipped with a channel plate and a position-sensitive
detector, was operated under an electron takeoff angle of 45°.
For the acquisition of the high-resolution Ag3d, CI2p and N1s
photoemission data, the analyzer was operated with a constant
pass energy mode at 23.5 eV and an energy step width of 0.20
eV. The X-ray beam diameter was around 150 ym. The binding
energy was calibrated using the Cu2p;,,, Ag3ds,,, and Audf,,
emissions at 932.62, 368.21, and 83.96 eV, respectively, to
within +0.1 eV [see ISO 15472; 2010-05]. Built-in electron and
argon ion neutralizers were applied in order to compensate for
eventual surface charging effects. The base pressure of the XPS
system was below S X 1077 Pa. The XPS spectra were analyzed
using the MultiPak 8.2B software package and were subjected
to a Shirley background subtraction. The atomic concentrations
were determined based on the corrected relative sensitivity
factors that were provided by the manufacturer and normalized
to 100 atom %. The uncertainty was estimated to be ca. 10%.

Electrochemical Experiments. For all electrochemical
experiments, a potentiostat/galvanostat (Metrohm Autolab
302N) was used to control the potential, current density, and
transferred charge. The electrolysis experiments were carried
out using a custom-built, airtight glass-cell (H-type) as
previously described (see Figure S1).°°7% For the iR
compensation, cell resistance was determined by means of
impedance spectroscopy (FRA module, Autolab Nova). Hence,
all potentials provided herein are iR-compensated to ~85% of
the measured cell resistance.

The three-electrode arrangement used here consisted of a
leakless Ag/AgClyy, electrode (Pine), a bright Pt-foil (15 mm X
S mm), and the Ag-NW catalyst film (nonsupported, C-
supported) serving as the reference, counter, and working
electrodes, respectively.

For the sake of comparability, all potentials measured versus
Ag/AgCly),; are referenced herein with respect to the reversible
hydrogen electrode (RHE). The applied potentials (vs Ag/
AgClyy) were converted to the RHE scale using the following
equation:

Egp (V) = Eygagaiam (V) + 0210V + (0.059 V X pH)

Note that the anolyte and the catholyte were separated by a
Nafion 117 membrane (Figure S1). This cell design also
prevents the transfer of trace amounts of Pt ions from the
anolyte to the catholyte when using Pt as the material for the
counter electrode (see reference measurements presented in
Figures S2—SS) as made evident by ICP-MS measurements

https://dx.doi.org/10.1021/acscatal.0c02026
ACS Catal. 2020, 10, 8503—-8514
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Figure 2. (a—c) Top-down SEM images of the Ag-NW film drop-cast on the glassy carbon (GC) support electrode; the inset in panel a shows a
histogram representing the thickness distribution of the Ag-NWs. (d—f) Corresponding SEM images of the C-supported (Vulcan XC 72R) Ag-NWs
drop-cast on the GC support electrode (for details, see the Experimental Section).

(NexION 2000 ICP-MS instrument, PerkinElmer). Also note
that no change of the ec-CO,RR product distribution is
observed when exchanging the Pt counter electrode by Ir (see
Figure SS).

Electrolysis experiments were carried out in 0.5 M KHCO;
(ACS grade, Sigma-Aldrich) electrolyte solutions that were
saturated with either Ar (blank) or CO, gas (99.999%,
Carbagas). The pH of the CO,- and Ar-saturated 0.5 M
KHCO; was 7.5 and 8.9, respectively.

Technical details of the CO,RR product analysis based on
online §as-chromatography have been previously de-
scribed.®’ %% A so-called single-catalyst approach was applied
in order to demonstrate the pronounced hysteresis effects on
the potential-dependent CO,RR product distribution.”> The
same electrode was used for a defined sequence of
potentiostatic electrolysis experiments, which differed in both
the electrolysis time and the width of the potential window
applied to the catalyst. In a further step a multicatalyst approach
was applied,” in which a newly prepared (preconditioned)
catalyst was used for each applied electrolysis potential to
demonstrate the performance of the deprotected Ag-NW
catalysts.

B RESULTS AND DISCUSSION

Structural Characterization. Figure 2 displays top-down
SEM images of the two types of Ag-NW catalysts used in this
study. A three-dimensional network of randomly distributed
and loosely packed Ag-NWs is formed after drop-casting the
Ag-NW suspension on the glassy carbon support electrode
(Figure 2a—c). Complementary white light interferometry
reveals a homogeneous layer of Ag-NWs on the glassy carbon
electrode with a root-mean-square (RMS) roughness and film
thickness of 76 and 885 nm, respectively (Figure S6a—c). On
the nm length scale the network of Ag-NWs shows a more
inhomogeneous appearance. Note that the surface of the glassy
carbon support remains visible in the top-down SEM inspection
(Figure 2c). Therefore, the entirety of the Ag-NW film is, when
exposed to the aqueous environment, likely to be wetted by the
electrolyte down to the glassy carbon electrode. A statistical
analysis of the SEM images reveals that the mean thickness of
the Ag-NWs is approximately 162 nm (inset of Figure 2a),
whereas they range in length from ca. 1 to several microns.
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According to the literature,”**%* the Ag-NWs exhibit a S-fold
twinned face-centered cubic (fcc) structure with a preferential
orientation along the (110) crystallographic direction. The
sidewalls of the Ag-NWs consist of five (100) textured facets,
whereas the pentagonal apex of the Ag-NW is (111)
terminated. These hexagonal facets represent the actual growth
front in the Ag-NW synthesis in which the monovalent Ag"
precursor ions are reduced and added to the developing
nanowire. The origin of this highly anisotropic metal growth is
the chemisorption of additives/surfactants (e.g., chloride and
PVP), which is supposed to be weaker on the (111) facets,
thereby rendering them more active for the e-less metal
deposition than the (100) facets.”® The latter experience a
steric blocking by the more strongly chemisorbed surfac-
tants.”>%°

One drawback of the Ag-NW model catalyst drop-cast on the
glassy carbon support is the potential loss of catalyst material
during extended electrolysis, in particular when the electrolysis
reaction involves massive gas evolution, e.g, by the parasitic
HER that is inevitably superimposed on the CO,RR in an
aqueous environment.** This loss of catalyst material is a result
of the weak adhesion of the NW layer to the glassy carbon
support electrode and the loose packing of the Ag-NWs inside
the catalyst film. One possible approach to circumventing this
structural degradation is based on the mechanical stabilization
of the NW film. This stabilization can be achieved by the use of
a technical carbon support (e.g., Vulcan) in combination with a
Nafion binder, thereby substantially improving both the
adhesion of the catalyst film to the glassy carbon support and
the cohesion inside the film.” Figure 2d—f depicts the
corresponding top-down SEM images of the C-supported Ag-
NW catalysts that were drop-cast on the glassy carbon
electrode, demonstrating that individual Ag-NWs were
embedded in the highly porous carbon support. However,
one possible drawback of this approach could be an increase in
the contribution of the porous carbon material to the resulting
product distribution in the form of an increase in the parasitic
HER (see the discussion of Figure 6 below). An alternative
approach to catalyst stabilization, which is based on a so-called
photonic curing, has recently been introduced by Hou et al.*’
This treatment induces a local melting and subsequent
solidifying of the NWs at their points of contact. Photonically
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Figure 3. (a—e) Hysteresis effects appearing in the forward and backward runs of the electrochemical looping experiments (40 min duration at each
potential) carried out over Ag-NW catalysts (see Figure 2a—c) in CO,-saturated 0.5 M KHCOj (single catalyst approach); the total cathodic charges
transferred during the “electrochemical looping” are indicated. (f) Graph showing the total integrated charge corresponding to the electrolysis

experiments shown in panel e.

cured freestanding films of metallic nanowires were demon-
strated to resist even massive gas-evolution reactions without
any indication of structural degradation.”

Electrochemical Activation of Ag-NW Catalysts by
Electrochemical Looping. The working hypothesis, which
was to be verified in the following experiments, is that the
surfactants (i.e.,, chloride and PVP) on the Ag surface of the
deposited nanowires severely affect the product distribution of
ec-CO,RR and undergo substantial alterations over the course
of the performed coelectrolysis reaction. An efficient catalyst
activation that is induced by the electrolysis reaction itself can
be deduced from the pronounced hysteresis characteristics
observed in the potential-dependent product distribution,
which is displayed in Figure 3 as Faradaic efficiency versus
applied potential (FE versus E) plots (Table S1). These
dedicated electrolysis experiments are referred to as “electro-
chemical looping” (ec-l), in which the applied electrolysis
potentials of the individual 40 min long electrolyses were
changed in a stepwise manner from a fixed starting point of E,
= —0.6 V vs RHE to a variable “lower” vertex potential (E,qey)
that ranged from —0.9 V vs RHE to —1.3 V vs RHE (Figure 3a—
e). The electrolysis loop is closed through the corresponding
backward run of electrolysis experiments and ends at the initial
starting potential (Ey,q = E.nq).- The main products of the
electrolysis in the CO,-saturated 0.5 M KHCO; aqueous
solution are CO (black circles, Figure 3) and H, (red squares,
Figure 3). The filled and nonfilled circles/squares refer to FE
values, which correspond to the forward and the corresponding
backward runs of the electrochemical looping campaigns. As
long as the lower vertex potential remains larger than or equal
to —0.9 V vs RHE (Figure 3a), only a marginal deviation is
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observed in the product distributions of the forward and the
corresponding backward electrolysis runs (see also Figure S7).
However, a minor trend toward increased CO efliciencies
(decreased H, efficiencies) can be observed in the backward
run. This positive trend of catalyst activation is continued by
further shifting the lower vertex potential to more negative
applied electrolysis potentials (Figure 3b—e). When extending
the potential window of electrolysis to a vertex potential of
E, ertex = —1.3 Vvs RHE, CO efhiciencies of >80% were achieved
in the corresponding backward electrolysis run (Table Sle). In
general, the shape of the product distribution in the FE versus E
plot in Figure 3e displays an anticorrelated change in the FE
values for CO and H,, which exceed the maximum in CO
efficiency (minimum in H, efficiency) at potentials between
—1.0 and —1.1 V vs RHE (forward run). Interestingly, a more
extended plateau of approximately 300 mV develops in the
corresponding backward run in the potential range from —1.1 V
to —0.8 V vs RHE, ultimately reaching CO efliciencies of >80%.

The FEco and FEy, values were the most substantially

impacted by electrochemical looping at medium and low
overpotentials (>—1.1 V vs RHE), whereas only minor
differences were observed in the forward and backward runs
for applied electrolysis potentials of < —1.2 V vs RHE (Figure
3e). In Figure 3e, the differences in potentials between the
backward and the respective forward runs were AFEqq =
+10.3% at —1.0 V vs RHE, AFE, = +32.2% at —0.9 V vs RHE,
AFE g = +60.0% at —0.8 V vs RHE, AFE ¢ = +71.4% at —0.7
V vs RHE, and AFE(q = +62.3% at —0.6 V vs RHE (see also
Figure S7).

The absence of any substantial improvement in the FEqq
values at the lowest applied electrolysis potentials (<—1.2 V vs
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RHE) can be rationalized by the onset of CO, mass transfer
limitations, where the CO, concentration in the diffusion
boundary layer is expected to drop down to zero as a result of
increased CO,RR rates (partial current densities). Therefore,
the continuous activation of the catalyst material under CO,
mass transport conditions does not lead to a further shift in the
product distribution toward CO. The characteristics of
pronounced hysteresis that can be seen at medium and low
overpotentials (Figure 3a—e, Figure S7) are clearly indicative of
the “activation” of the Ag-NW catalyst toward CO formation,
which is mediated by the applied electrochemical looping. This
is demonstrated in the first experiment, as the coelectrolysis of
water/CO, resulted in the desired deprotection (chemical
cleaning) of the catalyst surface. It can be hypothesized that
changes in the composition of the surface are responsible for
the observed changes in the potential-dependent product
distribution (see discussion on the XPS analysis below). A first
control experiment proving that the improved FE values
(Figure 3) indeed originate from an effective removal of the
surfactants from the catalyst surface during the ec-l treatment is
shown in Figure S8. It compares the CO efficiencies of a Ag-
NW catalyst before and after the ec-l treatment with the ones of
a Ag-foil (GoodFellow, 99.95%, 0.25 mm thickness) which
serves as a model system for a surfactant-free Ag catalyst. As
expected, the CO efficiencies do not change by the ec-l
treatment in the case of the Ag-foil catalyst. Further, we exclude
severe structural or morphological changes of the Ag-NW
catalyst in the course of the ec-l treatment as origin of the
observed catalyst activation (see combined SEM and TEM
analysis in Figure S9). It should be noted that, based on our
experimental results, it cannot be concluded on which active
sites of the Ag-NWs the HER and the ec-CO,RR take place.
Both experimental and theoretical studies on Ag single crystals
strongly suggest, however, that defects, in particular steps and
kink sites, are substantially more active toward CO formation
than the planar (100) and (111) facets.'*°®

One important aspect of this activation effect, discussed
herein, is displayed in Figure 3f In principle, the total
(integrated) charge that is transferred at each electrolysis
potential—derived from the respective j versus ¢t (40 min)
plots—exponentially increases with the applied overpotential
(Table S2a). However, when comparing the forward and
backward runs, it becomes obvious that the total transferred
charge for a given electrolysis potential does not substantially
change during electrochemical looping. This implies that only
the product distribution (ratio of FEco and FEy values) is

altered by this treatment, whereas the total current density
normalized to the geometric surface area (total transferred
charge) remains unaffected. This is an important distinction
between the current study and previous studies on catalyst
activation processes in which only a single electrocatalytic
reaction needs to be considered (e.g, ORR,****5 OER,* or
HER®”) and where increased reaction rates directly correlate
with an increase of the electrochemically active surface area
(ECSA).>¥**

In order to elaborate on which experimental factors
contribute to the observed change in the product distribution
(e.g., nature of the formed CO,RR reaction product, applied
vertex potential [E .y, current density [j], electrolysis time,
total transferred charge [Q], etc.), an extra electrochemical
looping experiment was carried out in an Ar-saturated (CO,-
free) 0.5 M KHCO; electrolyte (pH = 8.9) while applying the
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full range of electrolysis potentials (E, e = —1.3 V vs RHE).
This approach excludes CO as a reaction product and
exclusively produces H, during electrolysis. Note that
bicarbonate can be neglected as a reactant when Ag is used
as the catalyst.”® Figure 4a compares the total transferred

.
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Figure 4. (a) Integrated cathodic charges of potentiostatic electrolysis
reactions carried out in Ar- and CO,-saturated 0.5 M KHCO,
electrolytes (electrochemical looping). (b) Time-resolved FE values
derived from electrolysis reactions carried out at —0.9 V vs RHE after
applying various activation protocols (for details, see the text).

charges of the chemical looping experiments carried out in the
Ar- and the CO,-saturated electrolyte (Table S2a). The most
obvious difference is in the total amount of transferred charges,
which is substantially higher for the CO,-free case in which the
HER is the only electrolytic reaction. These results suggest that
the HER is not effectively hindered by the presence of the
surfactants (chloride and PVP). Note that the expected
exponential increase in the total transferred charge passes into
a plateau regime at applied potentials that are more negative
than —1.1 V vs RHE (Figure 4a). This particular feature
originates from the partial blocking of the electrode surface by
hydrogen bubbles, which appear at elevated current densities
(surface area change under massive gas evolution; see Figure
$10).

It becomes obvious from Figure 4a that the total transferred
charges are substantially lower when CO is formed as one of the
reaction products. This is likely owing to a high surface
concentration of formed and temporarily adsorbed *CO (the
asterisk represents an adsorption state), which therefore
effectively sterically blocks those surface sites on the Ag-NW
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that are active toward the competing HER. It is clear that the
chemisorbed *CO acts as an efficient “suppressor” with regard
to the HER.® The binding strength of *CO to the Ag catalyst is
generally considered to be relatively low (i.e., in comparison to
Cu),””"" thereby rationalizing the easy release of the formed
*CO from the catalyst surface into the electrolyte phase (Figure
S). However, the *CO binding to the Ag-NW surface seems

+

NP i
s (o]
0=C=0 \?/ \?// ? g_
K = I = L = | |<—
suppressor ensemble
for the HER

Figure 5. Reaction pathway of CO, conversion into CO on Ag
catalysts; the strong suppressing action of the chemisorbed CO with
regard to the HER is highlighted.

sufficiently high to remove surfactants from the surface during
the water/CO, coelectrolysis reaction, which can be considered
to be the origin of the profound hysteresis effects observed in
the FE vs E plots (Figure 3). It can be hypothesized that the
observed Ag-NW deprotection is based on the “chemisorptive
displacement” of the surfactants by the *CO. The temporary
presence of chemisorbed *CO on the Ag-catalyst surface has
been previously demonstrated by operando vibrational (IR or
Raman) spectroscopy.””~"* The massive gas evolution (by H,
and CO)—which is in agreement with the water/CO,
coelectrolysis at high current densities (Figure S10)—can be
considered to be an additional beneficial effect and facilitates
the convectional transport of the released PVP from the catalyst
surface into the bulk of the electrolyte phase. This process
therefore prevents the readsorption of the PVP on the catalyst
surface. Possible surfactant readsorption phenomena have been
identified by Oezaslan et al.>* as one possible drawback of the
oxidative approach to PVP removal.

The chemical nature of the electrolysis product (H, or CO)
that is formed during the electrochemical looping clearly plays a
vital role in the deprotection of the desired catalyst. This effect
can be denoted as surfactant removal by “chemical” cleaning.
This has been demonstrated by additional experiments for CO,
electrolysis, which were performed at a constant electrolysis
potential of E = —0.9 V vs RHE using Ag-NW catalysts that had
been subjected to a full chemical looping pretreatment (E ey =
—1.3 V vs RHE) in either the CO,-saturated or the CO,-free
(Ar-saturated) electrolyte. Figure 4b illustrates the time-
dependent evolution of the FE -, values of the electrolyses
that were carried out in the CO,-saturated electrolyte following
the ec-l treatments.

For the purpose of comparison, the resulting FEq values of
the as-prepared samples are also provided. It is clear that
maximal CO efficiency (close to 100%) is most rapidly attained
when preconditioning in the CO,-saturated electrolyte, whereas
the one subjected to the chemical looping in the Ar-saturated
electrolyte demonstrates only marginally improved CO
efficiencies. This finding is striking, as substantially higher
charges were transferred, and higher current densities were
applied during chemical looping in the Ar-saturated electrolyte
(Quot = 895.9 C, jiax = —85.6 mA cm™* at E = —1.3 V vs RHE,
see Table S2a) in comparison to the CO,-saturated electrolyte
(Qut=1153C, jx = —15.1 mA cm ™ at E = —1.3 V vs RHE).
The total charge is obviously not the key parameter for the
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activation of the catalyst. Furthermore, the massive gas
evolution alone does not seem to be sufficient for the
deprotection of the Ag-NW catalyst (see also Figure S11).

As the total transferred charges were different in both
electrochemical looping treatments (Ar- and CO,-saturated
electrolytes, Figure 4a) it is hard to compare them directly. We
therefore applied two addition pretreatment techniques on the
Ag-NW catalysts—based on galvanostatic electrolyses at j = =3
mA cm™2—in both CO,-saturated and CO,-free electrolytes. In
these cases, the total transferred charge was normalized to Q,,
= 115.3 C, which allowed for a direct comparison to the
electrochemical looping experiment performed in the CO,-
containing electrolyte (Figure 4a). The corresponding FE.q
data for the subsequent CO, electrolysis reactions at —0.9 V vs
RHE are included in the plot in Figure 4b. Again, pretreatment
in the CO,-free electrolyte yields poor FE( values in the actual
CO, electrolysis experiment. Interestingly, the electrochemical
looping in the CO,-saturated electrolyte is superior to the
galvanostatic pretreatment at j = —3 mA cm > that was carried
out in the same electrolyte. Obviously, the applied electrolysis
potential and the electrolysis time are important factors for the
efficiency of surfactant removal (see also Figures S12 and S13,
and discussion of the XPS data below). It can be assumed that,
due to the increased CO partial current densities, the CO
surface coverage is higher at lower vertex potentials thus also
rationalizing the observed potential dependence of the
hysteresis characteristics (Figure 3).

An extra electrolysis experiment was carried out using C-
supported Ag-NWs as the catalyst in order to demonstrate that
the electrochemical looping works when the NWs are
embedded into a technical carbon matrix. The result of this
ec-] experiment exhibits the desired trend of improved FEcq
values in the corresponding backward run of the electro-
chemical looping (Figure 6), in which values of FE¢q = 90.7%
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Figure 6. Activation of C-supported Ag-NW catalysts (see Figure 2d—
f).

and FEqg = 93.4% at E = —1.0 V and —0.9 V vs RHE were
achieved. However, the HER is still dominating the product
distribution at lower applied overpotentials in contrast to the
nonsupported Ag-NWs (see Figure 3e). This observation can
be rationalized by an effect that is mediated by the high surface
area of the C-support, which is active toward the HER but not
toward the CO,RR. The increased FEy, values at the lowest

overpotentials (Figure 6) are therefore the result of a surface
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area effect of the component in the catalyst film, which is
selective toward the HER (Vulcan and glassy carbon support
electrode, see Figure S6d—f).

As the extended electrochemical looping (Eeyex = —1.3 V)
was identified as the most effective pretreatment for the
deprotection of the catalyst, a full set of additional electrolysis
experiments were performed using a single catalyst approach®®
in which newly prepared and preconditioned catalyst (see
Figures 2a—c and 3e) were used for 1 h long electrolysis
experiments and applied potential. This approach guaranteed
identical starting conditions for CO, electrolysis and minimized
time-dependent changes on the selectivity of the CO,RR
products. Figure 7a represents the “true” potential-dependent
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Figure 7. (a) ec-CO,RR product distribution of 1 h lasting electrolysis
experiments comparing the as prepared Ag-NW catalysts and those
pretreated by an electrochemical looping (E, e = —1.3 V vs RHE, see
Figure 3e). (b) Steady-state total current densities of the electrolysis
experiments which correspond to the data in panel a.

product distribution of the Ag-NW catalyst after the successful
deprotection of the Ag-NWs. For comparison purposes, the
corresponding 1 h lasting ec-CO,RR experiments of the as-
prepared Ag-NW catalysts are also provided. CO efhiciencies of
~100% are obtained after the ecl preconditioning (Eyexex =
—1.3 Vvs RHE) in the potential range between —1.0 and —1.1
V. These efliciencies are competitive in comparison to
previously published data.*®*"®>”> Table S6 provides a
comprehensive overview of the relevant benchmark studies
that have used Ag as the ec-CO,RR catalyst material, while
Figure 7b demonstrates again that only the product selectivity is
changed by the ec-] treatment, and not the overall reaction rate.
The total (steady-state) current densities remain largely
unaffected by electrochemical looping.

XPS Analysis. Our analysis of the ec-CO,RR product
distribution (Figures 3 and 7a) clearly demonstrates an
activation of the Ag-NW catalyst by the chemical looping but
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lacks deeper mechanistic insights into the chemical origin of the
observed improved CO selectivity. Therefore, complementary
XPS experiments were performed to provide information on
the compositional changes of the catalyst surface. Figure 8a—c
depicts spectra of the Ag3d, Cl2p, and N1Is photoemissions that
are representative of the as-prepared Ag-NW catalyst prior to its
deprotection. These results demonstrate that both chloride and
PVP are present on the surface of the as-prepared Ag-NWs, as
indicated in the schematics of Figure 9. The performed
electrolysis experiments clearly show that the HER does not
effectively contribute to the deprotection of the desired catalyst
(Figure 4b).

Figure 8d,e displays the integrated intensities of the N1s and
Cl2p emissions normalized to the one of the respective Ag3d
emissions. These data can be used to assess the effectiveness of
the surfactant removal depending on the particular pretreat-
ment protocol that is applied. Note that the (Igp,:I ag3d) Tatios
are generally lower than the corresponding (Ile:IAg?)d) values,
irrespective of the applied pretreatment. One possible reason
for this observation is that a layered structure of the surfactant
shell was covering the Ag-NWs. Chloride is likely to be
chemisorbed and would therefore be in direct contact with the
Ag-NW surface.

These halide anions are considered to play a crucial role in
the initial nucleation stage of Ag-NW formation (self-seeding
via AgCl nuclei).>” Furthermore, the (100) textured sidewalls of
the Ag-NWs in particular exhibit a strong tendency toward
specific chloride adsorption, which can result in a maximum
(saturation) surface coverage of ® = 0.5 ML (normalized to the
number of surface atoms on the [100] surface) when a
Ag(100)-c(2 X 2)-Cl surface ad-layer is formed.”*”"® The high-
molecular-mass PVP polymer (M, = 1300000 g mol™')
presumably constitutes the outermost shell of the as deposited
Ag-NW. A “coiling” of the linear PVP around the Ag-NW is
discussed in the literature, where the pyrrolidone acts as the
anchor group of the polymer backbone to free metallic sites on
the surface (Ag—O or Ag—N coordination).*” Considering the
high molecular mass of the PVP, it is likely that hydrophobic
effects lead to an enhanced PVP agglomeration on the Ag-NWs
beyond monolayer coverages. This layered configuration of
surfactants, as depicted in Figure 9 (left panel), could also
contribute to the reduced intensity observed in the Cl2p
emission of the chloride that accumulated at the “buried”
interface.

The electrochemical activation treatments applied to the Ag-
NW catalysts exhibit strong variations in the PVP removal
efficiency. The treatments in which H, was the exclusive
electrolysis product (protocols 2 and 3 in Figure 8d) were less
effective, while those using postsynthesis deprotection
approaches involving the formation of CO (protocol 4 and §
in Figure 8d) were more effective. The optimal PVP removal
characteristics that were observed for the electrochemical
looping approach (E,qe = —1.3 V vs RHE) are in full
agreement with our electrolysis data (Figures 4b and 7a). The
XPS results also confirm that the PVP (and its removal) is the
main origin for the observed hysteresis effects in the product
distribution (Figure 3).

Interestingly, all pretreatments that were applied herein led
to the near-complete removal of the chemisorbed chloride
(Figure 8e). The origin of the chloride removal is the potential-
dependent electrostatic repulsion of the chloride anions at the
negatively polarized electrode surface.
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Figure 8. (a—c) Representative XPS spectra of the Ag3d, Cl2p, and N1s emissions derived from the Ag-NW catalyst on the GC support electrode
(see Figure 2a—c). (d, e) Integrated intensities of the NIs and Cl2p emissions normalized to the corresponding integrated intensity of the Ag 3d
emission; the digits on the x-axis indicate the respective catalyst activation protocols. 1, as prepared; 2, galvanostatic electrolysis in Ar-saturated
(CO,free) 0.5 M KHCOj solution at j = —3 mA cm™?, the total transferred charge was Q = 115.3 C; 3, electrochemical looping (ec-1) in Ar-saturated
0.5 M KHCOj solution, the vertex potential was E, . = —1.3 V vs RHE, the total transferred charge was Q = 895.9 C; 4, galvanostatic electrolysis in
CO,-saturated 0.5 M KHCOj solution at j = —3 mA cm ™2, the total transferred charge was Q = 115.3 C; 5, electrochemical looping (ec-1) in CO,-
saturated 0.5 M KHCO; solution, the vertex potential was E, ., = —1.3 V vs RHE, the total transferred charge was Q = 115.3 C (the activation
conditions correspond to those in Figure 2b). (f, g) Integrated intensities of the N1s and CI2p emissions normalized to the corresponding integrated
intensity of the Ag3d emission measured after the electrochemical looping (ec-1) treatment; the respective vertex potentials are indicated on the x-
axis (the activation conditions correspond to those in Figure 3).

HER CO,RR

2H,0+ 2e H+20H  CO,+H,0+2e CO+ 20H
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C

@ chioride () Pyrrolidone

Figure 9. Schematics demonstrating the PVP and Cl terminated Ag surface which is still active for the HER (left panel) and the Ag surface which is
activated upon CO production through PVP and Cl removal (right panel).

From these observations it can safely be concluded that it is ments presented in Figure 3a—d. The results of this analysis are
the remaining PVP that disturbs the ec-CO,RR rather than the depicted in Figure 8f,g and clearly demonstrate that the vertex
chemisorbed chloride. Our analyses were further comple- potential E,.., and the width of the potential window that were
mented by an extra XPS inspection of the catalyst films applied to the catalysts in the electrochemical looping are
subjected to the systematic electrochemical looping experi- necessary for the effectiveness of the surfactant removal. The
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surface concentration of adsorbed chloride could be reduced to
the minimum possible quantity when vertex potentials of E ...,
= —1.1 V vs RHE were applied, whereas the PVP surface
coverage continued to decrease to an applied vertex potential of
Eerex = —1.3 V vs RHE. Our XPS results are also in full
agreement with the working hypothesis made on the basis of
the electrolysis data presented in Figure 3 and confirm that
compositional changes at the catalyst surface are the origin of
the hysteresis features observed in the electrochemical analysis
(see also Figure S15). Complementary 'H NMR measurements
suggest that the PVP is removed structurally intact from the Ag
surface. There are no PVP degradation products observed in
the electrolyte after the electrolysis.

B CONCLUSIONS AND OUTLOOK

Here, we demonstrate that the presence of surfactants (e.g.,
chloride and in particular PVP) on the surface of the colloidal
silver catalyst negatively impacts the ec-CO,RR selectivity and
instead favors the HER in electrolysis reactions carried out in
CO,-saturated aqueous 0.5 M bicarbonate electrolytes.

The present work clearly demonstrates the importance of
complete surfactant removal for the catalyst performance
evaluation which might otherwise be superimposed by
“transient artifacts”, in particular in the initial stage of
electrolysis (time scale of hours).

Electrochemical looping—a sequence of potentiostatic
electrolysis experiments with defined starting, vertex, and
ending potentials—has been demonstrated to be highly
effective in the deprotection of catalysts, provided that CO is
formed as the main electrolysis product. The chemical nature of
the reaction product formed during electrolysis is found to be
vital to the effectiveness of the activation of the catalysts via
surfactant removal. An extended potential window in the
electrochemical looping pretreatment, spanning from Eg,, =
—0.6 V vs RHE to E ., = —1.3 V vs RHE, yields substantially
improved CO efliciencies, which attained FEg = 100% at —1.0
V (jco = =5.8 mA cm™?) and —1.1 V vs RHE (jco = —6.5 mA
cm™?). This improvement in the product selectivity relative to
the as-prepared Ag-NWs is in agreement with the observed
decrease in the normalized PVP surface concentration. This
catalyst deprotection protocol is also transferable to C-
supported Ag-NW catalyst systems.

Our future research will address the application of these
electrochemically activated Ag-NW catalysts in flow-cell
electrolyzer systems in detail in order to demonstrate the
importance of the environment (gaseous versus aqueous/
liquid) for surfactant removal under operando experimental
conditions.
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Highlights: The PVP capped-Ag NPs of different initial sizes (10, 40, and 100 nm) were applied
to study the size effect on NPs degradation behavior during CO2RR in the gas-fed zero-gap
electrolyzer. After performing galvanostatic electrolysis, there is no considerable detachment of
all Ag NPs catalyst from ICP-MS analysis of Ag loading. Although the flooding and harsh salt
precipitation are found after COz electrolysis, structural alterations are shown in SEM images after
washing the GDEs. The Ag NPs with the size of 10 nm form agglomerates with the longest distance
up to 200 nm. The 40 nm NPs agglomerate mainly, and small clusters can be found in the
electrodes deposited with 40 nm NPs after the electrolysis. NPs of 100 nm tend to form
agglomerates consisting of two to three NPs and undergo pronounced fragmentation into small
NPs with the size of serval nanometers. The results indicated that on a long-term time scale,

structural changes in catalysts play important roles in CO2RR performance.

Contributions: I was the main responsible for the preparation of the electrodes and performing the
electrochemical CO:2 reduction experiments. Moreover, I did most of the morphological
characterization of the catalysts. I contributed to the results analysis, preparation of figures and
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Size-Dependent Structural Alterations in Ag Nanoparticles
during CO, Electrolysis in a Gas-Fed Zero-Gap Electrolyzer

Huifang Hu,” Menglong Liu,®" Ying Kong,” " Ivan Zelocualtecatl Montiel,®® Yuhui Hou,”
Alexander V. Rudnev,*™ 9 and Peter Broekmann*® "’

Ag nanoparticles (NPs) are efficient electrocatalysts for electro-
chemical CO,-to-CO conversion. However, NPs are thermody-
namically unstable and can undergo structural alterations under
electrolysis operating conditions. These structural changes may
play a crucial role in the deterioration of CO, reduction reaction
(CO,RR) performance on the long-term electrolysis time scale.
Here, we studied the effect of NP size on NP degradation during
CO,RR. Polyvinylpyrrolidone-capped 10, 40, and 100 nm Ag NPs
deposited on a gas diffusion electrode were used as testbed
catalysts in a gas-fed zero-gap electrolyzer. Inductively coupled

Introduction

Electrochemical CO, conversion is a promising approach for the
storage of renewable electricity in a sustainable manner and
the production of synthetically or industrially valuable platform
chemicals." Currently, research on the electrochemical ap-
proach is driven primarily by the technological demand for
catalyst and electrolyzer configurations that provide selective
and stable progress of CO, reduction reaction (CO,RR).

CO,RR in H-type electrochemical cells (two-compartment
cells with a membrane separating the cathode and anode
compartments) suffers from mass transport limitations, owing
to the low concentration of CO, in electrolyte solutions. The use
of a zero-gap gas-flow electrolyzer unit with a gas diffusion
electrode (GDE) overcomes these limitations, thus resulting in
current densities of CO,RR above 300 mAcm 2% Modern
commercial GDEs consist of a carbon fiber support (CFS) and a
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plasma mass spectrometry indicated insignificant catalyst-
material detachment after galvanostatic CO, electrolysis. Scan-
ning electron microscopy analysis showed that smaller NPs
tended to agglomerate during CO, electrolysis. 700 nm NPs
formed agglomerates consisting of only two-three NPs and
underwent pronounced fragmentation with the formation of
particles several nanometers in size. The fragmentation was
associated with cathodic corrosion of Ag NPs under conditions
of intensive CO,RR and hydrogen evolution.

microporous layer (MPL) with the catalyst layer deposited on
the MPL.™ In the zero-gap configuration, a humidified CO, gas
diffuses through a porous gas diffusion layer (CFS and MPL) of
the GDE to the active sites of the catalyst.

Metallic nanoparticles (NPs) deposited on a GDE can be
used as efficient electrocatalysts for CO, reduction. High
selectivity for CO,-to-CO conversion has been achieved, for
example with nanoparticulate or nanostructured Ag
catalysts.”'" Relatively low loading of nanoparticulate catalyst
material can be used to achieve a CO,RR current density at an
industrially relevant level. However, owing to their small size,
NPs are thermodynamically unstable and can therefore undergo
structural alterations under electrolysis operating conditions.
Degradation mechanisms for fragmentation, reshaping, poison-
ing, agglomeration, dissolution (redeposition), detachment, and
Oswald ripening have been reported for NPs under CO,RR at
negative potentials.">'¥ NP fragmentation can be considered as
a phenomenon of cathodic corrosion.™

Although NP-catalyst degradation behavior during CO,RR
has been intensively studied in H-type and one-compartment
cells (e.g. see Refs.[12,15-20]), the conclusions obtained in
these studies might not be directly applicable to the zero-gap
electrolyzer configuration.? In the latter case, the investigation
of catalyst degradation has been hindered by the precipitation
of (bi)carbonate salt at a three-phase GDE interface within
several or few tens of minutes, thus severely suppressing
CO,RR.2*2"%) Nevertheless, the study of NP-catalyst structural
changes during CO,RR in a zero-gap electrolyzer under harsh
conditions (high current densities) is extremely important,
because NP degradation is crucial for CO,RR performance on
the long-term electrolysis time scale.

Multiple factors affect NP degradation behavior. In our
previous work, we have studied the effect of a capping agent
on structural alterations of spherical Ag NPs after CO,RR in a
zero-gap electrolyzer.®) Ag NPs 40 nm in size were stabilized by

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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four capping agents: branched polyethylenimine (PEIl), poly-
vinylpyrrolidone (PVP), polyethylene glycol (PEG), and citrate.
Although the NPs displayed identical size distributions, they
differed in their activity toward CO,RR in terms of faradaic
efficiency for CO formation, FE-, and current densities in the
course of potentiostatic electrolysis. Thus, the structural
changes in NPs occurring during electrolysis were also affected
by the chemical nature of the capping agent. Here, continuing
our investigation of the degradation behavior of Ag NP
catalysts, we focused on the effect of NP size on structural
changes during CO,RR in a zero-gap electrolyzer (the corre-
sponding configuration has been described in detail in
Refs. [3,23], Figure S1). Catalyst inks were prepared from
commercially available PVP-capped 10, 40, and 100 nm Ag NPs.
Through a set of post-electrolysis analyses of the NP-catalyst,
we show that degradation pathways substantially depend on
the initial NP size. Smaller NPs tend to agglomerate during CO,
electrolysis. In particular, 10 nm NPs form agglomerates up to

after electrolysis
for 10 min

200 nm in the longest dimension. In addition, 100 nm NPs form
agglomerates consisting of only two or three NPs, and undergo
pronounced fragmentation, thus forming large amounts of
particles several nanometers in size, which are redeposited on
the MPL. The fragmentation appears to be associated with
cathodic corrosion of Ag NPs at negative potentials under
conditions of intensive CO,RR and hydrogen evolution reaction
(HER).

Results and Discussion
Characterization of As-Prepared Ag NPs Deposited on GDE

The as-prepared Ag NP catalyst deposited on the GDE (Fig-
ure S2) was analyzed with scanning electron microscopy (SEM)
(Figure 1a,e and i). The respective size distributions are shown
in Figure 2. SEM images before electrolysis indicated that the

after electrolysis
for 30 min
eyt C1

after electrolysis
_for 60 min

~ 4 |

Figure 1. Representative SEM images of Ag NP-catalyst on GDEs. The size of NPs: (a—d) 10 nm, (e-h) 40 nm, (i-I) 100 nm. The SEM images were recorded
(a,e,i) before (“as-prepared”) and (b-d,f-h,j-I) after galvanostatic CO, electrolyses (j=—283 mAcm?) for different time (different passed charge): (b, f, )
10 min (169.7 Ccm ), (c, g, k) 30 min (509.2 Ccm ), (d, h,1) 60 min (1018.4 Ccm2). Two images of different magnification are shown for each sample.
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Figure 2. Histograms showing the particle size distribution of Ag NPs of different size: (a-d) 10 nm, (e-h) 40 nm, (i-I) 100 nm. The data were obtained for NP-
catalysts (a, e, i) before and (b-d,f-h, j-I) after CO, electrolysis at j= —283 mAcm ? for a certain time: (different passed charge): (b, f,j) 10 min (169.7 Ccm?),
(c,9,k) 30 min (509.2 Ccm ™), (d, h,1) 60 min (1018.4 Ccm?). Expectation ranges of the particle size are shown for the fitted peak(s). Number of particles

analyzed (N) is given in the graphs.

Ag NPs were fairly uniformly distributed over the MPL surface.
Size analysis demonstrated a normal distribution of NP sizes on
the GDE surface before electrolysis. The estimated mode values
were close to the values indicated by the manufacturer (the
values are given in the graphs, Figure 2). Inductively coupled
plasma mass spectrometry (ICP-MS) data demonstrated that the
actual mass loading for NPs of different sizes was nearly
identical (Table 1). However, according to SEM data the number
of NPs on the GDE surface (in terms of volume or mass)
appeared dissimilar. The amount (volume and mass) of 10 nm
NPs on the GDE surface seemed to be significantly less than
those of 40 and 100 nm NPs. This finding is explained by the
greater penetration of smaller NPs inside the GDE layers during
drop-cast deposition. The cross-sectional SEM images in Fig-
ure 3 distinguished the boundary between MPL and CFS. The
energy-dispersive X-ray spectroscopy (EDX) mapping of Ag
demonstrated the presence of Ag NPs inside both MPL and CFS
(Figure 3). Moreover, 10 nm NPs were distributed fairly uni-

formly in the microporous layer, with greater density around
cracks and at the boundaries between microporous and micro-
fiber layers. The amount of 10 nm NPs on the surface of the
GDE was similar to that inside the microporous layer. This
finding was supported by individual EDX spectra (cf. spectrum 1
with spectra 2 and 6 in Figure 3b). Spectrum 3 recorded at the
area close to the microporous/microfiber layer boundary
showed an enhanced Ag signal. The EDX mapping and spectra
4 and 5 unambiguously indicated that 10 nm NPs penetrated
into the CFS.

A slightly less uniform distribution of 40 nm NPs was
observed inside MPL (Figure 3c) with increased density on the
top surface of MPL, at cracks, and around the MPL/CFS
boundary. A smaller amount of Ag NPs was observed in CFS.
This observation was supported by individual EDX spectra
(Figure 3d). Spectra 1 to 3 showed Ag signals of slightly higher
intensity than those in the spectra recorded at areas 4 and 5. A
large fraction of 100 nm NPs after deposition were located on

Ag NP-catalyst Calculated loading [ugcm ]

Table 1. Loading of Ag in NP-catalyst as calculated from the drop-cast amount and as estimated by ICP-MS.
Loading by ICP-MS [ugcm™]

As-prepared

After electrolysis® After recovery experiments'"

10 nm 300 290.52+11.8 267.80+20.7 266.65+9.4
40 nm 300 297.31+£16.6 289.43+£17.0 277.04+£18.0
100 nm 300 303.02+4.8 287.78+18.2 270.68+13.8

[a] After electrolysis at —283 mAcm 2 for 60 min. [b] After 2™ electrolysis at —283 mAcm ? for 60 min.
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Figure 3. (a,c, e) Representative cross-sectional side-view SEM images and
overlapped EDX Ag mapping of the microporous and microfiber GDE layers
with deposited Ag NPs of different sizes: (a) 10 nm, (c) 40 nm, (e) 100 nm.
Dotted lines indicate boundaries between MPL and CFS. (b, d,f) EDX spectra
recorded for respective areas of GDE cross-sections (see numbering).

top of the MPL (Figure 3e). High density of NPs was also
observed at cracks and at the MPL/CFS boundary, whereas NPs
were scarcely detected inside MPL and CFS far from large
cracks. This result was confirmed by EDX spectra (Figure 3f):
spectra recorded at areas inside the layers (2 and 7 in MPL and
5 and 6 in CFS) showing weak or absent Ag signal, whereas the
signal was stronger on the top of MPL (spectrum 1) or around
the MPL/CFS boundary (spectra3 and 4). These findings
indicated that larger particles (such as 100 nm) scarcely
penetrated through/into micropores of MPL, but a portion of
these NPs passed through the MPL via cracks and accumulated
at the MPL/CFS boundary.

Note that we used the same Ag mass loading for all NP-
catalysts. Thus, the surface area of NP-catalysts would certainly
depend on their initial size. In addition, the data in Figure 3
clearly show that a large fraction of particles penetrates the
GDE and might not participate in the electrolysis reaction.
Moreover, the amount of Ag NPs penetrated in CFS layer
strongly depends on initial NP size. Estimation of the electro-
active area of Ag NPs and the appropriate comparison of
surface areas are hardly possible when solely based on the
mass loading and size distribution data.

CO, Electrolysis: Loss of CO,RR Performance

Figure 4 shows the FEs of three detected products (CO, H,, and
HCOO™) formed during CO, galvanostatic electrolysis at j=
—283 mAcm? for 60 min (passed charge g=1018.4Ccm?).
The initial FE, was ~90-93% and was nearly identical for NPs
of different sizes (Figure 4), in agreement with findings form
studies on the size effect on CO,RR. Au NPs and Cu NPs ~5 nm
or larger have been reported to show similar CO,RR perform-
ance in terms of faradaic efficiency.”** Only smaller NPs
showed a significant change in the product distribution.
Typically, the use of Cu and Au NPs with sizes below 5 nm
markedly increased faradaic efficiency of hydrogen formation,
FE,,, and decreased CO,RR efficiency.?**

However, over time or with a passed charge, the FE.
drastically decreased, whereas the FE,, correspondingly in-
creased. No clear correlation was observed between the NP size
and the CO,RR performance deterioration. The fastest deterio-
ration occurred for 40 nm NPs, whereas the slowest deterio-
ration was observed for 100 nm NPs. The rate of FE., decrease
over time was moderate for 10 nm NPs. Formate was also
produced in a detectable amount in our experiments. Typically,
FEycoo_ increased over time, reaching ~ 11 % after 60 min of CO,
electrolysis (1018.4 Ccm™).

The rapid loss in CO,RR performance has been found to be
associated primarily with potassium (bi)carbonate precipitation
on the GDE.***""%3) The (bi)carbonate precipitation is caused by
increased local alkalinity leading to an undesirable reaction of
CO, with hydroxide ions. Several processes induce an increase
in local pH. (i) CO,RR and HER consume protons from water
molecules, thus forming hydroxide ions. (ii) Driven by both

100 100
al ™ 3
80+ 1 80- =
. 4 {
B0 s | 60: J—— =
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Figure 4. FEs of CO, HCOO™, and H, versus charge passed during galvanostatic CO, electrolyses (at j=—283 mAcm ™) employing Ag NP-catalysts. The size of

NPs: (a) 10 nm, (b) 40 nm, (c) 100 nm. The total electrolysis time is 60 min.

ChemElectroChem 2022, 9, 202200615 (4 of 10)

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH



ChemElectroChem

Research Article

doi.org/10.1002/celc.202200615

Chemistry

Europe

chemical and electric potential gradients, K™ ions penetrate
even the anion exchange membrane.” (jii) Finally, the percola-
tion of anolyte (KOH) from the anode compartment via
membrane defects leads to flooding of the GDE. The electrolyte
solution penetrating into GDE substantially slow down CO,
diffusion to the active catalytic sites in MPL, thus, hindering
CO,RR consequently promoting HER.”® On the other hand, the
flooding of GDE induces the formation of (bi)carbonate at the
three-boundary GDE interface. Because of the limited solubility
of potassium (bi)carbonate (lower than the solubility of KOH),
the salt precipitates and also leads to blocking of CO,RR active
sites.”” The precipitation also results in a decreasing electrode
potential during the galvanostatic CO, electrolysis (Figure S3).
The potential at the beginning of the electrolysis at j=
—283 mAcm % is around —1.7 V irrespective of the NP size and
decreases with time, as the precipitate forms.

We also note that the precipitation issue may be affected by
the amount of PVP-capping agent in the catalyst ink. Previously,
we reported that PVP is present in ink not only as a capping
agent adsorbed on Ag NPs but also in a dissolved/dispersed
form (excess PVP).”! The adsorption of PVP from ink on the GDE
after catalyst drop-casting may change the interfacial properties
of the electrode and influence the precipitation behavior.
Alinejad et al. have recently demonstrated that a PVP-capped
Au NP-catalyst displays worse CO,RR performance (in terms of
FEco and current density) than a PVP-free Au NP-catalyst in both
an H-cell and a zero-gap electrolyzer.”” Herein, we estimated
the PVP content in supernatant solutions (Table 2). To quantify
PVP surfactant, we determined the total nitrogen content in the
supernatant solution (TN,,,), i.e., excess PVP, and in the solution
of NPs redispersed in water after removal of excess PVP (TNyp).
We assumed that TNy, corresponded to PVP directly attached
to NPs. The data indicated that TN, (excess PVP) was
approximately an order of magnitude higher than TN, (PVP on
NPs) (Table 2). The results also indicated that the excess PVP
decreased with NP size. That is, the concentration calculated for
a PVP monomer, Gy, in the case of 100 nm NPs was half that
for 10 nm NPs (135 vs. 250 ppm). Thus, the relatively slow
deterioration of CO,RR performance in the case of 100 nm NPs
(Figure 4c) might also have been due to the smaller amount of
PVP in the catalyst ink. The effect of PVP on the precipitation
issue during CO, electrolysis in a zero-gap electrolyzer will be
the focus of our follow-up work.

Despite the deterioration in CO,RR performance associated
with (bi)carbonate precipitation at the GDE, clear alterations in
the NP-catalyst structure occurred after CO, electrolysis. These
structural changes might lead to CO,RR performance losses,
which occur less rapidly than losses due to salt precipitation
but can become considerable during long-term CO, electrolysis.

Of particular concern, NPs with certain preferential orientations
(e.g., cubic NPs) display higher activity (lower overpotential)
toward CO,RR.

The structural disordering of such shaped NPs leads to
catalyst deactivation.”” In contrast, the degradation of even
spherical NPs with no preferential surface orientation can lead
to performance losses. For example, NP agglomeration de-
creases the electrochemically active surface area, whereas
corrosion may promote the detachment of NPs, i.e., the loss of
the contact between the catalyst and the support.

To confirm the fact that the large decrease in FE-, within
60 min of CO, electrolysis (as shown in Figure 4) was associated
primarily with (bi)carbonate precipitation, we performed so-
called “recovery” experiment (Figures S4-S6). In this experiment,
the GDE after the 1* electrolysis was washed accurately in water
to remove the salt precipitate and used again in the 2™
electrolysis (details in Experimental Section). Of note, the
washing procedure did not lead to any loss in Ag NP catalysts.
ICP-MS data demonstrated nearly identical mass loading of Ag
after the 1** and 2™ electrolyses (Table 1). Simultaneously, the
washing allowed for removal of nearly all (bi)carbonate
precipitate (as previously demonstrated by EDX analysis in
Ref. [3]). Figure S4 shows the comparison of FEs for CO and H,
production in the 1°* and 2™ galvanostatic electrolyses at j=
—283 mAcm > The CO,RR performance almost completely
recovered for the washed GDE: the initial FE., in the 2™
electrolysis was equal to or slightly less than that in the 1%
electrolysis. The FE., decrease and the FEy, increase over time
(passed charge) were slightly faster in the case of the washed
GDE in the 2™ electrolysis. However, beyond structural changes
in NP catalysts, these effects may be associated with many
other factors such as (partial) removal of the capping agent,
PVP, slight changes in hydrophilicity of GDE, and/or remaining
residual salt precipitate after the washing procedure.

CO, electrolysis was also performed at two other current
densities in addition to j=-283mAcm™% —141 and
—566 mAcm™ (Figures S7-S12). In all cases, the charge passed
during electrolysis was 509.2 Ccm™, and therefore the electrol-
ysis duration differed: 60 min at —141 mAcm™, 30 min at
—283mAcm™? and 15 min at —566 mAcm 2 When the FE.,
and FE,, were plotted vs. electrolysis time (Figure S8), the
deterioration rate of CO,RR performance was higher at higher
applied current density. However, when we compared data for
the same charge passed, the decrease in FE., was highest for
the lowest current density used (Figure S7). Overall, we
concluded that the size of NPs had no considerable effect on
CO,RR performance deterioration, regardless of electrolysis
duration or current density. This finding is in agreement with
the conclusion that performance losses were due mainly to salt

Table 2. TN values for supernatant (TN,,,) and redispersed NPs (TNy,) solutions after the removal of excess PVP and calculated respective concentrations of
PVP monomers (vinylpyrrolidone, cyps,, and cypp) @ssuming one nitrogen atom per monomer. The Ag content in the samples was 0.5 mgmL™".

Samples TN, [Ppm] Cupsup lPPMI TNy [PpM] Cuene [PPM]
10 nm 315 250 28 22
40 nm 217 172 23 18
100 nm 17.0 135 13 10
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precipitation. We also observed that increasing the current
density of CO, electrolysis increased in FEycoo. Up to 17-19%
(Figure S9). However, this change in the product distribution
did not appear to depend on NP size: FE 0. increased with
current density similarly for 10, 40, and 100 nm NPs. The
dependencies of the electrode potential on the passed charge
or time are also rather similar for NPs of different sizes
(Figure S10). In general, the potential decreases during the
galvanostatic electrolysis reaction. This decrease scales with the
cathodic current applied.

Structural Changes in Ag NPs after CO, Electrolysis

The structural changes in NP catalysts were analyzed by SEM
after CO, electrolyses. Because of massive salt precipitation, the
GDE underwent the water washing procedure, as in the
“recovery” experiments. A comparison of Ag mass loading
estimated by ICP-MS before and after electrolysis indicated only
a minor decrease (Table 1).

Representative SEM images of the Ag NP-catalyst layer after
CO, electrolysis at j=—283 mAcm? are shown in Figure 1 for
the three studied sizes of NPs. The size distributions of NPs are
presented in Figure 2. Expected particle size ranges (mode+
deviation) were determined from the histograms shown in
Figure 2, fitted by either symmetric Gaussians or asymmetric
(skewed) log-normal functions.

The SEM images demonstrated that Ag NPs underwent
agglomeration after CO, electrolysis even within 10 min (Fig-
ure 1). The agglomeration was characteristic for all three sizes
of NPs under study. Furthermore, we observed the appearance
of smaller particles after electrolysis with 100 nm NP catalyst
(Figure 1j-I). From the fitting of NP size distribution, we made
the following observations. In the case of 10 nm NPs, the size
distribution was fitted by a log-normal function. The mode
value increased with increasing electrolysis time (charge
passed) from 11.5 up to 30.3 nm (Figure 2b-d), with some
particles/agglomerates reaching 100 nm or greater (the longest
dimension). Such agglomerated NPs were not observed before
electrolysis, and as-prepared NPs had a fairly narrow expected
range. In the case of 40nm NPs (Figure 2f-h), the size
distribution was also log-normal. Nevertheless, the mode value
did not substantially shift after electrolysis; thus, a large fraction
of NPs retained their initial size. Simultaneously, the expected
range became broader, and skewness appeared with a larger
contribution from agglomerated particles (as in the case of
10 nm NPs). The number of NPs smaller than 40 nm also
increased after CO, electrolysis, thus indicating a degradation
mechanism associated with partial NP fragmentation. The
degradation behavior of 100 nm NPs was different. Three
populations of NPs were distinguished and fitted with Gaus-
sians (Figure 2j-I). The size distribution in the population with
the mode value close to the initial value (100 nm) became
broader after electrolysis: the deviation increased from 12.5 nm
for the as-prepared catalyst up to 20.6 nm for the catalyst after
60-min electrolysis. Simultaneously, the mode value of this
population slightly decreased from 103.5 to 94.1 nm after
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electrolysis, thus, suggesting fragmentation of the NPs. A new
population with a mode value of approximately 11-13 nm
appeared after 10 min of CO, electrolysis. The number of these
small NPs and the expected range of the population appeared
to increase with electrolysis time (charge passed). SEM images
in Figure 1j-I clearly displayed an increased number of small
NPs. The formation of the small NPs was consistent with the
decrease in the mode value of the initial NP distribution.
Additionally, we resolved the third population with the mode
value, which changed from 171.6 nm to 203.1 nm with increas-
ing electrolysis time (Figure 2j-I). This population typically
consisted of two or three agglomerated NPs. The agglomeration
of 10 nm NPs was much more severe during CO, electrolysis: a
large fraction of agglomerates exceeded the initial NP size by
factors of 10 to 20 (Figure 2b-d). Thus, the agglomeration of
100 nm particles was a slower process than that for 10 nm NPs.
On the basis of our results, we concluded that 100 nm NPs are
more likely to undergo fragmentation than agglomeration.
Interestingly, we also observed the faceting of individual
100 nm NPs after electrolysis. For the as-prepared samples,
virtually all NPs were spherical without any distinguishable
facets. SEM images in Figure 5 (more images in Figure S13)
showed that NPs underwent extensive restructuring and, after
60 min of electrolysis, acquired clear facets. Facet formation was
characteristic of the cathodic corrosion process.”®* Although
the mechanism of cathodic corrosion is not yet fully under-
stood, it has been observed for many metals including Ag.k”
Elnagar et al. have demonstrated the formation of a (111) facet
on a polycrystalline Au wire after cathodic polarization in
concentrated KOH solution (5-20 M).*" Au faceting was
observed at —1.5 V vs. RHE (reversible hydrogen electrode) and
became more pronounced at more negative potentials. After
polarization at —3.5V vs. RHE for just 60 s, the voltammetric
response of Au wire was nearly identical to that for an Au(111)
single crystal electrode. The authors in ref.”" have concluded
that HER and high near-surface concentration of K* ions are
essential for the cathodic corrosion process and faceting. Such
conditions can be fulfilled during CO, electrolysis in a gas-fed
electrolyzer. Typically, the GDE cathode potential during
galvanostatic polarization at j=-283 mAcm™ is between
—1.75 and —1.95V, whereas high alkalinity and K* concen-
tration are achieved because of HER and CO,RR, K™ ion
penetration and KOH solution flooding via the membrane. In
the case of 40 nm NPs the faceting was observed but in much

Figure 5. Representative SEM images of 100 nm Ag NP-catalysts on GDE
after passing 1018.4 Ccm ™2 during CO, electrolysis (60 min) at

j=—283 mAcm2 NPs indicated by arrows display clear faceting. Images
were acquired using (a) InLens SE and (b) BSD detectors.
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less extent than for 100 nm NPs. Figure S14 demonstrates a few
faceted NPs for a sample after the “recovery” experiment, i.e.,
two electrolyses at j=—283 mAcm™ for 60 min each. For small
NPs (10 nm), we did not observe pronounced faceting after CO,
electrolysis, possibly because of insufficient SEM resolution as
well as the tendency of the smaller particles to agglomerate.

The faceting of spherical NPs in this study (Figure 5) was
opposite from the degradation behavior of cubic Ag NPs with
the initial facet orientation of (100).”’ During electrolysis, the Ag
nanocubes underwent fragmentation and changed their cubic
shape, becoming more spherical during CO, electrolysis.
Similarly, the fragmentation and destruction of (100) facets
were found for cubic Cu NPs.*”

In addition, we performed a reference experiment employ-
ing the 100 nm NP-catalyst, where we fed the GDE with Ar+
H,O (no CO,). Under these conditions only HER takes place at
the cathode. Note, no precipitate was observed at the cathode
after 60 min of electrolysis at j=—283 mAcm 2 This might be
the reason why the electrode potential was much more stable
during the water electrolysis than that in the course of CO,
electrolysis (Figure S15a). Nevertheless, the MPL layer of the
GDE was wet after the water electrolysis probably likely due to
the KOH flooding. The SEM analysis after the electrolysis in the
absence of CO, demonstrates much less pronounced formation
of small clusters as compared to the samples after the CO,
electrolysis at the same current density (Figure S15). This
finding suggests that the fragmentation of 100 nm Ag NPs is
more pronounced during CO,RR (on CO,-fed GDE). One possible
explanation of this observation is that the (bi)carbonate
precipitation on the CO,-fed GDE blocks diffusion pathways for
CO,, H,0, K*, and OH™ ions and, thus, may lead to a greater
local increase in alkalinity as compared to the situation where
only Ar and H,O are fed through the GDE.

Recently, we have reported that excess PVP influences the
degradation behavior of 40 nm Ag NPs: the removal of excess
PVP leads to more pronounced agglomeration of NPs after CO,
electrolysis.”) We assumed that excess PVP adsorbed on the
carbon support rendered NPs immobile and thus hindered their
agglomeration. The estimation of TN in NP-catalyst samples
demonstrated a smaller amount of excess PVP in the case of
larger NPs (cf. TN,,, values in Table 2). Thus, a greater tendency
for agglomeration might be expected for NP catalysts contain-
ing smaller amounts of excess PVP. However, we observed an
opposite trend: although the 100 nm NP-catalyst contained a
smaller amount of excess PVP, the agglomeration was more
characteristic for 10 and 40 nm NP catalysts (Figures 1 and 2).
This result indicated that NP size plays a more decisive role in
degradation behavior than excess PVP content observed in our
experiments.

The SEM analysis of Ag NP catalysts after CO, electrolysis at
different current densities (but with the same passed charge
equal to 509.2 Ccm™?) is shown in Figures S11 and S12. For the
10 nm NPs, the increase in current density (—141, —283, and
—566 mAcm?) had a minor effect on the degradation behavior:
the NPs tended to agglomerate at any current density
(Figures S11a-d, S12a-d). The agglomeration of 40 nm NPs
appeared to be more severe with increasing current density of
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electrolysis (Figures S11e-f, S12e-f). At j=—566 mAcm™?, the
NP size could scarcely be estimated because of massive
agglomeration, whereas at j=—141 mAcm™, many agglomer-
ates consisted of two NPs, thus resulting in an additional peak
in the size distribution histogram at 79.7 nm (Figure S12f). For
100 nm NPs, the agglomeration was insignificant at low current
density j=—141 mAcm™ (Figure S12j). At higher current
densities (—283 and —566 mAcm ), the difference in degrada-
tion behavior was minor (Figure S12k, ). At all current densities,
the 100 nm NPs tended toward fragmentation with the
formation of small particles with a mode size of 11-18 nm
(Figure S12j-I).

We also performed SEM analysis of 40 nm catalyst after the
“recovery” experiment, i.e., after the 2" electrolysis at j=
—283 mAcm 2 (product distribution data are shown in Figur-
esS4, S5). The comparison of the morphology and size
distribution of the NP catalysts after the 1** and 2" electrolyses
(Figure 6a—c) demonstrated further agglomeration and frag-
mentation of NPs in the 2" electrolysis: the expected range
became broader, and the deviations increased for both
directions (toward smaller and larger sizes; Figure 6c¢). Thus, the
continuation of CO, electrolysis after reactivation of GDE by
removal of (bi)carbonate precipitate led to further degradation
(agglomeration and fragmentation) of Ag NPs. SEM analysis of
the 100 nm catalyst after the “recovery” experiment demon-
strates even more pronounced changes in size distribution as
compared to that after the 1° electrolysis (Figure 6d-f). The
mode value of the population of small particles formed in the
1* electrolysis increased from 13.7 to 25.3 nm accompanied by
a broadening of the expectation range. This finding suggests
that at least part of small clusters agglomerated (in parallel to

100 nm Ag NPs
- et

e A

40 nm Ag NPs
-

100 C 150 ". f
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Figure 6. (a,b,d,e) SEM images and (c,f) size histograms and fitting (solid
line) of (a—c) 40 nm and (d-f) 100 nm NP-catalysts after “recovery” experi-
ment, i.e., 2" electrolysis at j= —283 mAcm 2 The fitting curves of size
distribution for NP-catalysts after the 1% electrolysis are also shown by
dashed lines. Number of particles analyzed (N), mode values, and deviations
are given in the graphs.
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the formation of new small clusters due to fragmentation) in
the course of the 2™ electrolysis. Moreover, some 100 nm NPs
display signs of severe degradation of after the 2™ electrolysis
as indicated in Figure S6.

Raw data and unprocessed measurement files serving as a
basis of this article can be found elsewhere.®”

Conclusion

Herein, we studied the effect of NP size on NP degradation
behavior during CO, electrolysis in a gas-fed zero-gap electro-
lyzer. For this purpose, we performed galvanostatic electrolyses
with PVP-capped spherical Ag NPs of different initial sizes (10,
40, and 100 nm). Post-electrolysis SEM and size-distribution
analyses were used to explore structural changes. ICP-MS
analysis of Ag loading before and after electrolysis showed no
considerable detachment of the NP-catalyst, regardless of the
NP size. However, SEM data demonstrated clear structural
changes in NPs on the surface of GDE after electrolysis. The
smallest 10 nm NPs underwent mainly agglomeration during
galvanostatic CO, electrolysis, thus leading to the formation of
larger agglomerates with the longest distance up to 200 nm.
For 40 nm NPs, agglomeration was also prevalent, although the
fragmentation of NPs with the formation of smaller clusters was
also detected. The size distribution of both 10 and 40 nm NPs
after CO, electrolysis was fitted well with a log-normal function,
with a pronounced skewness toward larger sizes. In the case of
100 nm NPs, two new populations were distinguished with
mode values of 11-13 nm and 170-200 nm after electrolysis.
The mode values, particularly for the population of larger
agglomerates, increased with electrolysis time (charge passed).
The 100 nm NPs tended to form agglomerates consisting
primarily of two or three initial particles. The population of
smaller particles (mode of approximately 11-13 nm) was
formed because of the fragmentation of initial NPs. The
fragmentation appeared to be associated with cathodic
corrosion of Ag NPs at negative potentials under conditions of
intensive CO,RR and HER. The GDE flooding with KOH solution,
additional penetration of K ions via a membrane, and
accumulation of OH- ions due to cathodic reactions may
facilitate the cathodic corrosion of Ag catalyst. Another sign of
cathodic corrosion is the faceting of NPs, which was clearly
distinguishable for the 100 nm NP-catalyst. We emphasise that
the NP mass loading may also affect the degradation behavior.
Simultaneously, the correlation between the structural changes
and the CO,RR performance losses in a zero-gap electrolyzer
was not able to be established because of the flooding and the
harsh salt precipitation at the GDE within a short time
(minutes). However, the results clearly indicated that on a long-
term time scale, structural changes in catalysts play important
roles in CO,RR performance. NP agglomeration would decrease
the electrochemically active surface area, whereas fragmenta-
tion/corrosion would promote the detachment of NPs.
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Experimental Section

Catalyst Preparation

PVP-capped Ag NPs of different sizes (~10 nm, ~40 nm, ~100 nm,
and 1mgmL™" in water) were purchased from NanoComposix.
Subsequently, 1 mL of as-received Ag NP suspension was diluted to
1.627 mL by the addition of isopropanol (VLSI Selectipur, BASF,
Germany). Then 0.1765 mg of carbon powder (Vulcan XC 72R,
Cabot, USA) was dispersed in 353 uL isopropanol by sonication for
1 hour. The two suspensions were subsequently mixed, and after
the addition of 20 uL Nafion solution (5% Nafion, 15-20% water,
Sigma-Aldrich), the new suspension with an Ag NP concentration
of 0.5 mgmL™" was sonicated for 5min to yield a homogeneous
catalyst ink. Next, 75 uL of the above suspension of carbon-
supported Ag NPs was drop-cast on the hydrophobic surface of a
GDE (circle with diameter d of 4 mm; Sigracet 36BB, Fuel Cell Store),
as shown in Figure S2. The electrodes were dried under ambient
conditions. The mass loading was 300417 pgcm 2 (Table 1), as
determined by inductively coupled plasma mass spectrometry (ICP-
MS). A GDE (Sigracet 36BB) circle (d =4 mm) with an Ag-NP catalyst
was inserted into the hole (d=4 mm) in the center of a larger-area
GDE (d =20 mm, Freudenberg H23C8, Fuel Cell Store), as illustrated
in Figure S2, and the assembled electrode was further inserted in
an electrolyzer.

Assembly of Gas-Fed Zero-Gap Cell

The electrolyzer used in this work has been described elsewhere
(Figure S1).%* It consists of a stainless-steel cell body with gas flow
channels used to feed the CO, from the backside of the GDE. The
prepared electrode was placed on the top of the gas flow channels,
with its catalyst modified surface facing upward. Subsequently, a
hydroxide-functionalized Sustainion alkaline membrane (X3750 RT,
Dioxide materials) and a PTFE (polytetrafluoroethylene) anolyte
compartment were placed on top of the GDE. Then 10 mL of 2.0 M
KOH was used as an electrolyte in the anolyte compartment. An
Ag/AgCl (3M KCl, double junction design, Metrohm) electrode and
Ir wire (99.9%, Goodfellow GmbH) were used as reference and
counter electrodes. The counter electrode was placed inside a glass
capillary tube with a glass frit. The PTFE anolyte compartment had
a central orifice of 3 mm diameter at its bottom, thereby providing
direct contact between the electrolyte and the underlying anion-
exchange membrane, whereas the GDE cathode was prevented
from direct contact with the supporting anolyte. Thus, we defined
the geometric area of the GDE electrode as the area of this orifice,
i.e, 0.0707 cm’. During electrolysis, a humidified CO, stream
(17 mLmin™', 99.999%, Carbagas, Switzerland) was continuously
fed through the gas flow channels of the cell body, adjacent to the
GDE.

Electrochemical Measurements and Product Distribution
Studies

CO, electrolysis was performed at room temperature (22+1°C) in
galvanostatic mode with an ECi-200 potentiostat (Nordic Electro-
chemistry). The reported current and charge densities were
normalized to the geometric surface area (0.0707 cm?). The gaseous
products of CO,RR were quantitatively analyzed by on-line gas
chromatography (SRI Instruments). A thermal conductivity detector
for detecting H, and a flame ionization detector with a methanizer
for detecting CO and hydrocarbons were applied in our studies.
Among the possible dissolved products, only formate was detected
in all experiments performed. Formate anions forming during CO,
electrolysis diffused via the anion-exchange membrane to the
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anode compartment. Thus, formate was quantified by ion chroma-
tography (Metrohm Ltd., Switzerland) analysis of anolyte samples
collected after CO, electrolysis.

The faradaic efficiency (FE) of the gaseous product was calculated®”

as:

where x; denotes the molar fraction of the products determined by
gas chromatography with an independent calibration standard gas
(Carbagas), n; is the number of electrons involved in the reduction
reaction to form a particular product (n;=2 for both CO and H,
formation), F=96485.3 Cmol™' is Faraday’'s constant, v, is the
molar CO, gas flow rate measured by a universal flowmeter (7000
GC flowmeter, Ellutia), and / is the current set for the galvanostatic
electrolysis.

The faradaic efficiency of formate FE,qo. is calculated as:

~ Chcoo VanolyteFMcoo

FEHC007 - O

x 100 % (2)

where ¢yc0o~ denotes the formate concentration in the anolyte
determined by ion chromatography, V, oz is the volume of anolyte
in the electrolyzer, nycoo is the number of electrons involved in the
formation of formate (nycoo =2), and Q is the passed charge
during galvanostatic CO, electrolysis. Every data point of FE (FEc,
FE,,, and FE,co0) Was obtained from three independent experi-
ments with new GDEs, and error bars represent standard devia-
tions.

In the “recovery” experiments, the GDE after the 1% electrolysis was
carefully placed onto the surface of Milli-Q water in a beaker with
the catalyst layer facing downward. Water was exchanged at least
five times every 15 min. Then the GDE was dried and again used for
the electrolysis (2" electrolysis). Details have been previously
reported.”

SEM and EDX

For morphological analysis of catalysts, a Zeiss Gemini 450 scanning
electron microscope equipped with the InLens secondary electron
(InLens SE) and back-scattering detectors was used. SEM images
obtained with the InLens SE detector are presented herein unless
otherwise specified. An acceleration voltage of 5 kV and currents of
120 pA and 200 pA were applied at a working distance of 2.9-
4.0 mm. The particle size was measured in Smile View software, and
the particle size distribution was based on size estimations of 500-
1100 individual particles and agglomerates for each catalyst in
three randomly selected areas. The particle/agglomerate size was
defined as the longest dimension in the case of anisotropic NPs
(Figure S16). EDX spectra and 2D surface elemental maps of
samples were obtained with AZtec 5.0 software (Oxford Instru-
ments). An acceleration voltage of 10 kV and a current of 1000 pA
were applied at a working distance of 8.5 mm for EDX measure-
ments.

ICP-MS

The Ag mass loading of the electrodes was determined with a
NExION 2000 ICP-MS instrument (Perkin EImer). The Ag NPs on the
GDE were dissolved in 1 mL HNO; (69.3 %, BASF SE, Ludwigshafen,
Germany). The obtained solutions were further diluted with 3%
HNO; solution by a factor of 1000 and injected into the ICP-MS
instrument to obtain the actual content of Ag on GDEs.

ChemElectroChem 2022, 9, 202200615 (9 of 10)

Total Nitrogen Content Determination

To quantify PVP surfactant in the dispersion of Ag NPs, we
determined the total nitrogen content (TN). Sample solutions with
Ag NPs (Ag content is 0.5 mgmL™") were diluted by a factor of 4.
Then 100 pL of diluted solution (Ag content is 0.125 mg cm°) was
further centrifuged to separate NPs from the supernatant. The
centrifugation rate was 35000 rpm (for 40 min) for solutions with 40
and 100 nm NPs, whereas a solution with 10 nm NPs was
centrifuged for 40 min at 35000 rpm, then 40 min more at
50000 rpm. The obtained supernatant was further fed into a
DIMATOC 2100 instrument (Dimatec, Essen, Germany) to determine
TN in supernatant solution (TN,,,). The organic compounds were
oxidized at 850°C on a Pt catalyst to CO,/NO. A non-dispersive
infrared gas sensor with a reflective diffuser and a chemilumines-
cence detector was used to detect NO. The separated NPs were
further redispersed in Milli-Q water, and these prepared dispersions
with the same Ag content (0.5 mgmL™") were again analyzed to
determine the TNy.
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The application of gas diffusion electrodes (GDEs) for the electrochemical reduction of CO, to value-added
products creates the possibility of achieving current densities of a few hundred mA cm 2. To achieve stable
operation at such high reaction rates remains, however, a challenging task, due to the flooding of the GDE.
In order to mitigate flooding in a zero-gap membrane-electrode assembly (MEA) configuration, paths for
effective electrolyte perspiration inside the GDE structure have to be kept open during the electrolysis
process. Here we demonstrate that apart from the operational parameters of the electrolysis and the
structural properties of the supporting gas diffusion layers, also the chemical composition of the applied
catalyst inks can play a decisive role in the electrolyte management of GDEs used for CO,
electroreduction. In particular, the presence of excess amounts of polymeric capping agents (used to
stabilize the catalyst nanoparticles) can lead to a blockage of micropores, which hinders perspiration and
initiates the flooding of the microporous layer. Here we use a novel ICP-MS analysis-based approach to
quantitatively monitor the amount of perspired electrolyte that exits a GDE-based CO, electrolyser, and

we show a direct correlation between the break-down of effective perspiration and the appearance of
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1 Introduction

Global warming, caused by the burning of fossil fuels and the
resulting rapid increase of atmospheric CO, levels, is regarded
as one of the most serious problems faced by human society.
From this respect, electrochemical CO, reduction deserves
special attention. Propelled by excess renewable energy sources,
this process may not only provide viable means to reduce CO,
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emissions, but it can also create the possibility of converting
excess energy into the form of storable fuels.*

The successful design of industrial level CO, electrolysers
that can be operated for extended periods of time, converting
CO, to a set of desired products at high rate and at low energy
costs, requires a well-coordinated interplay of all electrolyser
constituents.>” From the chemistry, yet not from the overall
efficiency point of view, the most essential part of a CO, elec-
trolyser unit is the cathode catalyst: this is the scene where the
actual transition of CO,—its reduction to value-added prod-
ucts—takes place. In the past three decades, huge research
efforts have thus been invested in the development of electro-
catalysts that can achieve considerable reaction yields, prefer-
ably at low overvoltages.®”

Today, researchers agree that apart from their chemical
composition it is also the nanoscale structure of electrocatalysts
that mostly affect their performance in CO, electroreduction.®*™*°
Metallic catalysts of nanoparticulate (NP) form, for example,
usually exhibit a much higher mass-normalised activity than
planar metallic surfaces."* This is mostly due to the large
surface area of NPs that offers more active sites with low coor-
dination numbers, enabling improved performances.'” Metallic
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NPs thus seem to become the most favoured catalysts used in
today's CO, electrolysers, and the reason for this is not only
their low raw material cost, but also that they can easily be
applied in gas diffusion electrodes (GDEs).

The main advantage of using GDEs as cathodes for CO,
electroreduction is that they circumvent the problem of limited
solubility and slow transport in aqueous media, by allowing CO,
to access the catalyst layer mostly in a gas phase.”® In GDEs, the
catalyst is supported by a gas diffusion layer (GDL) that is
composed of a carbon fibrous layer (CFL) and a microporous
layer (MPL), as shown in Fig. 1a. Besides enabling fast reactant
delivery, the GDL also facilitates the release of gaseous reaction
products, serves as a mechanical support and electrical contact
for the catalyst, and plays important role in controlling the
amount of electrolyte in the catalyst layer."*

In so-called zero-gap membrane-electrode assemblies
(MEAs, see Fig. 1a for a model-scale version), the GDE is directly
interfaced to an anion exchange membrane, the primary role of
which is to control the amount of water (an important reactant
of cathodic CO, reduction) reaching the catalyst layer, while
anionic species (carbonate or hydroxide ions) can be trans-
ported away from it,”* in the direction of the anode. The
membrane should further assure that no volatile cathode-
generated products can cross over to the anode, thereby
reducing the efficiency of electrolysis.'® When zero-gap MEA
cathodes are employed in electrolyser set-ups similar to that
shown in Fig. 1, current densities ranging a few hundred mA
cm ? can be achieved.”

Provided that at a given catalyst CO, reduction yields only
gas-phase carbon-containing products, the configuration
shown in Fig. 1 indeed provides an excellent platform for the
performance and stability testing of catalyst materials. We have
recently shown, for example, that when Ag nanocubes are used
to catalyse CO, electroreduction (on Ag, the reaction almost
exclusively yields CO), catalyst corrosion at stringent cathodic
conditions occurs, and leads to truncated cube morphologies

anolyte (2 mol dm*KOH)

g NPs catalyst anion exchange membrane

layer (CLi\

microporous
layer (MPL)

\ carbon fibrous
layer (CFL)

membrane-electrode assembly (MEA)

gas diffusion layer (GDL)
gas diffusion electrode (GDE)
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Humidified CO, inlet

urrent collector’
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and the appearance of smaller Ag NPs."” When using, on the
other hand, Ag nanospheres protected by different ligands as
a catalyst, degradation was shown to follow different pathways
including corrosion, aggregation and even Ostwald ripening*®*—
all depending on the chemical nature of the stabilizing ligand.
In ref. 17 and 18 we have also found, however, that the degra-
dation of Ag NPs, while it does occur at harshly cathodic oper-
ating conditions, is not in itself responsible for the observed,
often severe, stability issues of the CO, electrolysis process
performed in zero-gap MEA cathode configurations.

In zero-gap MEA cathode-based electrolysers, stability losses
rather occur due to the flooding of the MPL during prolonged
electrolyses. Flooding is the excess hydration of the GDE that
can severely limit or even block the access of CO, to the catalyst
layer, leading to the decrease of the observable faradaic effi-
ciency (FE) of CO, reduction products and the appearance of
parasitic hydrogen evolution."***** The rapid flooding of GDEs,
and the related stability issues are currently recognised as the
biggest obstacle in front of the scale-up prospects® of CO,
electroreduction. As a result, the focus of studies in the field of
CO, electrolysis has recently shifted from the identification of
new catalyst materials to other, more engineering-related tasks
that include the optimisation of electrolyser geometries, the
design of GDEs and membranes, and the fine-tuning of the
applied process parameters.”

Amongst these tasks, the adaptation of design strategies that
can help prevent, or at least slow down flooding-related stability
losses are of prime importance. It was recently shown, for
example, that the presence of sub-millimeter wide cracks in the
MPL can effectively mitigate the flooding of GDEs during CO,
electrolysis utilizing Ag nanowire catalysts.”® Rapid flooding, in
this case, was avoided by a pathway that the surface cracks of
the MPL enabled for electrolyte perspiration®*** in addition to
those provided by micropores.*

At this point it is important to emphasize the conceptual
difference between electrolyte perspiration and flooding.

(b)

Anode

compartment—___

Iridium wire.
(anode) Ag | AgCl | 3 mol dm™ Kl

reference electrode
membrane

anolyte
(2 mol dm™ KOH)

catalyst \ayer\‘ Gas flow

channels
Cell body k—.

Water trap for
perspirates

aliquots analysed by ICP-MS

Fig.1 A zero-gap membrane-electrode assembly (MEA) cathode employing a gas diffusion electrode, used in a flow-cell for the electrolysis of
COs,. Part (a) shows a close-up view of the MEA, parts (b) and (c) show the exploded and the cross-sectional view of the model-scale electrolyser.
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Perspiration (a term we owe to Jeanty et al.?*) refers to the cross-
over of electrolyte through the GDE structure, which ultimately
results in the appearance of electrolyte droplets on the back side
of the GDE, and even in the gas outflow of the cathode gas
compartment. The somewhat interrelated effect of flooding
occurs when the electrolyte that entered the GDE structure has
no means to escape it, so it remains adhered to the MPL. This
trapped electrolyte, due to its large KOH concentration, reacts
with CO, and forms a large amount of carbonate (or bicar-
bonate) plaques that will limit and eventually block the access
of CO, to the catalyst particles.

As was recently pointed out,”>**** the flooding of the catalyst
layer and the entrapment of electrolyte inside the GDE structure
can be avoided by taking measures to uphold optimal perspi-
ration rates, e.g., by the selection of appropriate cathode-side
CO, flow rates®**® or the application of GDLs with cracked
surfaces.”® Apart from optimizing the structure of MPLs or the
operational parameters of electrolyses there is, however, more
room for development, especially if we consider that essentially
all parts of the MEA can influence flooding and perspiration
phenomena. In this vein, the aim of the present paper will be to
identify a critical point of zero-gap MEA cathode fabrication for
CO, reduction: that is, the excess use of polymeric capping
agents (CAs) in the catalyst ink formulations of Ag NP-based
catalysts, and its flooding promoting—perspiration blocking—
effect.

CAs are commonly used in the synthesis of metallic NPs to
achieve uniform and stable size distribution of the particles. By
adsorbing to the surface of the NPs, CAs prevent their aggre-
gation either by providing sterical or electro-repulsive protec-
tion.>* For the synthesis of Ag NPs, poly-(vinylpyrrolidone) (PVP)
and branched polyethylenimine (BPEI) are very often used
polymeric CAs that provide sterical protection to the NPs,"">**
while on the other hand citrate ions are often used as a non-
polymeric (coulombic repulsion based) stabilizer.>

Practically regardless of the nature of the stabilizing CA, in
aqueous Ag NP dispersions—either self-synthesised or
purchased off-the-shelf—CAs are usually present at a rather
high concentration, with not all of the ligand molecules
adsorbed on the surfaces of NPs, but a majority of them being
dissolved in the liquid phase.

In this study we show that the excess polymeric CA content,
if not removed from the catalyst ink, blocks perspiration
channels and acts as a promoter of flooding, thereby causing
serious stability issues observed in zero-gap MEA cathode-
based electrolysers used for CO, electroreduction.*® In the
paper we utilize a novel ICP-MS analysis-based approach to
quantitatively monitor the amount of perspired electrolyte
that exits the zero-gap MEA cathode and ends up in the water
trap equipped to the gas outflow channel of the electrolyser
(see Fig. 1b). We show a direct correlation between the break-
down of effective perspiration and the appearance of flooding
in the MPL—the latter ultimately leading to a loss of electro-
lyser stability. We also present a simple ultracentrifugation
technique, by which the polymeric CA content of formulated
catalyst inks can be reduced, and we show that this strategy in
itself helps to provide longer time stability to CO, electrolysers

This journal is © The Royal Society of Chemistry 2023
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operated at high current densities. In the paper we work with
PVP- and BPEI-capped Ag NPs as representatives of polymeric
CA-stabilised catalysts, and we also extend our tests to Ag NPs
stabilised by citrate ligands (see Fig. 2 for the applied ligand
structures). We come to the conclusion that the small,
monomeric ligand (citrate) has less adverse effects on the
electrolysis durability.

The use of the model scale electrolyser shown in Fig. 1 for
the electrochemical stress-test of GDE cathodes in a zero-gap
cathode MEA configuration is particularly advantageous,
since due to its small effective cross-section (that limits the
geometric surface area of the cathode to 0.0707 cm?, see the
Experimental section for details) the cell enables high current
densities to be reached at the cost of relatively small applied
currents (see Fig. S1 in ESIf). Furthermore, due to more
pronounced edge effects introduced by the small cathode
area,* cell failures already manifest during relatively short
(few hours long) electrolyses, making our test system a prom-
ising tool for the accelerated durability testing®* of CO,-to-CO
converting GDEs.

2 Experimental
Ag NP suspensions: CA removal

PVP-capped spherical Ag NP suspensions (of ~10 nm and
~100 nm diameter), BPEI-capped spherical Ag NP suspensions
(of ~50 nm diameter) and citrate-capped Ag NP suspensions
(also of ~50 nm diameter) were purchased from Nano-
Composix (all water-based, with a concentration of 1 mg
cm?). The suspensions were either used as-purchased for the
preparation of catalyst inks, or—in order to remove at least
some of their CA content—were made subject to centrifuga-
tion. In this latter case, the suspensions were first diluted 8-
fold, and then centrifuged in an Optima XPN-80 Ultracentri-

fuge (Beckman Coulter) for 40 min at 35000 rpm.
PVP Citrate
S
n
BPEI
(\NHZ (\H/\/ N
H,N ISy SIS NH,

H
PN
HZN/\N NH, [,

Fig. 2 The structure of CAs studied in this paper, used for the stabi-
lisation of Ag NP suspensions.
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(Suspensions with a nanoparticle diameter of ~10 nm were
centrifuged for an additional 40 min at 50 000 rpm.) Following
decantation of the supernatant, NPs in the pellet were re-
dispersed in ultrapure water (Milli-Q by Merck Millipore,
18.2 MQ cm specific resistance) to restore the original
concentration of 1 mg cm ®. The 8-fold dilution/
centrifugation/re-dispersion steps were then repeated once
for an as thorough as possible removal of the CA content (steps
are illustrated by Fig. 3). To quantify the effectiveness of CA
removal, total organic carbon content (TOC) and total nitrogen
content (TNC) measurements were made for the supernatant
of the first centrifugation step and for the finally obtained (for
better comparability, 8-fold diluted) CA-deficient suspension
(see Table 1 for results). For TOC and TNC determination, 0.1
em?® sample volumes were fed into a DIMATOC 2100 instru-
ment (Dimatec Analysentechnik GmbH, Essen, Germany). The
organic compounds were oxidized at 850 °C with Pt catalyst to
CO, and NO, the amounts of which were quantified by a non-
dispersive infrared gas sensor with a reflective diffuser and
a chemiluminescence detector, respectively.

Catalyst ink preparation

Ag NP suspensions with 1 mg cm > Ag content (either as-
purchased or centrifuged) were used for the catalyst ink prep-
aration. A 1 cm® volume of the Ag NP suspension was mixed
with 627 pl of isopropanol (VLSI Selectipur, BASF, Germany). A
second suspension was then made by dispersing carbon black
(Vulcan XC 72R, Cabot) in isopropanol in a 0.5 mg cm*
concentration by 1 hour sonication. The Ag NP suspension and
353 pl of the carbon black suspension were then intermixed, 20
ul of Nafion solution (5% in a mixture of lower aliphatic alco-
hols and water, Sigma-Aldrich) was added, and the resulting ink
was homogenised by 5 min sonication.

repeat once

CA deficient

1" supernatant; suspension;

TOC & TNC analysis TOC & TNC
analysis

- gation =
ultracentrifugat© 5
O

CA-deficient
suspension

Suspension with original
CA content

Fig. 3 Scheme of the ultracentrifugation-based method used for the
removal of the excess CA content of Ag NP suspensions.
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Table 1 Total organic carbon content (TOC) and total nitrogen
content (TNC) determined in the Ag NP suspensions. Before: values

measured in the supernatant of the first centrifugation step. After:
3

values measured in the finally obtained 1 mg cm  suspension,
following 8-fold dilution. Cf. to Fig. 3
TOC/ppm TNC/ppm
Nominal size

Capping agent  of Ag NPs Before  After  Before  After
PVP ~10 nm 43.15 6.12 7.88 0.69
PVP ~100 nm 28.51 4.45 4.24 0.33
BPEI ~50 nm 7.53 3.81 3.09 —
Citrate ~50 nm 15.21 2.88 — —

Preparation of the GDEs

75 ul of the prepared catalyst ink was drop-cast on the micro-
porous surface of a circular Sigracet 36BB (FuelCellStore) GDL
with 4 mm of diameter to form a GDE. Electrodes were dried at
ambient conditions. Drop-casting 75 ul of the catalyst ink
resulted in a nominal mass loading of ~300 ug cm ™ for silver.
GDEs with lower loading were prepared by drop-casting pro-
portionally less amount of the catalyst ink.

Assembly of the electrolyser

The electrolyser shown in Fig. 1 was used to carry out electro-
chemical CO, reduction. The bottom part of the electrolyser is
made of stainless steel and is equipped with gas flow channels.
The small circular GDEs containing the Ag NP catalyst were
placed in a centrally located 4 mm diameter hole of a Freuden-
berg H23C8 (FuelCellStore) carbon paper with an external
diameter of 2 cm, with the catalyst layer facing upwards and the
bottom CFL facing the gas flow channels. The GDE was covered
by a hydroxide-functionalised Sustainion anion exchange
membrane (X3750 RT, Dioxide Materials, diameter of 2 cm)
from above, before fixing the Teflon-made anode compartment
on top. The anode compartment has a central orifice on its
bottom, allowing access of the anolyte to the membrane. The
orifice is of 3 mm diameter and it determines the geometric
surface area (0.0707 cm?®) of the GDE. The anode compartment
is filled with 10 cm?® of 2 mol per dm® KOH solution (reagent
grade, 90%, Sigma-Aldrich), and contains an Ag|AgCl|3 mol per
dm® KCl reference electrode (double junction, Metrohm) and an
Ir wire anode (99.9%, Goodfellow GmbH). The anode is placed
inside a small chamber and is separated from the rest of the
anolyte by glass frit, as shown in Fig. 1.

Electrochemical measurements and product analysis

All electrochemical measurements were carried out using an
ECi-200 potentiostat (Nordic Electrochemistry) at constant
current. The applied currents of —20, —10 and —5 mA
correspond to geometric surface area normalised current
densities of —283.0, —141.5 and —70.7 mA c¢cm 2. Cathode
potentials reported in the paper are all referred to the applied
Ag|AgCl|3 mol per dm® KCI reference electrode, and are cor-
rected for IR drop (the cell resistance was followed by high
frequency impedance measurements). On the Ag NP catalysts
used in our studies, CO was the only detectable gaseous

This journal is © The Royal Society of Chemistry 2023
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product of CO, reduction with H, formed as the product of
parasitic hydrogen evolution. Gaseous reaction products
were analysed by connecting the gas outlet of the electrolyser
to a gas chromatograph (SRI Instruments Multigas Analyzer).
The continuous flow of the carrier CO, gas through the
electrolysis cell carried reaction products from the gas outlet
of the electrolyser into the sampling loops of the gas chro-
matograph. The partial current I;, corresponding to the
formation of a gaseous product i, can be calculated*®® as

1,‘ = x,-n,-va, (1)

where x; denotes the mole fraction of the products, determined
by GC using an independent calibration standard gas (Carba-
gas); n; is the number of electrons involved in the reduction
reaction to form a particular product (n = 2 for both CO and H,
formation); F = 96 485.3 C mol ™' is Faraday's constant; and vy,
is the molar CO, gas flow rate measured by a universal flow-
meter (7000 GC flowmeter, Ellutia) at the gas outlet of the
electrolyser. The faradaic efficiency (FE) of a given reaction
product was determined by dividing the respective partial
current, calculated from eqn (1), by the total current. A thermal
conductivity detector (TCD, for the detection of H,) and a flame
ionization detector (FID, for the detection of CO) were equipped
to the gas chromatograph. In our experiments, the formed CO
and H, amounts accounted for an about 90% FE. Following
long time electrolyses, some amounts of formate (HCOO ) were
detected in the anolyte compartment, which could account for
the less than 100% total FE, although an exact quantification of
this product is not possible (due to the fact that formate is
partially consumed by oxidation at the anode).

Scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), and transmission electron microscopy
(TEM)

A Zeiss Gemini 450 scanning electron microscope equipped
with an InLens secondary electron detector and a back-
scattering detector was used for the morphological analysis of
GDEs, prior to and following electrolyses. An accelerating
voltage of 5 kV and currents of 70 to 100 pA were applied at
a working distance of 4.0 to 5.1 mm. The Smile View software
was used to measure the size of particles. Particle size distri-
bution histograms were created by determining the size of at
least 500 individual particles based on micrographs taken from
at least three randomly selected areas.'® EDX spectra were
acquired and elemental composition maps were composed by
using the AZtec 5.0 software (Oxford Instruments). The applied
acceleration voltage and current were 10 kV and 1 nA, respec-
tively, and a working distance of 8.5 mm was set for all EDX
measurements. For the transmission electron microscopy
(TEM) imaging, an FEI Titan Themis instrument was used with
an accelerating voltage of 300 kV.

Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS (NEXION 2000, PerkinElmer) was applied to determine
the mass of potassium that perspired through the membrane

This journal is © The Royal Society of Chemistry 2023
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and the GDE, and exited the electrolyser through the gas outlet.
A trap containing 15 cm? of ultrapure water was used to collect
perspired potassium salts. Aliquots of the collected perspired
material were diluted by an appropriate amount of 2% HNOj;
solution (BASF SE, Ludwigshafen, Germany) and the resulting
solution samples were injected into the ICP-MS to obtain the
content of potassium in perspiration.

Raw data, as well as unprocessed measurement files serving
as a basis of this publication can be downloaded from Zenodo.**

3 Results and discussion

In this paper we use Ag NPs stabilised by different capping
agents (PVP, BPEI and citrate, Fig. 2) for the creation of cathode
GDEs that we integrate in the zero-gap MEA configuration
(Fig. 1) to carry out durability tests at high current density. In
order to study the effect of CAs exerted on the electrolysis stress-
tests, in some cases we removed the majority of the CA content
from the Ag NP suspensions before preparing the catalyst ink by
using the ultracentrifugation-based method described in the
Experimental section.

The possibility that (especially, polymeric) CAs can have an
adverse effect on the stability of electrolyses first occurred to us
when we used as-purchased, PVP-stabilised Ag NPs of ~10 nm
nominal diameter in order to formulate catalyst inks with
a carbon black support, and we attempted to define the optimal
loading of the catalyst by one hour-long galvanostatic
electrolyses.

These tests gave the rather counter-intuitive result (Fig. 4)
that by increasing the nominal mass loading of Ag, the obtained
GDEs became less stable, tending to lose their (initially high)
CO production efficiency more quickly, and beginning to form
H, after shorter and shorter times. Concomitantly with the loss
of CO faradaic efficiency, the cathode potential also shifted to
more negative values as instead of CO, reduction, hydrogen
evolution became the dominant electrode reaction.

We found that the above equivocal result (higher loading—
less stability) can be explained by another experiment, in which
we reduced, by ultracentrifugation, the PVP content of the
applied Ag NP dispersion before it was used for the preparation
of the catalyst ink. By 2 times centrifugation, the majority of the
PVP-content of the ~10 nm Ag NP suspension was removed (see
Table 1 in the Experimental section for details), and this helped
to maintain the stability of electrolysis even when the catalyst
was applied at high loading. Indeed, comparing the plots of the
bottom row of Fig. 4 immediately makes it apparent that it was
the excess amount of PVP present in the catalyst ink—and not
the increase of the silver loading in itself—that exerted a detri-
mental effect on the stability of electrolysis.

In order to unravel the exact reasons of this effect, we made
two GDEs (one prepared from an Ag NP suspension of the
original PVP content, other with less PVP) subject to further
investigation.

The top-down SEM images (Fig. 5) obtained from the two
catalyst layers (one prepared with the original, another with
reduced PVP content) reveal only slight differences. Silver NPs
well-dispersed in a matrix of carbon flakes over the MPL are well
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Fig.4 Temporal variation of the product distribution of CO, reduction (top panels) and the measured cathode potential (bottom panels) during

one hour long galvanostatic electrolyses (geometric surface area-normalised current density: —283 mA cm

~2) conducted on GDEs prepared

with different Ag NP loadings shown in the figure. Error bars represent 95% confidence intervals. Nominal size of the Ag NPs used as catalyst:
~10 nm. The area labelled “rest” in the product distribution plots can mostly be attributed to the production of small amounts of formate during

electrolyses, see the Experimental section for details.

distinguishable in both cases. If the catalyst ink is prepared
using the as-purchased NP suspension (nominal diameter: ~10
nm) of high PVP content, the size distribution of the NPs is
fairly symmetric and is centred at about 11.5 nm. If on the other
hand the majority of the PVP content is removed by centrifu-
gation, and the catalyst ink is prepared using a suspension
gained by re-dispersing the particles in pure water, slight
aggregation of the particles can be observed, resulting in
a broadened and tailed size distribution histogram with
a slightly increased maximum located at 16.2 nm. This indicates
that removing the majority of PVP from the suspension of the
Ag NPs results in a detectable but minor agglomeration of the
particles on the GDE surface.

In order to determine to which extent the catalyst particles
penetrate the microporous layer, we carried out cross-
sectional SEM/EDX investigations, the results of which are
shown in the bottom row of Fig. 5. EDX signals collected from
different depth of the MPL all show strong peaks related to
Ag, indicating that the NPs well penetrate the micropores of
the MPL, practically regardless to whether they originate from
as-purchased or centrifuged (PVP-deficient) suspensions.

Fig. 5 thus reveals no significant differences between GDEs
prepared from Ag NP suspensions of the originally high PVP
content and those prepared from PVP-deficient suspensions.

5088 | J Mater. Chem. A, 2023, 11, 5083-5094

Yet, when the two GDEs are made subject to prolonged elec-
trolysis lasting 2.5 hours, differences between their stability
immediately become apparent, as shown in Fig. 6.

It is clearly visible in the product distribution plots of Fig. 6
that both normal and PVP-deficient GDEs exhibit a high (>90%)
faradaic efficiency for CO production at the start of the elec-
trolysis. However, in GDEs of high excess PVP content the
initially high selectivity towards CO formation is quickly lost,
and in less than 30 minutes the FE of CO formation drops down
to below 50%. On the other hand, FE¢o values measured on
PVP-deficient GDEs remain rather high, with significant
decrease appearing only after 1 hour, and the efficiency drop-
ping below 50% only after about 90 minutes of electrolysis. That
the shortage of CO production is due to the appearance of
hydrogen evolution is also indicated by the E vs. ¢ plots of Fig. 6,
showing cathode potentials shifting to more negative values
concomitantly with the observed FEcq loss.

That the observed stability losses—both on GDEs with orig-
inally high and of reduced PVP content—occur due to flooding
can be demonstrated by the post-electrolysis top-down and
cross-sectional SEM and EDX mapping of the GDEs. The SEM
micrographs and K elemental maps shown in Fig. 6, recorded
after 60 and 150 minutes of electrolyses, clearly indicate the
presence of a significant amount of K' (in the form of K,CO3/

This journal is © The Royal Society of Chemistry 2023
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Fig.5 Top-down SEM images of different magnification, showing catalyst layers containing the original (to the left) and reduced amount of PVP
(to the right). Reducing, by ultracentrifugation, the amount of the stabilizing agent PVP leads to a broadening of the size distribution of the NPs as
shown by the histograms. The cross-sectional view of the MPLs prove that the partial removal of the PVP content from the Ag NP suspensions
exerts no considerable effect on the vertical distribution of the NPs. The EDX-based Ag elemental map (with red pixels corresponding to high Ag
concentration) is superimposed on the cross-sectional SEM micrographs. EDX signals averaged over some selected areas, labelled from (a)—(e)
clearly exhibit peaks assigned to Ag with no particular vertical intensity variation. Nominal size of the Ag NPs used as catalyst: ~10 nm, applied
mass loading: 300 pg per cm? Ag. For more details on the structure of PVP-capped Ag NPs (TEM images), see Fig. S2 of the ESI.f

KHCO; precipitates) both on-top and inside the GDE structure.
The appearance of K' in the cathode GDE serves as a direct
proof of anolyte cross-over through the membrane, and as such,
the formation pattern of K precipitates inside the GDE acts as
a tracer of electrolyte intrusion to the GDE.">*°

While the as-prepared GDEs are essentially potassium-free,
the post-electrolysis determination of the K-content of GDEs
by digestion in concentrated HNO; and follow-up ICP-MS
measurements indicate that already at the first 60 minutes of
electrolysis, K' ions accumulate within the GDE structure in an
amount of approximately 4 mg cm % normalised to the
geometric surface area of the GDE (see Fig. 6 for exact values).

While the total amount of precipitated K' (determined by
ICP-MS) seems not to vary much (at least, after 60 minutes) with
the time of electrolysis, nor it seems to depend significantly on
whether the original CA-content of the Ag NPs was reduced,
a marked difference with regard to the spatial distribution of
the precipitates can clearly be observed in Fig. 6, especially if we
compare the top-down EDX elemental maps recorded on the
two electrodes (PVP-deficient and original) after 60 min
electrolysis.

These elemental maps show that for the GDE containing PVP
in the original (high) concentration, precipitates first appear on
top of flat parts of the catalyst layer, while in case of the GDE
with reduced PVP content, precipitates tend to appear

This journal is © The Royal Society of Chemistry 2023

preferentially inside the cracks of the MPL, leaving the catalyst
layer—at least, for some time—mostly uncovered. (In a later
stage, following 2.5 hours of electrolysis, precipitates already
seem to cover the entire MPL.) This observation can be
explained by assuming that the excess PVP content of the
catalyst ink facilitates the flooding of the GDE, and leads to
a blockage of CO, access to the catalyst NPs. On GDEs of
a reduced PVP content, this effect occurs only in a later stage of
electrolysis, with precipitates first appearing not on-top of the
active catalyst layer but rather inside cracks of the MPL, also
penetrating deeper parts of the GDE structure.

Note here that the cross-over of K' ions through the
membrane is a naturally occurring (and in fact unavoidable)
phenomenon, and does not (or should not) in itself lead to
a blockage of the catalyst. E.g., in case of the PVP-deficient
catalyst, the electrolyte penetrating the GDE structure does
not get trapped in the MPL but—through cracks and micro-
pores—drains to deeper layers of the GDE and finally exits the
cell in the form of small liquid drops through the gas flow
channels of the cathode. This latter phenomenon was termed
perspiration by Jeanty et al.,** and we quantitatively monitor it
here for the first time, by applying a liquid trap to collect K,CO3/
KHCO; perspirates at the gas out-flow of the electrolyser (see
Fig. 1b).
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Fig. 6 Comparison of the results of electrolysis stress-tests on two different GDEs prepared with PVP-capped Ag NPs of 10 nm nominal
diameter. The PVP content of the Ag NP suspensions was either unchanged (left side) or was reduced by ultracentrifugation (right side) during the
course of catalyst ink preparation; in both cases, the catalyst was applied at a mass loading of 300 pg per cm? Ag. The plots show the variation of
the product distribution of CO, reduction, the measured electrode potential £ (referenced vs. an Ag|AgCl|3 mol per dm?® KCl electrode), and the
mass of K* ions collected in the liquid trap equipped to the gas outflow of the electrolyser, as a function of both time and passed charge, for
galvanostatic electrolyses carried out at —283 mA cm™2. Structural changes of the applied GDEs were monitored by recording top-down and
cross-sectional SEM/EDX images of the GDEs obtained before, as well as 60 and 150 min after the electrolysis.

If we plot the amount of K' present in this outlet trap as
a function of time (see the my i, s. t plots of Fig. 6), we see that
perspiration does occur (and the amount of K' in the trap
constantly rises) up to the point at which the actual flooding of
the catalyst layer takes place, the access of CO, to the catalyst
layer becomes blocked, and the overall performance drops
down.

Our results clearly indicate that the (at least partial) removal
of PVP from the catalyst layer delays the flooding of the GDE and
aids the electrolyte management of the cathode MEA by facili-
tating perspiration. The correlation of the my ¢p vs. ¢ curves and
the product distribution plots of Fig. 6 demonstrate that the
faradaic efficiency of CO production can only be efficiently
upheld until the electrolyte (and, with it, K') can effectively
perspire through the system. The distribution of precipitates
on-top and within the GDE structure, visualised by the EDX

5090 | J Mater. Chem. A, 2023, 11, 5083-5094

maps of Fig. 6, point out that excess amounts of the capping
agent PVP can easily clog the micropores of the GDL, and
emphasize the role of the PVP content of Ag NP catalyst inks in
creating erratic electrolysis performances.

From what was written above, the question immediately
follows: is it only PVP, or other polymeric CAs as well, the
presence of which in catalyst inks can have such detrimental
effect on the operation of CO,-to-CO electrolysing GDEs? While
we cannot give a generally valid answer to this question, we did
perform additional tests on BPEI-capped Ag NPs and, similarly
to the case of PVP-stabilised ones, we found that the
ultracentrifugation-based removal of the excess BPEI content of
the Ag NP suspensions increases the durability of GDEs in the
course of high current density electrolyses (Fig. 7).

By comparing Fig. 6 and 7 one can immediately see that
BPEI, present in catalyst inks at high amount, decreases the FE

This journal is © The Royal Society of Chemistry 2023
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of CO formation already at the start of the electrolysis, which is  electrolyser) the measured m (ap vs. t curves of Fig. 7 show the
in agreement with previous observations.' As the electrolysis same tendency: following the drop-down of FE.o the amount of
proceeds, CO selectivity is dropping quickly and within 25 K'in the down-flow trap will also grow less rapidly. This points
minutes H, already becomes the dominant product. As HER to that the cell seems to remain active for CO, reduction as long
takes over the place of CO, reduction, massive precipitate as the pores of the MPL remain unclogged.

formations can be observed, especially on-top of the catalyst From Fig. 6 and 7 it is obvious that removing some of the
layer, with precipitates showing typical burst patterns around (originally high) polymeric CA content of Ag NP suspensions
the edges of cracks. before turning these into catalyst inks does seem to be an

When the catalyst ink is prepared from BPEI-deficient (Table advisable strategy, as this will increase the durability of the
1) suspensions (Fig. 7, to the right), the formation of the burst- prepared GDEs. We note here, however, that the effect seems
like precipitate patterns can only be observed at later stages of observable only in the case when polymeric CAs are used for the
the electrolysis. In this case the (also initially higher) FE of CO Ag NP preparation. The operation of GDEs prepared from Ag
production breaks down to below 50% only after ~75 minutes NPs stabilised by (monomeric) citrate ligands, for example,
of electrolysis. With a certain delay (that is due to the time seems less to depend on whether the citrate content of the NP
needed for the formed precipitates to get transported out of the  suspension was reduced or not (Table 1). As shown in Fig. 8,
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Fig. 7 Comparison of the results of electrolysis stress-tests on two different GDEs prepared with BPEI-capped Ag NPs of 50 nm nominal
diameter. The BPEI content of the Ag NP suspensions was either unchanged (left side) or was reduced by ultracentrifugation (right side) during
the course of catalyst ink preparation; in both cases, the catalyst was applied at a mass loading of 300 ng per cm? Ag. The plots show the variation
of the product distribution of CO, reduction, the measured electrode potential £ (referenced vs. an Ag|AgCl|3 mol per dm?® KCl electrode), and
the mass of K* ions collected in the liquid trap equipped to the gas outflow of the electrolyser, as a function of both time and passed charge, for
galvanostatic electrolyses carried out at —283 mA cm™2. Structural changes of the applied GDEs were monitored by recording top-down and
cross-sectional SEM/EDX images of the GDEs obtained before, as well as 60 and 150 min after the electrolysis. For more details on the structure
of BPEI-capped Ag NPs (TEM images), see Fig. S3 of the ESI.{
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citrate removal seems to exert no considerable effect either on Decreasing the amount of PVP in the catalyst ink helped, also in
the measurable product distribution, electrode potential and case of the ~100 nm diameter PVP-capped Ag NPs to increase
trapped K' plots, or on the formed precipitate patterns. the stability time of electrolysis (see Fig. S5 of the ESI}), proving
In order to further demonstrate, for the case of polymeric CA-  that the durability impairments reported in this paper are in-
stabilised Ag NPs, the detrimental effect of the excess CA deed caused by the excess amounts of polymeric CAs clogging
content of catalyst inks on the stability of CO, electrolysers, we  the pores (perspiration pathways) of the MPL (scheme shown in
also created GDEs using PVP-capped Ag NPs of ~100 nm (as Fig. 9) and are not due to particle size effects.
opposed to the previously used ~10 nm) diameter. The The importance of maintaining the ability of GDEs to uphold
suspensions of larger size Ag NPs inherently contains less PVP,>®  effective perspiration pathways is further emphasized by the
although the PVP content could again be further reduced by results of sessile water drop contact angle measurements made
ultracentrifugation (see Table 1). When used for the fabrication on the as-prepared GDEs, shown in Fig. 10. These measure-
of GDEs, the 100 nm diameter NPs seemed to penetrate the MPL ments all show that the ultracentrifugation-based partial
lot less efficiently than the ~10 nm particles did, and remained removal of the excess amount of capping agents from the NP
more concentrated in the catalyst layer on-top of the MPL, with  suspensions in the course of catalyst ink preparation does
some NPs penetrating through cracks of the MPL into the CFL, increase, however only a bit, the hydrophobicity of the catalyst
as shown by the cross-sectional EDX maps of Fig. S4 of the ESI.7  layer. This increase of hydrophobicity can, however, not explain
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Fig. 8 Comparison of the results of electrolysis stress-tests on two different GDEs prepared with citrate-capped Ag NPs of 50 nm nominal
diameter. The citrate content of the Ag NP suspensions was either unchanged (left side) or was reduced by ultracentrifugation (right side) during
the course of catalyst ink preparation; in both cases, the catalyst was applied at a mass loading of 300 ug per cm? Ag. The plots show the variation
of the product distribution of CO, reduction, the measured electrode potential E (referenced vs. an Ag|AgCl|3 mol per dm?® KCl electrode), and
the mass of K* ions collected in the liquid trap equipped to the gas outflow of the electrolyser, as a function of both time and passed charge, for
galvanostatic electrolyses carried out at —283 mA cm™2. Structural changes of the applied GDEs were monitored by recording top-down and
cross-sectional SEM/EDX images of the GDEs obtained before, as well as 60 and 150 min after the electrolysis.
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Fig. 10 Contact angles (of sessile water drops) measured on different
GDEs (as-prepared, prior to electrolyses) used in this study.

the durability improvements caused by the removal of poly-
meric capping agents from the catalyst ink, pointing to that—in
contrast to prevailing views>?****—the perspiration properties of
GDEs are probably even more important than their non-
wettability in efficient, long time CO, electrolysis.

4 Conclusion

Zero-gap MEA cathodes employing catalysts distributed over the
surface of a gas diffusion layer allow CO, reduction to be carried
out at extreme high rate and good selectivity. E.g., by using Ag
NPs with well-chosen structure and size distribution, current
densities in the range of few hundreds of mA cm > and an
almost 100% faradaic efficiency of CO production can be ach-
ieved. This efficiency increase comes, however, at the cost of
severe stability issues that are mostly all related to the flooding
of the GDE by the employed electrolyte. Flooding is currently
recognised as the biggest obstacle in front of the scale-up
prospects of CO, electroreduction, thus the identification and
possible elimination of phenomena that can lead to flooding in

This journal is © The Royal Society of Chemistry 2023
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CO, electrolysers is a primary goal of today's electrocatalysis
studies.

In the above vein, we identified in this paper one important
contributor to flooding; that is, the excessive presence of poly-
meric capping agents in the catalyst layer of gas diffusion
electrodes. CAs have an important role in stabilising Ag NPs in
suspension, however when these suspensions are turned into
catalyst inks and deposited on the surface of a gas diffusion
layer, polymeric CAs can clog the perspiration channels of the
MPL and can thus act as an initiator to flooding. The detri-
mental effect of polymeric CAs (PVP and BPEI were studied in
this paper) present in catalyst inks can in fact be so strong that it
overshadows other tendencies. E.g., it was shown in the paper
that by increasing the mass loading of PVP-capped Ag NP
catalysts, a counter-intuitive stability loss can often be observed.
This stability loss, as we showed, is however not a result of the
increased loading in itself, but of the increase of the PVP
concentration in the catalyst layer.

In the paper we used a combination of electrochemical
performance tests, during which we monitored the faradaic
efficiency of CO production, the cathode potential, and also,
using a novel ICP-MS detection-based approach, the outflow of
electrolyte perspirates. We combined these measurements with
ex situ SEM and EDX-based investigations of the GDEs, carried
out at various stages of the electrolysis. Our investigations
proved that the presence of excess amount of polymeric capping
agents (PVP and BPEI) in the catalyst ink can cause a rapid
flooding of the GDE cathode and can thus exert disastrous
effects on the stability of zero-gap MEA cathode-based electro-
lysers. No such effects were observed when a monomeric CA
(citrate) was used as a stabilizing ligand of Ag NPs. In order to
attenuate the concentration of polymeric capping agents in the
used catalyst inks, an ultracentrifugation-based method has
been described in the paper, the application of which in the
catalyst ink formulation immediately resulted in an improved
electrolyser stability.
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Testing a Silver Nanowire Catalyst for the
Selective CO, Reduction in a Gas Diffusion
Electrode Half-cell Setup Enabling High
Mass Transport Conditions

Maria de Jesus Galvez-Vazquez?$, Shima Alinejad?$, Huifang Hu, Yuhui Hou?, Pavel Moreno-Garcia?,
Alessandro Zana?, Gustav K. H. WibergP®, Peter Broekmann*?, and Matthias Arenz*2

Abstract: In this work, we discuss the application of a gas diffusion electrode (GDE) setup for benchmarking
electrocatalysts for the reductive conversion of CO, (CO,RR: CO, reduction reaction). Applying a silver nanowire
(Ag-NW) based catalyst, it is demonstrated that in the GDE setup conditions can be reached, which are relevant
for the industrial conversion of CO, to CO. This reaction is part of the so-called ‘Rheticus’ process that uses
the CO for the subsequent production of butanol and hexanol based on a fermentation approach. In contrast to
conventional half-cell measurements using a liquid electrolyte, in the GDE setup CO,RR current densities com-
parable to technical cells (>100 mA cm™) are reached without suffering from mass transport limitations of the
CO, reactant gas. The results are of particular importance for designing CO,RR catalysts exhibiting high faradaic
efficiencies towards CO at technological reaction rates.

Keywords: CO, reduction - Gas diffusion electrode - Silver nanowire catalyst
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Fig. 1. Schematic drawings of a)
typical measurement configuration
using an H-type cell in a three-
electrode configuration; the CO,
reactant is dissolved in the liquid
electrolyte b) measurement con-
figuration using the GDE setup;
the CO, reactant is led to the cata-
lyst layer through the GDL and
does not need to pass through
liquid electrolyte; at the same time
a three-electrode configuration is
maintained.

a)
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1. Introduction

The mitigation of the increase of the greenhouse gas CO, in
our atmosphere is one of the major societal challenges we are
currently facing. The large-scale conversion of CO, captured from
the atmosphere, into high-value products is considered a techno-
logically feasible approach to address this goal. If combined with
renewables (hydro, wind, and solar) that provide ‘clean’ electric
power, the electrochemical CO, reduction (CO,RR: CO, reduc-
tion reaction) is particularly interesting and significant R&D ef-
forts are addressed to develop selective electrocatalysts.[!l A prime
example of such a CO,RR process is the so-called ‘Rheticus’ pro-
cess which combines an electrochemical conversion of CO, into
CO, an essential reactant for the subsequent production of butanol
and hexanol based on a fermentation approach.?! Thus the CO,RR
might become not only sustainable but also economically feasible.

In the search for cheap, abundant and selective electrocatalysts
for the CO,RR many academic studies apply so-called H-type elec-
trochemical cells with liquid electrolyte. The cells are designed as
electrochemical half-cells containing the working electrode (WE)
and the reference electrode (RE) in one compartment, and the coun-
ter electrode (CE) in another one. These two compartments are sep-
arated by a membrane to avoid product crossover,3! (Fig. 1). The
reactant (CO, gas) is physically dissolved into the liquid electrolyte
where it reaches the active catalyst via convection and diffusion.
The advantage of such a setup is its straightforward use in screening
different electrode materials under defined conditions. However,
the product formation can easily be affected by mass transport
limitations due to the low gas solubility in the electrolyte, which
is limited to about 35 mM, as well as relative slow gas diffusion
in liquids. Therefore, in liquid electrolytes the limited availability
of CO, reactant influences the overall reaction rate as well as the
product selectivity. While the CO, concentration at the catalyst sur-
face is limited, water, (or protons depending on the electrolyte pH)
the reactant to form H, gas, is readily available. As a consequence,
in more applied studies often electrochemical reactors with a two
(or three) electrode setup are used.[*! Such setups are technologi-
cally relevant as they allow realistic reaction rates. However, the
different factors that determine such rates are often complex and
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difficult to distinguish. Furthermore, cathode (CO,RR) and anode
processes (oxygen evolution reaction; OER) might influence each
other and often no information of the individual electrode potentials
is obtained.l!

In the present work, we demonstrate an ‘intermediate’ setup
that bridges measurements in H-type cells and electrochemical
reactors, i.e. a gas diffusion electrode (GDE) setup with a three-
electrode configuration. The GDE setup has originally been de-
veloped to benchmark oxygen reduction reaction (ORR) electro-
catalysts under realistic mass transport conditions.l% Similar to a
real fuel cell, in the GDE setup the gaseous reactant is guided to
the catalyst layer through a gas diffusion layer (GDL) avoiding
mass transport limitations typically experienced when working
with liquid electrolyte. The catalyst layer is not in contact with
any liquid electrolyte, but instead a membrane electrolyte sepa-
rates the working electrode (catalyst layer) compartment from an
electrochemical cell housing the liquid electrolyte, the CE and the
RE. Thus a realistic condition for the WE environment is com-
bined with the advantages offered by a three electrode setup.[®! To
investigate CO_RR catalysts the setup has been slightly adapted,
as described below. Applying a silver nanowire (Ag-NW) based
catalyst that has been previously tested in an H-type cell,[) it is
demonstrated that high currents (reaction rates) can be reached
without mass transport limitation of the CO, reactant.

2. Experimental

2.1 Synthesis of Silver Nanowires (Ag-NWs)

Ag-NWs were synthesized according to a modified protocol
introduced by Liu et. al.1 125 mg of polyvinylpyrrolidone (M =
1,300,000 g/mol, Acros Organic) were dissolved in 20 mL of eth-
ylene glycol (Sigma-Aldrich, 99.8%) and heated to 160 °C for 1 h
in an oil bath. The solution was thoroughly agitated (320 rpm).
Subsequently, 250 uL. of 50 mM sodium bromide (Alfa Aesar,
99.0%) was added to the previous solution. After 15 min, 7.5 mL
of 100 mM silver nitrate (Alfa Aesar, 99%) was dropwise injected
within 65 min. After the complete addition of the AgNO, solution,
the reaction bath was kept at 160 °C for 35 min, followed by im-
mersion in an ice-water bath. The formed Ag-NWs were washed
3 times with acetone (Honeywell) followed by centrifugation.
Finally, the Ag-NWs were thoroughly washed (3 times) with H,O.

2.2 Preparation of the Ag-NWs Ink

For the preparation of the carbon-supported Ag-NW ink, 5 mg
of the Ag NWs and 0.9 mg of carbon black (Vulcan XC 72R,
Cabot) were separately dispersed in 10 mL of isopropanol (VLSI
Selectipur, BASF) by 1 h sonication. Both suspensions were in-
termixed, sonicated for 1 h and dried using a Rotavapor. Thus, the
obtained carbon-supported Ag-NWs were re-dispersed in 1 mL of
isopropanol containing 50 puL of Nafion (5 wt.%, 15-20% water,
Sigma-Aldrich). This suspension was subjected to sonication for
1 h yielding a homogeneous catalyst ink (85% Ag-NW and 15%
C black).

2.3 Electrochemical Reduction of CO, (CO,RR) Using
Ag-NWs as Electrocatalyst

Gas diffusion electrodes were prepared using Sigracet 39 BC
carbon paper as the GDL substrate. The Sigracet 39 BC carbon
paper is covered by a microporous layer (MPL) treated with 5%
of PTFE (Fuel Cell Store). The carbon paper was cut into circular
pieces (2 cm in diameter) and subsequently placed onto a ny-
lon membrane filter (pore size 0.22 wm, Fischerbrand) on top of
the funnel of a vacuum filtrating system. This assembly was then

~avarad vith a naner macl hearinag o cronftral hala AF 2 v 11 Ad

tained GDEs were dried at ambient conditions for at least 30 min.
The employed flow-cell was assembled by placing the prepared
GDE on the lower cell body, and a Sustainion X37-50 RT alka-
line membrane (Dioxide materials) on top of it. 10 mL of 2 M
KOH (solution pH: 14.3, 285%, Merck) were used as support-
ing electrolyte placed above the membrane. The Ag-NW catalyst
had no direct contact with the supporting electrolyte. A Ag/AgCl
electrode (3 M KCI, Metrohm, double junction design) and Pt
wire served as reference and counter electrode, respectively. Both
ECi-200 (Nordic electrochemistry) and Autolab PGSTAT128 N
(Metrohm) potentiostats were used to perform the CO,RR elec-
trolysis experiments.

During electrolysis, a humidified CO, stream (16 ml min™',
99.999% Carbagas, Switzerland) was continuously fed through
the channels of the stainless-steel cell body adjacent to the pre-
pared GDEs. Potentiostatic CO, electrolysis experiments were
carried out for 1 h at selected applied electrode potentials. To
avoid a possible influence of catalyst layer degradation on the
product distribution, a newly prepared GDE was used for each
CO, electrolysis experiment. Analysis of the gaseous products
was carried out every 10 min by online gas chromatography (GC)
triggered by the potentiostat.

The continuous flow of humidified CO, was used to trans-
port the gaseous products from the GDE flow-cell to the sample
loop of the gas chromatograph (Model 8610C, SRI Instruments)
equipped with a thermal conductivity detector (TCD) and a flame
ionization detector (FID) coupled to a methanizer to detect hy-
drogen and carbon monoxide, respectively. To avoid damage the
column of the GC, the outlet gas of the CO,RR was passed by a
drying tube to remove the excess of water (Cole-Parmer Drierite,
Fisher Scientific) before reaching the sample loop of the GC.
Eqn (1) was used to determine the faradaic efficiency (FE) for a
given gaseous product i:

FE; = L = CpViEZE (1)

Itotal 10%Vin*Itotal

where I, represents the partial current for the conversion of CO,
into product i, ¢, its concentration in ppm measured by online
GC using an independent calibration standard gas (Carbagas,
Switzerland), v the gas flow rate (measured by a universal flow-
meter 7,000 GC by Ellutia), F represents Faraday’s constant, z the
number of electrons involved in the formation of the particular
product, V the molar volume and /,, the total current at the time
of the measurement.

Electrochemical impedance spectroscopy measurement was
conducted to determine the solution resistance between RE and
WE (iR drop).

The electrolyte was analyzed after the electrolysis (post reac-
tion) to quantify the formate content by means of ion exchange
chromatography (Metrohm Ltd., Switzerland). This chromato-
graph was coupled to a L-7100 pump, a separation and an ion
exclusion column (Metrosep A Supp 7-250, columns) and a con-
ductivity detector.

For comparison, the performance of the catalyst was also
tested in a conventional half-cell configuration using a custom-
built gas-tight H-type glass cell with a proton exchange membrane
(Nafion 117, Sigma Aldrich) separating the catholyte and the
anolyte. The working electrode consisted of a rectangular piece
(0.8 cm x 3 cm) of a carbon paper prepared in a similar way as
the electrodes for the GDE measurements. The back side and the
edges of the electrode were masked with Teflon tape thus leading
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were both filled with 30 mL of 0.5 M KHCO, (ACS grade, Sigma-
Aldrich) electrolyte solution and saturated with CO, for 30 min,
achieving a final pH value of 7.2. The CO, flow was kept constant
throughout the potentiostatic CO, electrolysis and enabled the
transport of gaseous products from the headspace of the catholyte
to the sample loop of the GC. The CO, electrolysis experiments
in the half-cell configuration were performed in an analogous way
as the ones carried out in the GDE set up. The analysis of gaseous
products was carried out in intervals of 20 min. The total elec-
trolysis time per applied potential was 1 hour

The catalyst layers were characterized before and after CO,
electroreduction by means of scanning electron microscopy
(Zeiss Gemini 450 SEM equipped with an Inlens SE detector).
An accelerating voltage of 1.5 kV was applied at a working dis-
tance of 2-3 mm.

3. Results and Discussion

Potentiostatic CO, electroreduction experiments on carbon-
supported Ag-NWs (85 wt.% Ag-NWs and 15 wt.% of C black)
were carried out in the GDE setup to investigate their activity and
selectivity as a function of the applied electrolysis potential. Fig. 2
displays the resulting potential-dependent product distribution in
terms of faradaic efficiencies (FEs, panel a) and partial current
densities (PCDs, panel b). CO and H, were the only gaseous prod-
ucts detected by GC analysis. As a third product formate could
be detected and quantified post reaction in the (liquid) electro-
lyte compartment of the cell (see Fig. 1) by means of ionic ex-
change chromatography. Note that in our experiments, the FE of
formate is substantially higher than the typically reported values
on polycrystalline Ag electrocatalysts (commonly ~ 8% at -1.4 V
vs RHE).[8!

The FE vs E plot (Fig. 2a) can be subdivided into three charac-
teristic sections. Hydrogen is the predominant electrolysis prod-
uct in the first potential regime (>—1.55V vs Ag/AgCl) with FE
values never dropping below to 40%, while FE_ does not exceed
35%. In the second characteristic potential section ranging from
—-1.55 to -1.9 V vs Ag/AgCI FE,, starts to decrease and the CO
efficiency passes a maximum of about 70% at —1.75 V vs Ag/
AgCl. From Fig. 2a it becomes evident that the FE values for
CO and H, are strongly anti-correlated to each other, similar to
what is known from polycrystalline Ag catalysts tested in a liquid
electrolysis environment.[8l Formate appears as a by-product of
the CO, electrolysis at applied potentials of <-1.6 V vs Ag/AgCl
and reaches a maximum of about 25% at —1.9 V vs Ag/AgCl. In
the third characteristic section of the FE vs E plot, at E<-1.9 V

—=—CO—e—H,

HCOO —— Tot

-1.6
E vs Aa/AaCl (iR corrected)

20 <19 -18 -1.7 -1.5

vs Ag/AgCl, the parasitic HER becomes the dominant electrolysis
process on the expense of the CO,RR.

The corresponding potential-dependent PCDs for CO, H, and
formate production are displayed in Fig. 2b. It is seen that by
using gas diffusion electrodes, CO,RR current densities can be
achieved which are ~1 order of magnitude higher than the ones
typically observed in classical half-cell electrolysis measurements
carried out in unstirred aqueous electrolytes.® In the present case,
a PCD_,, of ~130 mA c¢cm™ (normalized to the geometric surface
area) at FE = 70% was determined at a potential of ~—1.78 V vs
Ag/AgCl. Pre-screening experiments on the same catalyst, carried
out in classical H-type half-cell arrangements, resulted in a higher
selectivity of the Ag-NWs reaching CO faradaic efficiencies of
>95% (Fig. 3), those results are comparable to the previously re-
ported results by Liu et. al. However, the PCD for CO production
was substantially higher in this present study. Liu et. al. reported
a maximum PCD for CO of -3 mAcm™? at ~ —1.2 V vs RHE!"!
whereas in our pre-screening experiments a maximum PCD of
~16 mA cm™ was achieved at a potential of —1.73 V vs Ag/AgCl.

As discussed above, the significantly lower CO,RR current
densities in the conventional H-type cells using aqueous electro-
lyte environment as compared to the GDE setup can be explained
by transport limitations. In the liquid electrolyte the CO, solubil-
ity is limited and diffusion significantly inhibited as compared to
the gas phase. A direct comparison of the overpotentials in both
setups is less straightforward. The thermodynamic CO, reduction
potentials are pH and product dependent. At pH 7 the reduction
potential of CO, to CO with respect to NHE (recall that at pH 7
and 1 atm of H,, the H/H* couple is —0.420 V) is:[10]

CO, () +2H*+2e —CO(g) + HO,E°  =-0520V

redox

Thus in both setups significant overpotentials are observed. To
refer to the pH-independent RHE scale one needs to establish the
pH of the reaction environment. In the conventional H-type cell
this is straightforward and all measured electrode potentials can
be easily plotted on an RHE scale. In the GDE setup the pH at the
RE might be different from the one the catalyst experiences. Thus
a referral to RHE with regard of the pH in the liquid electrolyte
enclosing the RE might lead to misleading shifts in the reduction
potentials.

It should be further noted that it is expected that both the par-
tial CO,RR current densities and the corresponding faradaic effi-
ciencies observed for the Ag-NW catalyst in the GDE setup can be
further improved. In the GDE setup the overall GDE performance

HCOO
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Fig. 3. a) Product distribution of the CO,RR carried out in an H-type cell over Ag-NW based electrocatalysts (85% wt.% Ag NW and 15% wt.% C) at
different applied potentials (0.5 M KHCO, electrolyte); b) corresponding partial current densities (PCDs).

depends not only on the intrinsic electrocatalytic properties of the
Ag-NWs but also on their particular mass loading, their spatial
distribution inside the GDE, the local pH as well as the pore dis-
tribution. For example, in initial tests of the GDE setup with the
same Ag-NW catalyst, a Nafion membrane and/or acidic electro-
lyte in the upper compartment were used. This led to a significant
increase in hydrogen production (FE,,) and almost no CO could
be detected (not shown). We addressed this behavior to the acidic
pH of Nafion and a simple exchange of the membrane and electro-
lyte in the CE and RE compartment led to a drastic improvement
in CO formation.

Not only are the activity and selectivity of importance for the
evaluation of the overall catalyst performance but also its stability.
Particularly the higher current densities at higher applied overpo-
tentials might lead to an undesired detachment of the active NWs
from the carbon support or might cause other structural degrada-
tion processes. Therefore, in an effort to shed light into this issue,
identical location (IL) scanning electron microscopy was applied
to the Ag-NWs catalyst before (Fig. 4a,b) and after (Fig. 4c,d) the
CO, electrolysis. The carbon-supported Ag-NW/C catalyst was
stressed for 133 min at —0.83 V vs RHE (total charge density

2,453C cm™?). Clearly, there are no severe morphological changes
visible in the IL-SEM inspection by comparing the catalyst mor-
phology at the same location before and after CO, electrolysis,
suggesting that the Ag-NW/C catalyst exhibits superior structural
stability, at least under the given experimental conditions.

4. Conclusions

Herein we present a study of a Ag-NW catalyst for the selec-
tive CO,RR to CO. The catalyst performance has been tested in
a GDE setup allowing high CO, reactant mass transport as well
as in a classic H-type cell using liquid electrolyte. In the GDE
setup current densities sufficient for technological applications
(>100 mA cm™) are reached with FE_, up to 70%, depending on
the applied electrode potential. Comparison to the same catalyst
in liquid electrolyte environment suggests that the FE towards
CO can be further improved by optimizing the catalyst layer with
respect to mass loading, spatial distribution, pore distribution, lo-
cal pH, etc. Our results highlight that for technical applications,
catalyst testing in H-type cells and aqueous electrolyte environ-
ment is not sufficient, and GDE setups such as the one presented
in this work can bridge basic and applied catalyst development.
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ABSTRACT: Among the electrolyzers under development for CO, electro-
reduction at practical reaction rates, gas-fed approaches that use gas diffusion
electrodes (GDEs) as cathodes are the most promising. However, the insufficient
long-term stability of these technologies precludes their commercial deployment.
The structural deterioration of the catalyst material is one possible source of device
durability issues. Unfortunately, this issue has been insufficiently studied in systems
using actual technical electrodes. Herein, we make use of a morphologically
tailored Ag-based model nanocatalyst [Ag nanocubes (NCs)] assembled on a zero-
gap GDE electrolyzer to establish correlations between catalyst structures,
experimental environments, electrocatalytic performances, and morphological
degradation mechanisms in highly alkaline media. The morphological evolution of
the Ag—NCs on the GDEs induced by the CO, electrochemical reduction reaction
(CO,RR), as well as the direct mechanical contact between the catalyst layer and
anion-exchange membrane, is analyzed by identical location and post-electrolysis scanning electron microscopy investigations. We
find that at low and mild potentials positive of —1.8 V versus Ag/AgCl, the Ag—NCs undergo no apparent morphological alteration
induced by the CO,RR, and the device performance remains stable. At more stringent cathodic conditions, device failure
commences within minutes, and catalyst corrosion leads to slightly truncated cube morphologies and the appearance of smaller Ag
nanoparticles. However, comparison with complementary CO,RR experiments performed in H-cell configurations in a neutral
environment clearly proves that the system failure typically encountered in the gas-fed approaches does not stem solely from the
catalyst morphological degradation. Instead, the observed CO,RR performance deterioration is mainly due to the local high
alkalinity that inevitably develops at high current densities in the zero-gap approach and leads to the massive precipitation of
carbonates which is not observed in the aqueous environment (H-cell configuration).

[l Metrics & More | @ Supporting Information

co,

KEYWORDS: CO, electroreduction, gas diffusion electrodes, zero-gap electrolyzer, carbon monoxide,
exchange membrane electrode assembly

B INTRODUCTION

Powering the electrochemical reduction reaction of carbon

Au-, and Zn-based catalysts.” CO is a particularly appealing
product because it can be used as a stockpile for subsequent

dioxide (CO,RR) with renewable energy sources has emerged
as a compelling alternative to other approaches to CO,
valorization,"”* toward meeting the increasing demand for
commodity/platform chemicals and thereby contributing to
efforts to close the anthropogenic carbon cycle.”* In recent
decades, significant progress has been made to understand the
reaction mechanisms of this process through the development
of cutting-edge catalyst materials that increase the activity
[partial current density (PCD) of generated products] and
selectivity (faradaic efficiency, FE) of the process. Strong cases
of commercial viability have been made for formate (HCOO™)
and CO production, which require the transfer of only two
electrons from the electrocatalyst to the CO, reactant
molecule.”® Formate is efficiently formed on Sn-, Bi-, In-,
and Pb-based catalysts, whereas CO forms preferably on Ag-,

© 2020 American Chemical Society

\ 4 ACS Publications

transformation either in the Fischer—Tropsch process® or in
sequential electrochemical’ and fermentation methods.'
Using catalyst screening methods based on H-cell experi-
ments in which reactant CO, gas is usually dissolved in an
aqueous bicarbonate-based electrolyte, a significant number of
works have reported that Ag-,u_13 Au-,"*'® and Zn-based'¢™'®

cathode materials provide excellent CO selectivity and
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Figure 1. Schematics of the reaction interfaces in (a) liquid flow-cell electrolyzer and (b) exchange membrane electrode assembly (MEA) or zero-
gap assembly. (c) Depiction and assembly of the zero-gap flow cell used in this work for the CO,RR. (d) Cross-sectional view of the assembled cell
with reference and counter electrodes (CE and RE, respectively) immersed in the anolyte compartment. MPL in panels (a,b) stands for the MPL

on which the catalyst material (Ag—NCs) is embedded.

operational stability. Many works have also reported insightful
correlations between the use of a tailored catalyst nanostruc-
ture and electrocatalytic performance.'”*® In addition,
diverging from the bicarbonate-based electrolyte that was
once used almost ubiquitously, it has been found that highly
concentrated (potassium) hydroxide-based catholyte solutions
suppress the parasitic hydrogen evolution reaction (HER) and
improve the CO,RR performance because OH™ ions exhibit
excellent ionic conductivity and reduce the activation energy
barriers for CO, electroreduction.””'™>* Through these and
other improvements, the field has reached a significant level of
maturity so that currently, the associated research is driven by
more ambitious endeavors, namely, scaling up the CO,RR
process to practical realization.'”*® Toward this end,
experimental platforms have been developed to circumvent
or attenuate the mass transport limitations that are intrinsic to
traditional H-type cell measurements**~>* and arise from the
low solubility of the dissolved CO, reactant in aqueous
electrolytes. This pursuit opens a new avenue to the CO,RR
and related fields because the insights extracted from H-cell
measurements with either stationary or rotating disk electrodes
do not necessarily hold for their gas-fed homologues and both
approaches bear fundamental kinetic differences that must be
addressed to approach process commercialization.”” ™"

Among the various types of CO, electrolyzers under
development, gas-fed approaches that use gas diffusion
electrodes (GDEs) as cathodes and that are inspired by
polymer electrolyte fuel cell technologies are considered to be
the most promising.1’21’30’32_36 Consequently, studies on Ag—
GDEs in contact with flowing alkaline electrolytes (Figure 1a)
have grown in popularity to achieve higher PCD¢q and FEco
values as well as lower CO,RR onset potentials and to explore
possible enhancements to performance longevity.”’~*' How-
ever, electrolyzer designs that rely on this cell configuration are
not without shortcomings that affect device performance and
stability, thereby overshadowing their intrinsic electrocatalytic
activity. These issues stem from (i) high ohmic losses owing to
the electrolyte layer separating the electrodes,®® (ii) electrolyte
percolation through the microporous layer (MPL) of GDEs
and concomitant carbonate salt precipitation,*** and (iii)
CO, crossover from the cathodic to the anodic compartment
upon CO, neutralization by OH™ ions to HCO;7/
CO,2 345

Motivated by this, a few recent works on alternative cell
designs with only an aqueous anolyte between the membrane

and anode and no liquid electrolyte layer between the catalyst
layer and (an)ion-exchange membrane [indistinctively called
exchange membrane electrode assemblies (MEAs) or cath-
olyte-free or zero-gap membrane assemblies, see Figure
1b]"*** have been reported, enabling comparably reduced
ohmic overpotentials, enhanced stability, and excellent CO
selectivity.”>*”** This zero-gap configuration not only affords
reduced ohmic losses but also attenuates complications that
arise from poor membrane hydration and electrode flooding at
high current densities, which are otherwise problematic to fully
gas-fed electrolyzers*®* (note that exchange MEA electro-
lyzers may still suffer from the parasitic uptake of CO, at the
interface of the cathode and anion-exchange membrane, thus
facilitating the undesirable CO, discharge on the anode
surface).”***° Nonetheless, one persistent hurdle that
precludes the commercial deployment of these technologies
is insufficient long-term device stability, which continues to fall
short of the minimum target value of 8 X 10* h.*> Efforts to
identify the factors that lead to process failure have been
undertaken, and strategies to alleviate such failures have been
proposed (e.g., appropriate selection of the reactor design,
electrode production method and hydrodynamics," manage-
ment of electrolyte percolation throu§h the GDE,”*' and
carbonation tolerance of the electrodes™**).

In this context, another aspect that may also be a source of
device durability issues and that has been minimally
investigated using actual technical electrodes on which very
large current densities (>300 mA cm™2) are enforced is the
structural deterioration of the catalyst material.>"** In
particular, studies of the catalyst morphological evolution of
Ag-based exchange MEAs induced by the CO,RR reaction
itself are lacking, as well as studies of the effect of direct
mechanical contact between the catalyst layer and anion-
exchange membrane (Figure 1b). To shed light on this
unexplored aspect of CO,RR on Ag—GDEs, we make use of
morphologically tailored Ag-based model nanocatalysts [Ag
nanocubes (Ag—NCs)] assembled on zero-gap GDEs to
establish correlations between structure, environment, electro-
catalytic performance, and degradation mechanisms under the
abovementioned most favorable CO,RR conditions (i.e., a
highly alkaline membrane adjacent to the catalyst layer). Sub-
monolayer surface coverages are purposely employed to
unambiguously address possible structure degradation at the
level of a single Ag—NC. Besides investigation of the catalyst
activity and selectivity, we devote particular attention to the

https://dx.doi.org/10.1021/acscatal.0c03609
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time evolution of both the electrochemical performance of the
process and the material’s nanostructure induced upon CO,
electrolysis at large current densities, as enforced on the model
exchange Ag—MEAs. We find that our testbed enables among
the highest CO partial current densities and competitive FE¢q
values (—625 mA cm™ and 85%, respectively) even at the
applied sub-monolayer catalyst coverages. Two distinct
electrode potential regimes were observed, each exhibiting
significantly different behaviors. At low and mild applied
potentials (E > —1.8 V vs Ag/AgCl), stability prevails across
the PCD¢o and FE(, electrolyzer performance, and catalyst
structure. Conversely, at greater cathodic potentials, the
process selectivity and activity severely degrade, leading to
performance failure even though the catalyst morphology
undergoes significantly less deterioration. Thus, this work
enables the deconvolution of catalyst structural stability from
system performance stability. Finally, a comparison with
standard H-type reference measurements reveals that CO,RR
product selectivity is influenced by electrolyzer design and,
therefore, that the knowledge developed using such batch-type
approaches should not be regarded as directly transferable to
gas-fed platforms. Overall, the results underscore that more
effort must be devoted to the understanding and optimization
of system design parameters (e.g, water management,
prevention of salt precipitation, CO, flow rate, and electrolyte
flow rate) that have a more significant impact on the product
spectrum and longevity of the exchange MEA electrolyzers
than that of the structural degradation of the catalyst, which is
shown to be mild.

B EXPERIMENTAL SECTION

Synthesis of Ag—NCs. Silver NCs were synthesized using
a previously reported method with minor modification.”” 5 mL
of ethylene glycol (EG, J. T. Baker) was added to a 250 mL
two-neck flask preheated to 160 °C. A light N, flow was
introduced just above the EG for the first 10 min, followed by
heating the solvent for another 50 min. Next, 3 mL EG
solution of AgNO; (94 mM) and 3 mL EG solution containing
polyvinylpyrrolidone (PVP, M,, = 55,000, 144 mM) and NaCl
(0.22 mM) were simultaneously injected into the flask at a rate
of 45 mL/h, with the solution observed to turn yellow during
this process. Under continuous stirring at 160 °C, the solution
exhibited a color transition series from yellow to clear yellow,
brown, greenish, and finally ochre and opaque. The whole
process required 16 h to 24 h for completion. After the
solution had turned opaque, the reaction was quenched by
adding 22 mL of acetone to the hot solution, followed by
cooling in an ice-water bath. To purify the NCs, the solution
was first centrifuged at 2000g for 30 min, and then, the
precipitate was dispersed and centrifuged 3X in 10 mL of
deionized water at 9000g for 10 min per run.”® The product
was finally dispersed in 5 mL of deionized water for future use.

Preparation of Ag—NC Catalyst Ink. To prepare the
carbon-supported Ag—NC ink, 1.5 mg of the prepared Ag—
NCs and 0.26 mg of carbon black (Vulcan XC 72R, Cabot)
were separately dispersed in 10 mL of isopropanol (VLSI
Selectipur, BASF SE, Ludwigshafen, Germany) by 1 h of
sonication. Both suspensions were intermixed, sonicated for 1
h, and dried using a Rotary evaporator (Buchi R210, 4S5 °C, 85
mbar). The obtained carbon-supported Ag—NCs (85 wt %
Ag—NC and 15 wt % C black) were then redispersed in 1 mL
of isopropanol containing SO L of Nafion (S wt %, 15—20%
water, Sigma-Aldrich). The resulting suspension was subjected

to sonication for 1 h yielding a homogeneous catalyst ink. For
the sake of reproducibility and comparison, catalyst inks were
also prepared with commercial Ag—NCs (NanoXact, nano-
Composix) and used for complementary CO,RR experiments.
Preparation of the Ag—NC—GDEs. The model catalyst
material in this work consists of cubic Ag nanoparticles (Ag—
NCs) with an average edge length of (113.1 + 10.6) nm. The
Ag—NC—GDEs for all electrochemical and characterization
experiments were prepared as follows: a defined circular area of
7.07 X 107* cm” on the GDEs’ hydrophobic surface (diameter
of 2 cm, Sigracet 39 BC, Fuel Cell Store) was modified by
dropcasting 50 uL of carbon-supported Ag—NC ink onto its
top surface. This catalyst solution was percolated through the
porous body of the GDEs by a vacuum filtration system placed
on the backside of the electrode, and subsequent drying at
ambient conditions was allowed for at least 30 min. Analysis by
inductively coupled plasma—mass spectrometry (ICP—MS) of
freshly prepared samples was used to determine the catalyst
mass loading, which amounted to ~7.1 X 107> mg,, cm™%
Assembly of the Gas Flow Cell. The assembly and main
components of the zero-gap gas-flow cell employed in this
work to investigate correlations between the catalyst structure
and process performance of CO,RR to CO on Ag—NC—GDEs
are schematically depicted in Figure lc,d. This assembly
consists of a stainless-steel cell body with the gas flow channels
used to feed the CO, from the backside of the prepared Ag—
NC—GDEs mounted on the outermost location of the central
portion. Other components incorporated into the cell include a
current collector and a gas inlet and outlet to control the
supply of the CO, reactant (99.999%, Carbagas, Switzerland)
and analysis of the gaseous products, respectively. All CO,RR
experiments were set up by placing a freshly prepared Ag—
NC—GDE on top of the gas flow channels, with its catalyst-
modified surface facing upward. Subsequently, a clean
hydroxide-functionalized Sustainion alkaline membrane (X37-
50 RT, Dioxide materials) and a poly(tetrafluoroethylene)
(PTFE) anolyte compartment were carefully placed on top of
the Ag~NC—GDE. A clamp was then used to ensure cell
tightness and mechanical stability. KOH electrolyte-supporting
solution (10 mL, 2 M; pH: 14.3, Sigma-Aldrich) was added to
the anolyte compartment, and a Ag/AgCl (3 M KCl, double
junction design, Metrohm) electrode and a Pt mesh (99.99%,
MaTeck) separated by a glass frit served as the reference and
counter electrodes, respectively. Note that the PTFE anolyte
compartment has a central orifice (7.07 X 1072 cm?) in its
bottom part that provides direct contact between the
electrolyte and the underlying anion-exchange membrane,
while the Ag—NC—GDE is prevented from establishing
physical contact with the supporting anolyte. During
electrolysis, a humidified CO, stream (16 mL min™) was
continuously fed through the gas flow channels of the stainless-
steel cell body adjacent to the prepared Ag—NC—GDEs.
Electrochemical Reduction of CO, (CO,RR) Using Ag—
NC—GDEs. All electrolytes were prepared using chemicals of
at least ACS reagent grade and deionized water (Millipore,
182 MQ cm, 3 ppb toc). Both ECi-200 (Nordic electro-
chemistry) and Autolab PGSTAT128 N (Metrohm) potentio-
stats were used to perform all electrochemical experiments.
Electrochemical impedance spectroscopy measurements were
conducted before and after every CO, electrolysis experiment,
and the results were considered to build the potential-
dependent product distributions and partial current densities
displayed and mentioned throughout the text. Potentiostatic
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BSD

Figure 2. Representative SEM images at different magnifications showing the surface of an as-prepared Ag—NC—GDE cathode for CO,RR. (a,d)
Ag—NC catalyst sub-monolayer coverage on the MPL of the GDE. (b,c) and (e,f) reveal the well-defined cubic morphology of the Ag—NCs.
Images (a—c) were acquired using the BSD detector of the scanning electron microscope. (d—f) Correspond to the same sample surface areas
shown in the upper panels but were recorded with the InLens SE detector.

CO, electrolysis experiments were carried out at selected
applied electrode potentials for 1 h, during which time the
electrogenerated gaseous products were analyzed by online gas
chromatography (SRI Instruments) in sequential intervals of
10 min. The electrolyte was analyzed after the applied
electrolysis condition (post reaction) to quantify the produced
formate by means of ion-exchange chromatography (Metrohm
Ltd., Switzerland). For comparison, the performance of the
Ag—NC—GDEs was also tested by dedicated reference
measurements using 2 M KHCOj as the electrolyte in both
the gas-flow cell and the conventional H-cell configurations.
For the H-cell measurements, a proton-exchange membrane
(Nafion 117, Sigma-Aldrich) separated the catholyte from the
anolyte, and the working electrode consisted of a rectangular
piece of carbon paper (0.8 X 3 cm) prepared in the same way
as the Ag—NC—GDEs for zero-gap measurements. The back
side and the edges of these electrodes were masked with the
PTEFE tape, thus leaving an uncovered geometric surface area
of 0.2 cm® A single junction Ag/AgCl electrode (saturated
KCl, Pine Research) and a Pt foil (2.5 X 0.8 cm, 99.99%,
MaTeck) were used as the reference and counter electrodes,
respectively. All electrode potential values in this work are in
reference to the standard Ag/AgClyy reference electrode. The
data corresponding to the product selectivity and partial
current densities of all experiments are displayed in Tables S2—
S6. A thorough description of complementa?r experimental
details is presented in a previous publication.’

Scanning Electron Microscopy and Energy-Disper-
sive X-ray Spectroscopy Characterization. Morphological
characterization of the prepared Ag—NC—GDEs and assess-
ment of the spatial distribution of the Ag—NCs over the
samples was carried out with scanning electron microscopy
(SEM) imaging experiments. Imaging was performed before
(for the as-prepared electrodes) and after having sustained
defined CO,RR time intervals at selected applied electrode
potentials. The analysis was conducted sequentially with a
Zeiss Gemini 450 scanning electron microscope with both
InLens secondary electron and backscattered electron
detectors (Inlens SE and BSD detectors, respectively). An
accelerating voltage of 5 kV and a current of 200 pA were
applied at a working distance of 6.6—6.8 mm. The BSD
detector enables clear identification of the Ag—NCs along the
surface of the GDE’s MPL because this technique is highly
sensitive to the atomic number of the elements being imaged.
However, the images acquired with the InLens SE detector

provide better morphological resolution of the Ag—NCs. The
use of both imaging operational modes coupled to energy-
dispersive X-ray analysis (EDX) analysis made it possible to
track morphological catalyst changes induced by CO,
electrolysis and/or physical contact between the catalyst
material and anion-exchange membrane on the Ag—NC-—
GDEs used. Complementary identical location (IL—SEM)
experiments were conducted on Ag—NC—GDEs for which
selected sample positions were imaged by the SEM instrument
before and after CO,RR experiments.

AZtec 4.2 software (Oxford Instruments) was used to
acquire EDX spectra and surface mappings of selected Ag—
NC—GDEs. An acceleration voltage of 10 kV and a current of
1.2 nA were applied at a working distance of 8.5 mm.

Catalyst Loading and Post-electrolysis Electrolyte
and Ag—NC—GDE Analysis by ICP—MS. Freshly prepared
Ag—NC—GDEs were immersed in 3 mL HNO; (BASF SE,
Ludwigshafen, Germany) for 24 h to dissolve the Ag—NCs
embedded on their surfaces. The resulting solutions were
diluted with 3% HNOj; solution by a factor of 500 and were
then fed into a NExION 2000 ICP—MS instrument
(PerkinElmer) to obtain the Ag mass loading of the electrodes.
To identify possible Pt dissolution from the employed Pt
counter electrode during CO, electrolysis, the following ICP—
MS and EDX control experiments were conducted. First, 10
UL of post-reaction anolyte (after CO,RR at —2.0 V for 60 min
in 2 M KOH) was diluted with 10 mL of 3% HNO, solution
for ICP—MS analysis. No Pt dissolution was detected in two
independent measurements. Additionally, two post-electrolysis
Ag—NC—GDEs were immersed in 3 mL aqua regia for 24 h
and the solutions were diluted by factor 100 with 3% HNO;.
The corresponding ICP—MS spectra showed no signal other
than the background further confirming the absence of Pt on
the catalyst surface and supporting GDE. Finally, EDX analysis
of a Ag—NC—GDE sample after being subjected to similar
CO,RR conditions also excluded the presence of any Pt
deposited on the employed cathodes (see Figure S8).

X-ray Diffraction Catalyst Characterization. The
crystallinity of the Ag—NCs was determined by means of X-
ray diffraction (XRD) techniques (Bruker D8) using Cu Ka
radiation (4 = 0.1540 nm, 40 mA) generated at 40 keV. Scans
were recorded at 1° min~" for 26 values between 20 and 100°.
The samples were prepared by dropcasting Ag—NCs dispersed
in isopropanol on a graphite foil (0.13 mm, 99.8%, Alfa Aesar)
and then allowing the solution to dry under ambient
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Figure 3. Potential-dependent FEs (a) and PCDs (b) of the gaseous products obtained from CO,RR on the gas-fed Agc—~NC—GDEs 10 min after
beginning CO, electrolysis. Time evolution of the FE¢q at (¢) mild (—1.5V > E > —1.8 V) and (d) high applied potentials (—1.83 V > E > —2.1
V). Corresponding time evolution of the PCD, at mild (e) and high (f) applied potentials. All experiments were carried out using 2 M KOH in
the anolyte compartment. The solid lines in all panels are guides to the eye to better observe the trends. The experimental error was accounted for

using +5% error bars.

conditions. The obtained XRD patterns were analyzed and
compared with JCPD (Joint Committee on Powder
Diffraction) for peak assignment.

B RESULTS AND DISCUSSION

Characterization of Ag—NC—GDEs by SEM. Figure 2
shows representative SEM images of an as-prepared Ag—NC—
GDE. We present data acquired sequentially at the same
position with both the BSD and InLens SE detectors of the
scanning electron microscope. Clear distinction between the
Ag—NCs (bright) and the supporting GDE (dark) is provided
by the BSD detector, which is sensitive to the atomic number
of the analyzed material (Figure 2a—c). We observe a highly
dispersed sub-monolayer of Ag—NC surface coverage built up
by both single Ag—NCs and sparse groups of the particles
(Figure 2b,c). This observation implies that the electro-
chemical performance of the Ag—NC—GDEs will be partially
determined by parasitic side reactions (e.g,, HER) taking place
also on catalyst-free regions. This is supported by the
combined SEM—EDX analysis of an as-prepared Ag—NC—
GDE sample displayed in Figure Sla—d. The images acquired
using the InLens SE detector (Figure 2d—f) offer improved
morphological resolution of single Ag—NCs and their cubic
shape, which is more easily observed at large magnifications

13100

(Figure 2e—f). Statistical analysis of more than 400 Ag—NCs
provided an average edge length of 113.1 + 10.6 nm, while
XRD characterization confirmed the high crystallinity of the
assembled Ag—NCs (Figure Slef). Recent theoretical and
experimental studies in H-cell configurations have reported the
superior and stable catalytic performance of cubic Ag
nanoparticles compared to their octahedral and spherical
counterparts.lg’20

Electrocatalytic Performance of Ag—NC-GDEs for
CO,RR in Zero-Gap Electrolyzer. Potentiostatic CO,RR
experiments at selected applied potentials ranging between
—1.55 and —2.1 V versus Ag/AgCl were conducted for 1 h
using a dedicated Ag—NC—GDE as the cathode in a zero-gap
gas flow-cell configuration (Figure 1b—d) for every potential. A
favorable alkaline reacting environment was provided by the 2
M KOH electrolyte used in the anolyte compartment.** Figure
3a displays the potential-dependent product distribution of the
gaseous products obtained after 10 min of CO, electrolysis.
Besides the modest FE;y observed at E ~ —1.55 V, all
obtained FE( values at potentials more negative than —1.6 V
surpassed 65%, reaching a maximum value of approximately
85% at —1.8 V. Diverging from previous reports in which an
abrupt decay of FEo was observed with progressively higher
potentials/current densities, only a slight decrease of CO
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Figure 4. Representative IL—SEM images of Ag—NC—GDE cathode surfaces before and after having conducted dedicated gas-fed CO,RR
experiments at —1.84 V for (a) 30 min (800 C cm™*) and (b) 60 min (1600 C cm™) and at —2.07 V for (c) 13 min (800 C cm™) and (d) 32 min
(1600 C cm™2) captured using both BSD and InLens SE detectors. (e) Elemental EDX mappings showing the spatial distribution of C (dark blue)
and Ag (yellow) corresponding to the sample location highlighted by the blue rectangle in (d). All CO,RR experiments were carried out using 2 M

KOH in the anolyte compartment.

selectivity was detected at the harshest applied cathodic
conditions due to an emerging formate contribution. However,
it should be noted that in those previous reports either a
bipolar membrane or a 0.5 M KHCOj; buffer layer was used
between the cathode and proton-exchange membrane.*>***
The efficiency of parasitic H, stayed at FEy, levels <10% for
potentials more negative than —1.75 V. The corresponding
dependence of the partial current densities PCDg and PCDy,
on the enforced potentials is shown in Figure 3b. The PCD¢q
increases steeply as the cathodic potential increases from
—1.54 to —1.87 V reaching highly competitive levels at
approximately —600 mA cm™> (see Table S1). Further
cathodic polarization to approximately —2.1 V leads to a
slightly increased PCD¢q reaching approximately —625 mA
cm™% The PCDyy, did not exceed —50 mA cm™? at all applied
potentials. These CO selectivities and partial current densities
stand out considering that for the as-prepared Ag—NC—GDEs,
a significant portion of the three-phase boundary layer where
the fed CO,, polymer electrolyte, and catalyst material meet is
constituted by the unmodified MPL of the support GDEs
(Figure 2a). Clearly, an increase of the catalyst loading would
lead to even better CO efficiencies and activities.>’ However, it
is important to remember that a low catalyst surface coverage
on the GDEs was deliberately applied to successfully monitor
the morphological evolution of the Ag—NC catalyst at the
single nanoparticle level (see below).

Distinct temporal evolution of both FEgs and PCDgs was
found to depend on the magnitude of the applied potentials.
Based on the temporal stability that these values promoted,
two apparent potential regimes were identified for FEco and
PCD¢o. These regimes are highlighted by different color codes

in Figure 3. The panels corresponding to applied potentials
that sustained the above-described performance throughout
the duration of the experiments are highlighted by light gray
rectangles (—1.5 V > E > —1.8 V). The panels highlighted in
darker gray stand for results derived from applied potentials
that led to the decay of FE.y and PCD(( values from their
initial levels. Figure 3 panels ¢ and e show that both CO
selectivity and activity either improve or stay fairly stable across
the lifespan of the experiments, provided that the applied
potential was always less negative than —1.8 V. Conversely,
when the potential surpassed this value, both CO production
figures decreased over time. This decline was initially mild but
intensified abruptly after 30 min with an increase of the applied
potential (Figure 3 panels d and f).

Morphology Evolution of Ag—NC-Based Catalyst
Induced by CO,RR in Zero-Gap Flow Cell and H-Type
Cell. To determine whether the observed decay in device
performance during CO,RR at the specific time intervals and
applied potentials observed in Figure 3 panels d and f arises
from morphological transformations of the cathodes (through
morphological changes of the Ag—NCs or through their local
rearrangement along the GDE surface), we analyzed Ag—NC—
GDEs that were used for CO,RR under those same conditions
using ex situ SEM imaging experiments. Note that in the
present study, our Ag—NC catalyst was subjected to
significantly harsher cathodic conditions as compared to
those reported in ref 61 reaching over two orders higher
current densities and ~400 mV more cathodic potentials.

In the first attempt, we employed the so-called IL—SEM-
based technique.%’57 This analysis is meant to provide the
structural evolution of electrocatalyst materials by comparing
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Figure S. Representative SEM images of Ag—NC—GDE cathode surfaces after having conducted dedicated gas-fed CO,RR experiments at —1.84 V
for (a) 30 min (800 C cm™) and (b) 60 min (1600 C cm™) and at —2.07 V for (c) 13 min (800 C cm™) and (d) 32 min (1600 C cm™) captured
using both BSD and InLens SE detectors. (e) Elemental EDX mappings showing the spatial distribution of C (dark blue) and Ag (yellow) of the
sample location highlighted by the blue rectangle in (d). Red arrows identify Ag nanoparticles formed upon cathodic corrosion of the Ag—NC
catalyst. All CO,RR experiments were carried out using 2 M KOH in the anolyte compartment.

their morphology at the same sample location before and after
being subjected to electrolysis.”™” We have previously
employed this strategy to successfully assess structure—activity
correlations caused by CO,RR on bare porous metal
electrocatalysts.'”>® Herein, we monitored the structural
evolution of Ag—NC—GDEs by IL—SEM for samples that
were subjected to high cathodic potential values at which CO
partial current densities reached —500 mA cm ™ and —620 mA
cm™* (—1.84 and —2.07 V, respectively). For each applied
potential, the electrolysis was carried out until charge densities
of 800 and 1600 C cm™* were passed on dedicated Ag—NC—
GDEs. These selected conditions are key for enabling
insightful correlation between the SEM-based post-electrolysis
studies and the data presented in Figure 3c—f.

Figure 4a—d presents representative IL—SEM images
corresponding to Ag—NC—GDEs that were subjected to
such CO,RR conditions. Surprisingly, comparison of SEM
images acquired before and after CO, electrolysis show that
neither detachment nor degradation of the Ag—NCs seem to
arise regardless of the specific applied potential, passed charge,
or electrolysis duration. Post-electrolysis EDX mappings on
sample regions that were scrutinized by IL—SEM also hint at
the absence of cathodic corrosion and redeposition phenom-
ena (compare Figures 4e and S1b,d). Furthermore, comple-
mentary IL—SEM experiments in which five sequential CO,RR
cycles were applied to a Ag~NC—GDE sample at the most
stringent cathodic conditions are displayed in Figure S2.
Although this sample was electrochemically stressed more
severely (total cumulated Q = 13306 C cm™ and t ~ 4.5 h),
the combined IL—SEM—EDX analysis showed again no
apparent sample degradation. These results alone would
imply, at first sight, that the developed Ag—NC—GDEs tested

in the proposed zero-gap flow cell do not undergo
morphological degradation upon CO,RR at all and that the
undermined catalytic performance observed in Figure 3 at
harsh cathodic conditions should originate from another failure
source. However, an important aspect that did not need
consideration in our previously reported IL—SEM structural
CO,RR studies and that can be the source of SEM imaging
misinterpretation when studying colloidal nanocatalysts is the
influence of surfactants that are left behind on their surfaces
following their synthesis. Indeed, it has been shown that
electron beam irradiation on nanomaterials synthesized by
additive-assisted colloidal methods can lead to their improved
structural stability through transformation of the adsorbed
surfactants into dense carbonaceous shells.*” Moreover, local
surface passivation induced by SEM imaging has been
identified on PVP-capped Ag NCs that hinders diffusion of
Ag surface atoms.”” This suggests that IL—SEM experiments
might not accurately reveal the morphological evolution of
colloidal catalyst materials as the initial electron irradiation
conducted before the electrolysis step stabilizes and deactivates
the scrutinized locations. Therefore, a second series of SEM
imaging experiments were performed on the surface of Ag—
NC—GDEs that were subjected to the same CO,RR
conditions as shown in Figure 4 but whose surfaces were not
exposed to the electron beam of the SEM prior to the
electrolysis.

Figure Sa—b displays representative images of Ag—NC—
GDEs after having been subjected to —1.84 V. The Ag—NCs in
panels a and b have undergone insignificant morphological
changes after either 30 or 60 min of electrolysis (800 C cm™
and 1600 C cm™?, respectively). Furthermore, the images
acquired with the BSD detector revealed the absence of
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Figure 6. Potential-dependent FEs (a) and PCDs (b) obtained on the Ag—NC—GDE in the H-cell configuration. Both variables were recorded 20
min after the CO, electrolysis experiment was initialized. Time evolution of the FE¢g (c) and PCD¢o (d) at (=142 V > E > —1.94 V).
Representative SEM images of cathode surfaces after having conducted dedicated CO,RR experiments at —1.63 V for (e) 196 min (800 C cm™)
and (f) 304 min (1600 C cm™). Complementary SEM images of cathode surfaces subjected to —1.92 V are shown in Figure S6. These CO,RR
experiments were carried out with an H-type cell using 2 M KHCOj as the electrolyte. The solid lines in panels (a—d) are guides to the eye to
better observe the trends. The experimental error was accounted for using +5% error bars.

material removal from the Ag—NCs that would be redeposited
in the form of smaller nanoparticles along the electrode surface
under the applied cathodic conditions.’" Importantly, excellent
electrochemical performance figures (PCD¢g > 300 mA cm™>
and FEc, ~80%) are attained and sustained if the potential
remains just positive of this applied value (—1.8 V vs Ag/AgC],
see Figure 3 panels c and e). Because of the morphological
integrity of the actual catalyst observed under these conditions,
it is reasonable to think that the purely electrochemical
performance of the Ag—NCs—GDEs should be sustained over
long electrolysis periods if the other system parameters do not
lead to failure (e.g,, salt precipitation, electrolyte penetration
into the adjacent GDE, etc). However, diverging from what
was observed in IL—SEM analysis, the electrodes exposed to
more demanding cathodic conditions revealed alteration of the
Ag—NC structure that may be linked to the deterioration of
PCDcos and FEqs observed in Figure 3 panels d and f. Figure
Sc shows representative images of a Ag—NC—GDE cathode
that underwent CO,RR at —2.07 V for 13 min (800 C cm™2).
Although the Ag—NCs maintained their overall cubic
appearance, the BSD—SEM images reveal smaller, randomly
distributed Ag nanoparticles (<5 nm) that arise from these
more stringent CO, electrolysis conditions. The red arrows in
the upper right image of Figure Sc indicate the appearance of
particles adsorbed on regions of the GDE that were not
covered by the Ag—NC catalyst material prior to CO,RR. This
phenomenon was more evident on cathodes subjected to 32
min (1600 C cm™) of electrolysis. Figure 5d demonstrates
that the particles formed near the Ag—NCs when treated with
these longer reaction times increased not only in size (~10
nm) but also in population along the formerly catalyst-free
substrate regions. This is also supported by the EDX mapping
shown in Figure Se acquired on the sample location
highlighted by the blue rectangle in Figure Sd. Additionally,
analysis of single Ag—NCs indicated that the material source
for these electrochemically formed particles stems mainly from
the cube’s vertices, eventually leading to the appearance of
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small (111) planes of truncated cube-like particles (Figure S3).
Thus, it is clear that monitoring of the electrochemically
induced morphological evolution of the colloidal catalyst is
accurately described provided that the nanoparticles are not
passivated by electron beam irradiation prior to electrolysis (as
is the case in IL—SEM investigations). We suggest, however,
that the observed mild morphological alteration of the Ag—NC
catalyst on the GDE surfaces alone cannot be the physical
origin for the significantly affected PCD¢ps and FEcgs, as
shown in Figure 3 panels d and f, at potentials more negative
than —1.8 V.

To elucidate whether this decay in performance originates
instead from the high bulk pH value (~14) of the electrolyte
used, reference CO,RR electrochemical and SEM experiments
similar to those shown in Figures 3 and S were carried out on
Ag—NC—GDEs, employing a significantly less basic 2 M
KHCO; electrolyte (pH ~8). These results are displayed in
Figures S4 and SS following the same color code and image
representation as of Figures 3 and S. Figure S4a,b shows the
corresponding FEs and PCDs of the electrogenerated gaseous
products. Besides a slightly lower PCD¢o at most cathodic
applied potentials (—1.86 V > E > —2.14 V), all other
displayed quantities (PCDyy,, FE¢q, and FEy,) exhibited the
same qualitative potential- and time-dependent behaviors after
10 min CO, electrolysis, as discussed above, when the 2 M
KOH electrolyte was used (compare Figure 3c—f with Figure
S4c—f). The reduction in PCD¢q at high applied potentials
might be related to the lower ionic conductivity of the HCO;~
ion in comparison to that of OH™ and its relative deficiency to
lower the CO, activation energy barrier.*” Interestingly,
suppression of the parasitic HER was equally effective when
using both supporting electrolytes. The fact that the temporal
dependence of FE( and PCD as the electrolysis proceeded
revealed again a stability bifurcation that depended on the
potential window examined (Figure S4c—f) but not on the
specific bulk pH is not surprising. Indeed, it has been predicted
that the local pH adjacent to the three-phase boundary layer of
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a gas-fed GDE at CO,RR reaction rates above S0 mA cm™
becomes rather similar for both neutral and highly alkaline
electrolytes due to the driven cathode half reactions (both CO,
and water reduction generate OH™ as a byproduct).”® The
difference in the local pH at the cathode between both
electrolyte solutions under CO,RR reacting conditions at
targeted j, > 200 mA cm™> might actually be negligible.*’
Similar to the experiments conducted in the 2 M KOH
electrolyte, as shown in Figure 5, SEM analysis of a Ag—NC—
GDE after 60 min CO,RR at mild applied potential (E =
—1.84 V, 1600 C cm™) in 2 M KHCO; showed minor
structural degradation of the Ag—NCs (Figure SS). This
finding suggests that the performance decay in our gas-fed
zero-gap flow cell at large CO,RR rates might be more
significantly influenced by the increased local alkalinity rather
than the relatively minor structural degradation of the Ag—
NCs and the original bulk pH. Furthermore, an increasingly
high alkalinity at the three-boundary layer in GDEs has been
found to lead to issues related to electrolyte carbonation,
electrolyte penetration through the GDE body (electrode
flooding), and salt precipitation.””***#*»*! Electrolyte in-
trusion beyond the MPL of the Ag—NC—GDEs at high
cathodic potentials also contributes to the decay in FEq and
PCDcq, as observed in Figure 3d,f and S4d,f, due to an
increase of the CO, diffusion length. This is in agreement with
recently reported work by Leonard et al.*> who observed a
clear increase of flooding propensity and loss of the nominal
MPL hydrophobicity under stringent CO,RR reductive
conditions.

To further support this argument, we resorted to
investigations performed in conventional H-cell configurations
in which none of these detrimental aspects would influence the
supply of dissolved CO, to the cathode through the liquid
electrolyte. Figure 6a,b summarizes these experimental results.
In comparison to the gas-fed experiments, significantly lower
PCDcps are observed in all of the inspected potential window
due to the dominant effect of the mass transport limitations of
CO, dissolved in the used 2 M KHCO; electrolyte. In
addition, the use of this non—optimal,g’n_24 almost neutral
electrolyte leads to larger PCDyy,s (as great as PCDy, ~
100mA cm™?) at high cathodic potentials relative to the values
observed in the zero-gap experiments. The potential-depend-
ent product selectivity shows an increase of FEqy as the
potential varied from low to mild applied values (—1.4 V > E
>-1.6V), although in contrast to the observed trends for the
more technical approach, the CO efficiency significantly
decreases as the competing HER benefits at more negative
values. Moreover, in contrast to the results from the zero-gap
experiments, neither FE-5 nor PCDq decays from its initial
value as the electrolysis reaction proceeds, regardless of the
applied potential (Figure 6¢,d). Considering that the Ag—NCs
used in these H-cell experiments seem to have undergone a
similar degree of degradation and associated mechanism at
mild and high applied potentials relative to that of the zero-gap
counterparts (Figures 6e—f and S6), it seems evident that the
system stability issues acting at high potentials and longer
electrolysis times in the gas-fed configuration stem mainly from
a sub-optimal reactor design and the high local alkalinity at
high current densities. Indeed, we found a clear correlation
between the decaying FE-, and PCDq and occurrence of
GDE flooding and salt precipitation, which cause device
performance failure at high cathodic potentials in the gas-fed
approach. Figure S7a,b shows typical contact angle images for

water droplets on Ag—NC—GDEs before and after being
submitted to CO,RR at —2.07 V for 32 min. The decrease of
contact angle indicates that the barrier properties of the MPL
are to some extent undermined upon electrolysis. The
corresponding EDX spectra additionally show a clear decay
of the F signal due to degradation of the hydrophobic PTFE
coating of the MPL (Figure S7c). Moreover, Figure S8a
presents optical images showing the typical appearance of the
employed GDEs at different experimental stages (as-received
GDE, as-prepared Ag—NC—GDE and Ag—NC—GDE after
having sustained CO,RR at —2.07 V for 32 min and 1600 C
cm™?). The EDX spectra and mapping displayed in Figure
S8b,c further support that, under these drastic cathodic
conditions, carbonate/bicarbonate precipitation on the cata-
lyst-modified GDE surface and its periphery takes place.
Additionally, Figures S9 and S10 show that these undesired
events (flooding and precipitation) can even be observed on
the backside of such electrodes, irrespectively of the employed
electrolyte. We would like to emphasize that this kind of
massive salt precipitation is only observed in the GDE
approach, irrespective of the used electrolyte, but not in the
H-type cell configuration where the partial current densities of
CO formation are mass transport limited and remain stable
during electrolysis.

Comparison of CO,RR Product Distribution in Zero-
Gap Flow Cell and H-Type Cell. Finally, another important
aspect that requires attention is the spectrum of products
yielded from CO,RR processes, which might also be affected
by the specificities of the experimental approach employed
(cell design and environment).”> Along these lines, funda-
mental differences regarding the product selectivity were
observed between the gas-fed- and H-cell-based approaches. As
illustrated in Figure S11, formate was detected as a CO,
electrolysis product over a large potential window using
alkaline as well as almost basic electrolytes when the zero-gap
testbed was used. This finding is in agreement with reports by
Sargent, Sinton et al. on increased formate production on Ag—
GDEs in highly alkaline aqueous environments (Figure 1a).*
These authors proposed that the enhanced formate production
when using highly alkaline environments adjacent to the Ag—
GDE might be due to the limited ability of a temporary H;O"
molecule that is believed to assist the first protonation step of
the adsorbed *COOH intermediate on the CO reaction
pathway.®? Accordingly, Figure S11 shows that both FEycoo-
and PCDycoo~ were more prominent when the hydroxide-
based solution was employed and peaked at E ~ —1.87 V,
amounting to non-negligible values of FEycoo- ~20.1% and
PCDycoo- ~148 mA cm™?, respectively. This result agrees
with a recent report by Seger et al. who identified formate as a
significant CO,RR side reaction using a zero-gap electrolyzer
combined with a basic anolyte at high current densities >200
mA cm™2.* Conversely, our experiments in the H-cell yielded
only a minor formate contribution at the highest applied
potential (FEycoo~ ~2.6% and PCDycoo- ~7.5 mA cm™2).
This result underlines the fact that the vast knowledge
developed through batch-type CO,RR experiments does not
necessarily translate to more practical approaches aimed at
industrial CO, reduction. Therefore, more effort must be
devoted to understanding the particularities inherent to gas-fed
CO,RR platforms by going beyond a purely catalyst develop-
ment-oriented approach and focusing more on rational
electrolyzer design, engineering solutions, and process
optimization to provide more robust and stable gas—liquid
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interfaces. Precipitation and flooding phenomena might, for
instance, be prevented through incorporation of application-
tailored microstructures and wettability into novel GDE
designs.*> Encouraging efforts in this direction are being
made, for instance, by Schmid et al.®* who have recently
addressed the importance of optimized operating modes,
electrolyzer design, and materials selection that enable nearly
practical scale electrochemical CO,-to-CO conversion. One
key finding of these investigations that enables stable and long-
term CO,RR operation at —200 mA cm ™ is the attenuation of
salt precipitation, GDE flooding, and CO, crossover to the
anode compartment by utilizing a carbonate-free, sulfate-based
neutral electrolyte in a liquid flow-cell electrolyzer.

B CONCLUSIONS

We studied the performance of a model Ag—NC catalyst for
CO,RR to carbon monoxide on technical GDE in a zero-gap
configuration and highly alkaline environments. The system
exhibited remarkable CO, to CO conversion figures in terms
of FE and PCD (FE¢g ~ 625 mA cm™ and PCD¢q ~ 85%)
even at sub-monolayer Ag—NC catalyst coverages on the
GDEs. Based on the temporal system stability that they
promoted, two apparent potential regimes were identified for
FE¢o and PCD¢g. At mild applied potentials (—1.5 V > E vs
Ag/AgCl > —1.8 V), the CO,RR process improved or
remained stable over time reaching PCD¢s > 300 mA cm ™
and FE ~ 85%. However, at greater cathodic potentials, both
CO production figures were initially more prominent but then
weakened over time. This decline was initially mild but
intensified abruptly after ~30 min with increasing applied
potential. The morphological evolution of the Ag—NCs on the
GDEs induced by the CO,RR as well as the direct mechanical
contact between the catalyst layer and anion-exchange
membrane was analyzed by IL—SEM and post-electrolysis
SEM investigations. The former approach turned out to be
unsuitable for structural characterization of electrolysis-
induced changes on colloidal catalysts that bear a surfactant
shell on their surface left behind from the synthesis method.
On the other hand, post-electrolysis SEM studies enabled the
true morphological evolution of the catalyst that strongly
depended on the applied electrolysis conditions. Regardless of
the applied experimental conditions, no detachment of Ag—
NC particles from the GDEs was detected. It was found that at
low and mild potentials, the Ag—NCs undergo insignificant
morphological alteration. However, at harsher cathodic
conditions, smaller Ag nanoparticles begin to appear, adsorbed
on formerly catalyst-free substrate regions. The material source
of these electrochemically generated nanoparticles seems to
come from the corners of the Ag—NCs. The observed mild
cathodic corrosion of the catalyst leads to slightly truncated
cube morphologies. However, complementary CO,RR experi-
ments in a neutral environment on Ag—NC—GDEs conducted
in both zero-gap and conventional H-type cell configurations
suggest that system failure is rooted in more factors than the
observed morphological degradation of the catalyst. That is,
the high alkalinity level at the three-phase boundary layer
where the fed CO,, catalyst material, and polymer electrolyte
meet leads, to a significant degree, to the observed CO,RR
performance decline. The high alkalinity level inevitably
develops at the reaction interface in the zero-gap electrolyzers
at high cathodic reaction rates >300 mA cm™* even when the
starting bulk electrolyte is neutral, thereby causing electrolyte
percolation through the GDEs, electrode flooding, and salt
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precipitation. Thus, this work enables the deconvolution of
catalyst structural stability from system performance stability.
Although the application of higher catalyst loadings on the
GDEs would probably alleviate these issues, a more robust,
long-lasting solution to the intrinsic challenges posed by gas-
fed approaches must be proposed to near industrial CO,RR
deployment. Finally, as stated by some other recent works, we
suggest that CO,RR studies should increasingly be performed
using technical approaches because the conclusions extracted
from H-type cell experiments might not be directly translatable
to electrolyzer-based studies.
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corrosion due to the reduce mobility of NPs by PVP. In the case of PEG, NPs undergo coalescence.
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capping agent removal and exchange show that the excess capping agents play a decisive role in
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ABSTRACT

We apply silver nanoparticles (Ag NPs) as catalysts of CO, reduction in a zero-gap gas-flow electrolyser.
Ag NPs stabilized by different ligands —branched polyethylenimine (BPEI), polyvinylpyrrolidone (PVP),
polyethylene glycol (PEG), and citrate— are used in the experiments. The as-prepared NPs have almost
identical initial size distributions, yet their catalytic performance, in terms of achievable current and
CO selectivity, is different. During electrolysis all Ag NPs exhibit unambiguous morphology changes;
the degradation pathway they follow, however, markedly depends on the chemical nature of the capping
agent stabilizing them. Scanning electron micrographs obtained before and after constant-charge elec-
trolyses carried out at different potentials reveal that amongst the studied ligands, BPEI seems to be
the most effective stabilizer of Ag NPs; in turn, however, BPEI also limits CO formation the most. In case
of PVP, mostly corrosion (particle shrinkage) is observed at practically relevant electrolysing potentials,
while the application of PEG leads more to particle coalescence. Ostwald ripening seems to appear only at
high applied (H, forming) potentials in case of the three afore-mentioned ligands while in case of citrate
it becomes significant already at mild (CO forming) voltages. By studying the effects of capping agent
removal and exchange we demonstrate that apart from ligands directly attached to the Ag NPs, also
the excess of capping agents (adsorbed on the electrode surface) plays a decisive role in determining
the extent and mode of catalyst degradation. The results of SEM-based particle sizing are also confirmed
by synchrotron based wide-angle X-ray scattering measurements that provide further insight into the

evolution of crystallite size and lattice strain in the applied Ag NPs during electrolysis.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

opens new perspectives in front of climate change mitigation [1].
Due to the considerable thermodynamic stability of carbon diox-

The electrochemical reduction of CO, into value-added products ide, the electrochemical CO, reduction reaction (CO,RR) requires
is a quickly developing field of electrocatalysis, mostly because it high negative potentials, and the application of catalyst materials

that favour CO,RR over the competing hydrogen evolution reaction
(HER). The design of new catalyst materials that not only meet this
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mation of a desired product at suitable rate and at low energy cost
has thus become the forefront of electrochemical research in the
past 20 years [2].

Although examples to the contrary already exist [3], metals or
metal oxides (either in bulk [4], foam [5], or nanoparticulate [6]
form) are still considered as catalysts of first choice for CO,RR.
While on bulk metal electrodes with large planar surfaces it is pri-
marily the chemical nature of the metal [4] that determines the
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majority product (CO, formate, hydrocarbons, alcohols), in case of
catalysts with nanosized features (nanoparticles or hierarchic
foams) also the nanoscale structure has a pivotal role in determin-
ing selectivity [6,7]. In case of Cu nanoparticles (NPs), for example,
a direct correlation between particle size and product distribution
has already been established [8], and also for other metallic NPs
(like Sn [9] or Ag [10]) intense research has been carried out to cor-
relate the activity and selectivity of nanoparticulate catalysts to
their morphology and physical structure. To use metals (or their
oxides) in a nanoparticulate form for the catalysis of the CO,RR
is a very straightforward approach especially because of the many
facile synthesis routes available that allow the design of NPs with
fine-tuned catalytic properties.

Using metals in a nanoparticulate form for the catalysis of CO,-
RR has the obvious advantage that comes with the low raw mate-
rial cost — small sized NPs can be applied in a relatively low
loading to achieve an already considerable current of CO, reduc-
tion [5]. A significant drawback of nanoparticulate catalysts stems,
however, also from the small size of NPs, which makes them ther-
modynamically unstable. Maintaining the stability of NPs under
the operating conditions of electrolysis, that is, at high applied
potentials, strong flow of current and intense gas formation, thus
becomes a key question of research. In other fields of electrocatal-
ysis (e.g., in fuel cell research [11]) the degradation of catalyst NPs
is well studied. In relation to CO,RR on the other hand, only a few
researchers seem to place emphasis on elucidating possible degra-
dation mechanisms [9,10,12-16].

Ag is considered an appealing catalyst material for CO, reduc-
tion because it produces a single yet very sought-after product over
a broad potential window and under different operating condi-
tions: CO. CO is a remarkably versatile precursor of the production
of synthetic fuels [17], and industrial applications already exist, for
example, for the coupling of CO,-to-CO/water-to-H, electrolysers
to a fermentation module where CO and H, are converted to buta-
nol and hexanol with high carbon selectivity [18]. In addition, the
two-electron transfer required by the CO,-to-CO conversion pro-
vides a large profit margin compared to other multiple-electron
transfer products requiring larger energy inputs [17].

While in existing industrial electrolysers Ag is usually applied in
a bulk form for the production of CO [18], it was recently shown in
lab scale experiments that when Ag is used in a nanoparticulate
form, stable CO formation can be achieved over a much broader
potential window, and thus better conversion metrics can be
achieved compared to the case when electrolysis is carried out
on planar Ag cathodes [10].

In a recent study we made the first step in the direction of up-
scaling towards practical application by using Ag NPs as catalysts
of CO,RR in a zero-gap gas-flow electrolyser unit [15]. Zero-gap
gas-flow electrolysers allow the realisation of large current densi-
ties (>300 mA cm 2, normalized to geometric cathode surface
area) and create an ideal playground for catalyst stability testing
under harsh operating conditions.

The use of capping agents is essential in Ag nanoparticle synthe-
sis as they control the shape and size of the grown nanoparticles,
and prevent their aggregation over time [19]. Capping agents usu-
ally achieve long-term stabilization of the particle size [20] either
by steric hindrance (such ligands usually have bulky protecting
groups) or by an electrostatic repulsion between ligands bearing
the same charge (such capping agents are usually ionic species).
While essentially both types of ligands can work well in stabilizing
NPs in dispersion, they both have significant drawbacks when it
comes to fixing the NPs on an electrode surface and using them
as electrocatalysts. In such cases NPs stabilized by charged ligands
are often found to quickly agglomerate either due to screening
effects arising from high ionic strengths or as a result of the electric
field of the working electrode. NPs stabilized by steric hindrance
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are usually more stable, however in this case the strong adsorption
of ligands often blocks the access of reactants to the NPs, leading to
an overall decrease of the catalytic activity.

The structural changes metallic NP-based catalyst layers
undergo in the course of the catalysed process can take many
forms, including the detachment of particles from the support
(which ultimately results in catalyst loss), the corrosion of the
NPs (leading to an overall decrease of the average nanoparticle
size), the aggregation of NPs on the catalyst support (leading to
the formation of larger particles) and the phenomenon known as
Ostwald ripening (as a result of which some particles grow larger
on the expense of smaller ones disappearing). These structural
changes (an illustration is shown in Fig. 1) all result in distortions
of the particle size distribution of the NPs, and as such, they are
commonly referred to as means of degradation — practically
regardless to whether they have any measurable effect, either neg-
ative or positive, on the observed catalytic performance.

In practical electrolysers degradation rarely takes a single route,
and in most cases it is a combination of several of the above-
described degradation phenomena that determines the fate of cat-
alyst NPs. The means and extent of degradation heavily depends on
the operating conditions of the electrolyser (voltage and current,
the intensity of gas formation, etc.), as well as on the chemical nat-
ure of the stabilizing (capping) agents applied either during the
synthesis of the NPs or later for the formulation of the catalyst ink.

As capping agents not only adsorb on the surface of the NPs but
also on the (usually carbon) cathode support, they may also play a
decisive role in determining the surface adherence and the mobil-
ity of the NPs. While strongly bonding capping agents may pre-
serve the initial particle size distribution of the NPs more
efficiently than others, such ligands may also decrease catalytic
performance by blocking the access of reactants to active catalyst
sites. In such cases, the onset of “degradation” can even have an
unexpected positive effect on the performance of electrolysis, as
it can enable the participation of new, previously unaccessible sites
in the catalysed process [21]. Apart from such exceptions, however,
the degradation of NPs usually manifests in a long-term loss of the
catalytic performance. This is primarily due to a loss of the active
catalyst surface area that accompanies all degradation modes (in-
cluding corrosion that often leads to the detachment of the smaller
particles). A secondary degradation effect that may also account for
performance losses is related not to the changing size distribution
of the particles, but rather to a consequence of this: an internal
structural change of the NPs, during which the (from a catalytic
point of view, highly active) open crystalline sites re-organize to
less ordered and more compact amorphous structures.

In this study we use Ag NPs capped by different ligands —
branched polyethylenimine (BPEI), polyvinylpyrrolidone (PVP),
polyethylene glycol (PEG), and citrate— with an initially narrow
size distribution centred at ~ 40 nm for the preparation of catalyst
inks that we disperse on a gas diffusion layer. The thus prepared Ag
NP GDE (Fig. 2) is in direct contact with the anion exchange mem-
brane of the zero-gap gas-flow electrolyser (see also Figure S1 of
the Supporting Information) that contains an electrolyte solution
only on the anode side. The reactant gas (CO,) is directly fed by a
constant flow to the GDE, and the configuration does not only
assure reduced ohmic losses but it also attenuates complications
that arise from poor membrane hydration and electrode flooding
at high current densities [15].

We show that in case of all four applied capping agents, the effi-
ciency of CORR considerably drops over time in a manner that is
similar for all capping agents. While this performance loss, occur-
ring due to the formation of carbonate plaques at high current den-
sities over the electrode surface, is not a direct result of the
structural changes that catalyst NPs suffer during electrolysis, the
zero-gap gas flow cell still provides means to study the morpholog-
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Fig. 2. The gas diffusion electrodes (Ag NP GDEs) used in this study are formed by
drop-casting an Ag NPs containing catalyst ink on a gas diffusion layer (GDL). The
latter is a bilayer structure consisting of a macroporous backing material (carbon
fiber paper support) and a carbon-based microporous layer. The Ag NP GDE is
separated by an anion exchange membrane from the electrolyte solution that
contains the anode and a reference electrode.

ical changes of Ag NPs during intense CO,RR/HER stressing. Follow-
ing a removal of the formed carbonate plaques by careful dip-
washing, structural changes can be investigated by a set of state-
of-the-art nanoparticle characterization techniques including
scanning electron microscopy (SEM) and wide-angle X-ray scatter-
ing (WAXS) measurements. These methods can clearly demon-
strate that depending on the nature of their stabilizing ligands,
Ag NPs undergo different degradation pathways on the course of
electrolysis. By a set of ligand removal and exchange experiments
we also demonstrate that apart from ligand molecules directly
attached to the NPs, ligands adsorbed on the supporting carbon
matrix also play a role in determining the dominant degradation
mode.
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2. Experimental Section

Preparation of the Ag NPs-containing catalyst ink. To prepare the
carbon-supported Ag NP catalyst ink, 0.25 cm? of the as-received
parent catalyst suspension (NanoComposix, Ag mass concentration
of 1 mg cm3) was diluted to 0.55 cm?® by the addition of Milli-Q
water. A second suspension (volume: 0.44 cm®) was made by dis-
persing carbon black (Vulcan XC 72r, Cabot) in isopropanol (VLSI
Selectipur, BASF SE, Ludwigshafen, Germany) in a 0.1 mg cm > con-
centration. Both suspensions were sonicated separately for 10 and
30 min, respectively, following which the suspensions were inter-
mixed and, after the addition of 10 u¢ Nafion solution (5% Nafion,
15-20% water, Sigma-Aldrich), the new suspension was sonicated
for further 10 min. The same ink preparation protocol was applied
to all four nanoparticulate catalysts used herein. BPEI, PVP, PEG
and citrate-capped Ag NPs with an average particle size of ~ 40
nm were purchased from a supplier (NanoComposix) and were
used directly for the ink preparation. In order to carry out experi-
ments by removing some of the excess PVP capping agent, the par-
ent Ag NP suspension was first subjected to centrifugation (at
35000 rpm, 40 min, Beckmann Coulter ultracentrifuge, SW60
rotor). This treatment allowed for a separation of the surfactant-
capped Ag NPs and the free surfactants that remained, at least to
a large extent, in the liquid (aqueous) phase. The separated Ag
NPs were then suspended in Milli-Q water to keep the Ag concen-
tration the same as that of the parent suspension, and the ink
preparation protocol described above was followed. The separated
Ag NPs and the aqueous matrix phase were both subjected to a
total organic carbon concentration (TOC) analysis with the aim to
estimate the amount of surfactants that is either attached to the
Ag NPs or is present in solution (see Table S5 in Supporting
Information).

Preparation of the Ag NP GDEs. GDEs were formed by drop-
casting 40 u¢ of either one of the above-described catalyst inks
onto the masked hydrophobic surface of a GDL (H23C8, FuelCellS-
tore, see Figure S2 of the Supporting Information for SEM charac-
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terization). The GDE was in contact with the membrane through a
circular opening with a diameter of 3 mm, and the corresponding
geometric area (7.07 mm?) is used for the surface normalization
of current to current density. The catalyst ink was percolated
through the porous body of the GDE by a vacuum filtration system
placed on the backside of the electrode, followed by drying at
ambient conditions. The resulting mass loading was in the range
of (43+5) pug cm 2, as confirmed by inductively coupled plasma
mass spectrometry (ICP-MS, see Table S1 in Supporting Informa-
tion for detailed loading data).

Assembly of the gas flow-cell. The assembly and main compo-
nents of the zero-gap gas-flow cell employed in this work have
been described elsewhere [15]. The cell (see also Figure S1 in Sup-
porting Information) consists of a stainless steel body with the gas
flow channels used to feed the CO, from the backside of the pre-
pared Ag NPs GDE mounted on the outermost location of the cen-
tral portion. Other components incorporated into the cell include a
current collector and a gas inlet and outlet to control the supply of
the CO, reactant (99.999%, Carbagas, Switzerland) and analysis of
gaseous products, respectively. All the CO, reduction experiments
were set up by placing a freshly prepared Ag NPs GDE on top of the
gas flow channels, with its catalyst modified surface facing
upward. Subsequently, a new hydroxide-functionalised Sustainion
alkaline membrane (X3750 RT, Dioxide materials) and a poly-
(tetrafluoroethylene) anolyte compartment were placed on top of
the GDE. A clamp was then used to guarentee cell tightness and
mechanical stability. 10 cm?® of 2.0 mol dm~3 KOH was used as
electrolyte for the anolyte compartment. An Ag|AgCl|3 mol
dm™3 KCl electrode (double junction design, Metrohm) was used
as a reference, and an Ir wire (99.9%, MaTeck Material-
Technologie & Kristalle GmbH, Germany) separated by a glass frit
was used as a counter electrode. Note that the PTFE anolyte com-
partment has a central orifice (of 3 mm diameter, corresponding
to a geometric surface area of 7.07mm?) in its bottom part that
provides direct contact between the electrolyte and the underlying
anion-exchange membrane, while the Ag NPs GDE is prevented
from direct contact with the supporting anolyte. During electroly-
sis, a humidified CO, stream (16 cm3 min~') was continuously fed
through the gas flow channels of the stainless steel cell body, adja-
cent to the GDE.

Electrochemical measurements and product distribution studies.
An ECi-200 potentiostat (Nordic Electrochemistry) was used to
perform all electrolysis experiments. The electro-generated gas-
eous products (CO and H,) were determined by means of on-line
gas chromatography (SRI Instruments) in fixed (10 or 4 min) time
intervals. The electrolyte solution was also analysed after full elec-
trolyses, to check for any soluble products formed, by means of ion
exchange chromatography (Metrohm Ltd., Switzerland). As for-
mate (in different amounts, see Table S3 in Supporting Informa-
tion) was found as the sole dissolved product in the electrolyte
solution, it was assumed that whenever the GC-based detection
of volatile products could not account for a 100% of Faradaic effi-
ciency, the rest of the passed current was turned into formate
production.

Electron microscopy measurements. For the morphological char-
acterization of the Ag NPs on GDEs, a Zeiss Gemini 450 scanning
electron microscope equipped with an InLens secondary electron
detector and a back-scattering detector was used. An accelerating
voltage of 5 kV and a current of 120 pA were applied at a working
distance of 3.8-4.2 mm. Using the Smile View software for particle
sizing, ca. 500-900 particles were analysed per experimental set-
ting for the creation of the particles size distribution shown in
Figs. 7,9 and 10. The particle size was defined as the longest mea-
surable dimension in case of anisotropic NPs, see Figure S13 in the
Supporting Information. To acquire EDX point spectra and 2D
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surface mappings of selected samples, the AZtec 4.2 software
(Oxford Instruments) was used. An acceleration voltage of 10 kV
and a current of 500 pA were applied at a working distance of
8.5 mm for EDX measurements. For high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) com-
bined with energy-dispersive X-ray spectroscopy (EDX), a Talos
F200X (Thermo Fisher Scientific) instrument equipped with a
SuperEDX detector was used with an acceleration voltage of
200 kV.

Contact angle measurements. Contact angle measurements were
carried out using a Kriiss Advance Drop Shape Analyzer DSA25
(Kriiss GmbH, Hamburg, Germany). Electrodes were mounted on
a flat stage and water drops (milli-Q water, 1.4 uL) were deposited
at room temperature.

Synchrotron Wide-Angle X-ray Scattering (WAXS) measurements.
Crystallite size and microstrain were measured via WAXS mea-
surements at the ID31 beamline of the European Synchrotron Radi-
ation facility (ESRF) in Grenoble, France. The high energy X-ray
beam (75 keV) was focused on the Ag NP GDEs, and the scattered
signal was collected using a Dectris Pilatus CdTe 2 M detector posi-
tioned 520 mm behind the sample. The energy, detector distance
and tilts were calibrated using a standard CeO, powder and the
2D diffraction patterns were reduced to the presented 1D curves
using the pyFAI software package [22]. Rietveld refinement of the
WAXS patterns was performed to extract the phase structure, crys-
tallite size, lattice parameter and microstrain using the cubic Fm-3
m structure of Ag metal and the GSASII software [23], see Fig-
ure S14 in Supporting Information for a representative fit. The
instrumental parameters were determined by the refinement of a
CeO, standard sample. Air scattering was removed from each pat-
tern. The measurement consists in a height scan acquiring WAXS
pattern at different positions in the sample. The pattern of the
GDE is considered as background and removed for each sample.
The fitting is performed using crystallites of uniaxial orientation
along the (111) direction.

White light interferometry (WLI) analysis. The mesoscopic surface
morphology of the Ag NP GDEs was analyzed by means of white
light interferometry (Contour GT, Bruker, see Figure S5). Vision64
software (Bruker) was used for operating the instrument and for
data analysis.

Inductively coupled plasma mass spectrometry (ICP-MS). GDE
samples were immersed for 24 h in 1 cm® HNO; (69.3%, BASF SE,
Ludwigshafen, Germany) to dissolve all Ag NPs. The resulting solu-
tions were diluted with 3% HNOs solution by a factor of 500 and
were then fed into a NEXION 2000 ICP-MS instrument (Perkin
Elmer) to obtain the Ag mass loading of the electrodes (see Tables
S1 and S4 in Supporting Information).

Total organic content (TOC) determination. To quantify surfac-
tants in each solution, 100 w/ of free surfactant solutions obtained
by centrifugation of Ag NP suspensions (0.25 mg cm>) and
surfactant-capped Ag NP suspensions (0.25 mg cm>) which do
not contain free surfactants were fed into a DIMATOC 2100 instru-
ment (Dimatec, Essen, Germany). The organic compounds were
oxidized at 850 °C with Pt as catalyst to CO,/NO. Non-dispersive
infrared (NDIR) gas sensor with a reflective diffuser and a chemilu-
minescence detector were used to detect CO, and NO, respectively.

3. Results and Discussion

Characterization of the as-prepared Ag NP GDEs. Essentially
regardless to the nature of the stabilizing ligand (BPEI, PVP, PEG
or citrate), all our studied Ag NP GDEs exhibited very similar phys-
ical characteristics (Fig. 3). Representative SEM images of (PVP-
capped) Ag NP GDEs are shown in Fig. 3a and c, revealing isotropic
and uniformly dispersed NPs with an almost uniform particle size
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Fig. 3. Representative top-down SEM images (a, ¢) of PVP-capped Ag NPs dispersed on the carbon microporous layer of the GDE. The HR-TEM image (b) of an individual PVP-
capped Ag NP, and its Fourier-transformed representation (d) demonstrate the polycrystalline nature of the nanoparticle, exhibiting different crystalline domains. Schematic
drawing of the PVP-capped Ag NP is shown in (e). For a complete (top-down) SEM and TEM view of GDEs prepared by the use of Ag NPs capped with different ligands, see

Figure S3 and S4 in the Supporting Information.

of about 37 nm. The HR-TEM image and the corresponding FFT
representation of an individual PVP-capped Ag NP, shown in
Fig. 3b and d, reveal the polycrystalline nature of the NPs. The
drawing in Fig. 3e, inspired by the result of electron micrography,
attempts to show a single Ag NP in three dimensions. Similar initial
states were found in the case of Ag NPs capped by other ligands
(BPEI, PEG and citrate). Independently of the nature of the capping
agent used by the provider (NanoComposix) for the synthesis of
the studied Ag NPs, we found that all NPs used in this work are
of an (almost) spherical shape, as shown in Fig. 3e, and that the
NPs exhibit no preferential faceting. The uniformly dispersed par-
ticles were isotropic but polycrystalline, and their average size
was between 30 and 40 nm in all cases. Corresponding SEM and
TEM images of all four types of surfactant-capped Ag NPs are
shown in Figures S3 and S4, respectively, of the Supporting Infor-
mation, where white-light interferometry images (top view of
the catalyst layer, Figure S5), as well as cross-sectional (side view)
SEM and EDX images (Figure S6) can also be found. The latter show
that the majority of Ag NPs does not penetrate the GDE, and
remains dispersed on top of the microporous layer.

CO,RR/HER stressing. In order to study the electrochemical perfor-
mance of Ag NP GDEs, potentiostatic electrolyses in the configura-
tion shown in Fig. 2 were carried out at three different applied
potentials. Keeping comparability in mind, all electrolyses were per-
formed until the same amount of charge (300 C cm~2, normalized to
the geometric surface area of the circular opening of the zero-gap
cell) passed through the electrolyser. The product distribution (that
is, the partial current densities of CO and H, formation, see the
dashed lines) were reconstructed on the basis of on-line GC mea-
surements at given fixed time intervals, shown by the dots in Fig. 4.

As the amount of CO and H, detected by on-line GC measure-
ments did not account for a 100% Faradaic efficiency, contents of
the electrolyte were analysed post-electrolysis by ionic liquid chro-
matography (IC), which revealed a significant amount of formate
production at each setting (see Table S3 in Supporting Informa-
tion). As no water-soluble products apart from formate were
detected after electrolysis by IC, it is safe to assign the missing frac-
tion of the current density (hatched areas in Fig. 4 labelled “rest”)
to the production of formate [15,24].
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Fig. 4 reveals a rather similar behaviour of three out of four
studied catalysts. Namely, the PVP-, PEG- and citrate-capped Ag
NPs all seem to exhibit a remarkable selectivity towards the pro-
duction of CO, although especially at larger electrolysing potentials
this selectivity, as well as the overall current, significantly decrease
with time. That the catalytic performance of these NPs seems not
to depend significantly on the nature of the applied capping agents
suggests that already at initial stages of the electrolysis at least a
partial removal of the capping shell from the surface of the NPs
may have occurred, leaving catalytically active sites available to
participate in CO,RR [13,16,21].

As for BPEI-capped Ag NPs, both the overall current and the
selectivity of CO production are considerably smaller (essentially
at all three applied potentials), and this observation can be
explained by the exceptionally strong bonding interactions
between the amino groups of BPEI and the Ag NPs. Due to this
strong bonding it seems plausible to assume that the BPEI-
capped particles remain at least partially inaccessible for the reac-
tants of electrolysis. As a result, the observed performance loss is in
turn also smaller compared to the case of NPs capped by other
agents (PVP, PEG or citrate).

In case of all four types of NPs, a clear decrease is observed in
both the Faradaic efficiencies of CO formation and the current den-
sity as a function of time (i.e., charge) at each potential. The perfor-
mance decay is especially rapid at the electrolysing potential of —
2.354 V, where the Faradaic efficiency of CO formation very quickly
drops due to intense hydrogen evolution. Although less severe,
performance losses can also be observed in the cases of lower elec-
trolysing potentials in Fig. 4. The question whether the observed
performance loss has anything to do with the actual morphology
changes of the NPs during the electrolysis immediately follows:
we found, however, that although by SEM and WAXS investiga-
tions significant morphology changes can indeed be monitored,
these structural alterations are not the main cause of the perfor-
mance losses observed in Fig. 4.

The obvious decrease of the overall current density and the rel-
ative selectivity of the catalyst NPs to produce CO is rather con-
nected to another phenomenon, namely the formation of a
mostly potassium carbonate-based precipitate over the GDE. This
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Fig. 4. Total current densities (full thick curves) plotted as a function of the passed charge density at different constant electrolysis potentials (measured vs. Ag/AgCl) for
differently capped Ag NP GDEs. Electrolyses were stopped in all cases after the same amount of charge (-300 C cm~2) was passed through the electrode. Shaded areas and
dashed curves show the product distribution as reconstructed by GC measurements at different times (indicated by dots). Note that CO and H, were the only GC-detectable
products that however did not account for a 100% of Faradaic efficiency. The “rest” of the current (hatched area in the graphs) can most probably be assigned to formate
production (see the text and Tables S2 and S3 in Supporting Information for more details).

serious effect —that however does not hinder the observation of
actual morphology changes on the nanoscale— is exemplified in
Fig. 5.

As shown in Fig. 5, the pristine GDL we start out from (see
Fig. 5a for a photograph) exhibits a clear surface, and the top-
and side-view SEM images (Fig. 5b and c) reveal the expected
structure of the surface microporous layer and the underlying car-
bon fibers. The surface of the top microporous layer is hydropho-
bic, as demonstrated by contact angle measurements on a sessile
water drop, Fig. 5d. The EDX mapping analysis (Fig. 5q) reveals
only carbon and fluorine signals in the elemental composition
(the latter arises due to the PTFE treatment of the GDL applied
by the manufacturer).

Fig. 5e shows a photograph of the (PVP-capped) catalyst ink
drop-cast on the GDL. The circular area that will serve as the active
cathode surface of the electrolyser (this will be in direct contact
with the membrane) is shown here by a dashed circle. The catalyst

376

NPs are clearly visible by SEM (Fig. 5f) and EDX-based elemental
mapping (Fig. 5g) confirms that the NPs are clearly composed of
Ag. Drop-casting the catalyst ink on the surface does not signifi-
cantly decrease the hydrophobicity of the GDE (Fig. 5h), while in
the EDX spectrum (Fig. 5h) the signal of Ag clearly appears.

When this GDE is subjected to CO,RR/HER stressing, the forma-
tion of a potassium carbonate/bicarbonate based precipitate
immediately becomes visible also to the bare eye, as shown in
the photograph of Fig. 5i. An SEM image of the formed carbonate
plaque is shown in Fig. 5j, and the elemental composition map of
Fig. 5k reveals K as a major component of this plaque. Due to the
formation of the carbonate precipitate the surface of the GDE
becomes hydrophilic (Fig. 51) and the signals of both K and O
appear in the EDX spectra of Fig. 5q.

That the formed carbonate plaque is beyond doubt responsible
for the performance losses observed before in Fig. 4 can be proven
by a set of “recovery” experiments. These show (see Figure S12 in
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Fig. 5. The characteristic features of a pristine GDL significantly change after surfactant-capped Ag NPs are drop-cast on it, the thus prepared GDE is used for electrolysis, and
finally, after the carbonate precipitate formed during CO,RR/HER stressing is washed away. See the text for an exact description of each panel, and Figures S7-S11 of the

Supporting Information for more details.

Supporting Information) that following a removal of the carbonate
layer by dip-washing, already used GDEs can almost completely
regain their efficiency in a subsequent electrolysis.

As the formed carbonate plaque makes us unable to study the
degradation of NPs during CO2RR/HER stressing, the carbonate
precipitate was removed from the surface following electrolysis
by careful dip-washing (see Figure S8 in Supporting Information
for details). A photograph of the GDE following the dissolution
of the carbonate plaque is shown in Fig. 5m, and the subse-
quently taken SEM images (Fig. 5n and o) clearly indicate that
this cleaning method does leave the actual catalyst NPs intact
(compare panels n and o with f and g in Fig. 5). The accuracy
of the dip-washing method is also proven by EDX (Fig. 5q) show-
ing that the K and O signals almost fully disappear and the Ag sig-
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nal is regained after washing. That the dip-washing technique we
used to remove the carbonate plaque from over the catalyst sur-
face did not result in any significant catalyst (Ag) loss was con-
firmed by ICP-MS analysis (see Table S4 in Supporting
Information).

Morphology changes of Ag NPs on GDEs studied by SEM. The reli-
ability of the applied dip-washing method allowed us to apply SEM
analysis in order to study the structural changes that the differ-
ently capped Ag NPs undergo during extensive CO,RR/HER stress-
ing. Representative SEM images of pre- and post-electrolysis (dip-
washed) samples are shown in Fig. 6 for the studied four types of
surfactant-capped Ag NP catalysts. The histograms shown in
Fig. 7 were prepared by manually processing several micrographs
similar to those shown in Fig. 6: the size of each NP, regardless
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to form, was determined by measuring its longest dimension as
illustrated by Figure S13 in the Supporting Information.

Expectation ranges of the particle sizes (mode-+deviation) were
determined by making the histograms shown in Fig. 7 subject to
probability distribution fitting. Histograms exhibiting a single
mode were fitted by log-normal distributions yielding an unsym-
metrical (skewed) expectation range, while in case of bimodal dis-
tributions the linear combination of two (symmetric) Gaussians
were used to describe our datasets. Expectation ranges for the
average particle size are specified for all panels of Fig. 7, making
it apparent that the morphology of the Ag NPs evolved differently
in case of the four different capping agents.

In case of BPEI, the observed particle size distributions are
bimodal both before and after electrolyses. Interestingly, the sec-
ond characteristic particle size (corresponding to a smaller peak)
is twice of the first one, which implies, taking into consideration
that we used the longest measurable dimension for particle sizing,
two-particle aggregates were present at the GDE surface, already
before electrolysis. As also shown in Fig. 7, however, no significant
change of the characteristic particle sizes are observed when BPEI-
capped Ag NPs are exposed to electrolysis stressing at different
potentials, and this is in agreement with the results of Fig. 4 that
also show a relatively stable catalytic performance of BPEI-
capped Ag NPs.

The situation is markedly different in the case of PVP-capped
nanoparticles that, as shown in Fig. 7, tend to corrode during elec-

: after electrolysis
| E=-1654V
|
|

as-prepared
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trolysis. Corrosion in case of PVP-capped Ag NPs leads to a signifi-
cant decrease of the characteristic particle size, as well as to a
general broadening and a larger skewness of the distribution.

In the case of PEG, stressing by CO,RR/HER seems to have rather
the opposite effect. While the first characteristic particle size
remains essentially unchanged, as a result of electrolysis a second
peak becomes visible in the histograms, and the maximum of this
peak is approximately twice of that of the first one. This is a clear
hint [25] to that in case of PEG, particle coalescence is the most
favoured mode of catalyst degradation (see also the micrographs
of Fig. 6).

The general increase of particle sizes is also apparent in the case
of citrate-capped Ag NPs, as shown in the last row of Fig. 7,
although in this case no evolution of further, distinct modes are
seen: the histograms, instead, get significantly broadened and
skewed as a result of electrolysis. In this particular case we assume
that due to the relative instability of the citrate shell at the applied
(negative) potentials, the NPs quickly become almost totally
unprotected [26]. As a result, their aggregation/coalescence
becomes unhindered, and apart from the coalescence of neigh-
bouring particles, also Ostwald ripening (either its two or three-
dimensional form) occurs in this case [27,28].

To conclude, the SEM analyses seem to suggest that PVP-capped
particles undergo more the corrosion pathway of degradation
(Fig. 1), while PEG- and citrate-capped NPs tend more to aggregate,
coalesce, and (especially in case of citrate) some form of Ostwald

after electrolysis
E=-2354V

after electrolysis
E=-1754V

Fig. 6. Representative SEM micrographs of GDEs prepared using Ag NPs stabilized by different capping agents, recorded before (“as-prepared”) and after constant charge
electrolyses at different potentials (cf. to Fig. 4). These, as well as some other similar SEM images were used to construct the histograms shown in Fig. 7.
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Fig. 7. Histograms showing the particle size distribution of Ag NPs, capped by different

particle size are shown for the fitted peak(s).

ripening also seems to take place. Amongst the studied capping
agents, BPEI seems to be the most protecting one, as in this case
no particular changes of the size distribution was observed when
comparing post- to pre-electrolysis SEM images.

Morphology changes of Ag NPs on GDEs studied by WAXS analysis.
The above picture can further be nuanced if we also use WAXS
measurements to characterize the morphology changes of Ag NP
catalysts during electrolysis (Fig. 8). The width of the WAXS peaks
have two main contributions —apart from instrumental broaden-
ing—, and these are the size of coherently scattering domain (crys-
tallite size) and microstrain (deviation from perfect order). These
different characteristic parameters were determined by Rietveld
fits of the diffraction pattern. Because the size determined by Riet-
veld fit maps crystallite sizes rather than full geometrical sizes,
direct comparison between the WAXS and SEM-based analysis
can reveal new insights about the degradation phenomena. First
we note that using only the isotropic size model did not fit the data
well. The fits improved significantly only after a size anisotropy
had been included, implying that the nanoparticles have preferred
growth orientation along the (111) direction (Fig. 8 and Figure S16
in Supporting Information). Along this direction, the crystallite size
is about two times longer when compared to the short directions.

In the case of BPE], the crystallite size is smaller than the parti-
cle size determined by the SEM analysis. This hints that the parti-
cles are composed from several crystallites, in agreement with the
TEM observations. In this case the size does not change signifi-
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ligands, before and after electrolysis at a given potential. Expectation ranges of the

cantly, supporting the conclusions from the SEM analysis that the
particles are stable during electrolysis. The microstrain shows a
very low value for as-prepared NPs, but increases significantly for
the samples measured after electrolysis. Given that the microstrain
is a direct measure of internal disorder of the crystallites, the elec-
trolysis seems to distort the local order which is typically linked to
the increase of grain boundaries length. However, as in our case we
do not observe any decrease in crystallite dimensions, the increase
of microstrain should either be linked to surface phenomena
caused by changes in the BPEI surface structure [29], or, alterna-
tively, could be explained by some carbonate precipitates (that
were not entirely removed by dip-washing) remaining adherent
to the catalyst NPs (cf. to Fig. 5 exhibiting a small K signal even
after washing).

The PVP case shows different behaviour. After electrolysis, the
crystallite size increases in both directions, independently of the
applied current, and the microstrain values increase moderately.
This crystallite size increase is apparently opposite to the SEM-
derived trend in particle size and the crystallites appear signifi-
cantly larger than the physical size measured by SEM. This is
caused by a broadening of the particle size distribution during
electrocatalysis that is due to the formation of some amount of lar-
ger NPs while the average size shows a general decrease in the SEM
measurements. It is of worth to note that while SEM results a
number-weighted distribution, the diffraction amplitude is
weighted by the volume of the NPs, therefore the crystallite size
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Fig. 8. Crystallite sizes (a, b) and microstrain (c) measured by WAXS of Ag NPs,
capped by different ligands, before and after electrolysis at a given potential.

is much more sensitive to the appearance of larger NPs in the
whole ensemble. This can result in crystallite sizes seemingly lar-
ger than the size of the NPs as determined by SEM using the distri-
bution maximum. Based on the above observations we can
conclude that apart from corrosion, that is a dominant pathway
of the degradation of PVP-capped Ag NPs, Ostwald ripening also
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takes place in this case — and this causes both the increase of crys-
tallite sizes (Fig. 8) and the broadening towards bigger sizes of the
SEM-based size distribution (Fig. 7).

WAXS measurements on PEG-capped Ag NPs show a similar
trend of increasing crystallite size, consistently with the appear-
ance of bimodality in the SEM-based size distribution. PEG-
capped NPs are not only aggregated, but the individual crystallites
are also fused together through coalescence during electrolysis.
The picture is somewhat different for citrate capped NPs that
although as evidenced by SEM clearly undergo coalescence to a
large extent during electrolysis, at the same time show only a mod-
erate increase of the crystallite size. This is a hint to that the fusion
of the NPs does not necessarily involve the merging of crystallites
and that the enormously large Ag particles formed from citrate-
capped Ag NPs during electrolysis (see, e.g, Fig. 6) can be composed
of several distinct crystalline domains. The relatively low changes
of microstrain observed in the case of PEG- and citrate-capped
NPs are likely linked to the fact that the capping agent is only
loosely bound to the surface of these NPs.

Ligand removal and exchange experiments. That in our investiga-
tions we saw the most severe degradation taking place in the case
of citrate-capped Ag NPs can plausibly be explained by the fact that
citrate stabilizes the NPs not by a steric effect as the other three
studied ligands do, but by an electrostatic force. It can thus safely
be assumed that under the operating conditions of electrolyses —
that is, at high cathodic potentials— most of the negatively charged
citrate ions will leave not only the surface of the NPs but they
would also desorb from the surface of the carbon support. This
can enhance the surface mobility of the particles, leading to their
more rapid aggregation and then coalescence.

In order to check whether ligand molecules that may have
remained adsorbed on the support in the three other (non-
citrate) case have any role in determining the degradation pathway
of the NPs, we designed a set of ligand exchange/removal experi-
ments. These were based on separating the NPs from their parent
dispersion by centrifugation, which left the majority of the capping
agents —that would necessarily end up on the support surface dur-
ing the GDE preparation— in the supernatant (see Table S5 and Fig-
ure S14 in Supporting Information). Filtering and re-dispersing the
nanoparticles in Milli-Q water after centrifugation (see Section 2
for details) thus allowed us the (at least partial) removal of the car-
bon substrate-attached ligands or, if re-dispersion took place in the
solution of another capping agent, the (again, at least partial)
exchange of ligands.

The effect of ligand removal on electrolysis-induced degrada-
tion is shown in Fig. 9 for PVP-capped Ag NPs (this time, electrol-
ysis took place at E = —1.754 V, see Figure S15a in Supporting
Information for more details). We can see a notable difference if
we compare this figure to the appropriate panels of Figs. 6 and 7:
namely, that while the initial size distribution of the NPs is seem-
ingly unaffected by the removal of excess PVP, the degradation
pathway markedly changes. While in the previous case, when
excess PVP was adsorbed on the carbon support layer, we primarily
observed corrosion (and the change of the average particle size
from around 39 to 25 nm), in Fig. 9 we see an increase of the aver-
age size (from 42 to 67 nm) and a significant broadening of the dis-
tribution. It seems to be a plausible assumption that the apparent
coalescence we observe here was in the previous case hindered by
support-adsorbed PVP, rendering the degrading NPs immobile.
Alternatively, the removal of a significant portion of PVP from
the surface of the NPs might have also lead to an increase of the
average particle size by allowing quicker Ostwald ripening.

The role of support-adsorbed ligands can further be emphasized
if we carry out a ligand exchange (as opposed to removal) experi-
ment with citrate-capped Ag NPs that we in this case after cen-
trifugation re-disperse in a PVP solution. As shown in Fig. 10, this
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PVP adsorbed on the carbon support, somewhat hindering the coalescence
degradation pathway otherwise observable for citrate-capped NPs. (Cf. to Figs. 6
and 7.).

can milden the coalescence of particles (otherwise characteristic
for citrate-capped NPs, see Fig. 6 and 7), and this effect can also
be explained by the adsorption of the extra PVP amount on the
support surface, hindering the motion of the degrading NPs. (For
more details of the electrolysis experiments, see Figure S15b of
the Supporting Information.).

4. Conclusion

In this paper we used Ag NPs capped by different stabilizing
ligands to prepare gas diffusion electrodes that we applied for
CO, electroreduction in a zero-gap gas-flow electrolyser. This con-
figuration allowed a high current stressing of the NPs. After careful
cleaning of the GDE from the carbonate precipitates formed during
electolysis, we compared SEM images of the catalyst NPs obtained
before and after the high current testing, and made these subject to
a statistical analysis.

We showed that amongst the studied capping agents, BPEI is
the most protective one; in turn, however, it also limits CO forma-
tion the most. In case of PVP, mostly corrosion (particle shrinkage)
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was observed at practically relevant electrolysing potentials, while
the application of PEG and that of citrate lead more to particle coa-
lescence. In parallel with the SEM-based investigations, WAXS
analysis was also used to follow the evolution of crystallite size
and lattice strain during CO,RR/HER stressing, and the results were
compared to those of SEM mapping.

By studying the effects of capping agent removal and exchange
we demonstrated that apart from ligands directly attached to the
Ag NPs, also the excess of capping agents (adsorbed on the carbon
support surface) plays a decisive role in determining the extent
and mode of catalyst degradation.
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The most promising strategy to scale up the electrochemical CO, reduction reaction (ec-CO,RR) is based
on the use of gas diffusion electrodes (GDEs) that allow current densities close to the range of 1 A/cm? to
be reached. At such high current densities, however, the flooding of the GDE cathode is often observed in
CO, electrolysers. Flooding hinders the access of CO, to the catalyst, and by thus leaving space for (un-
wanted) hydrogen evolution, it usually leads to a decrease of the observable Faradaic efficiency of CO,
reduction products. To avoid flooding as much as possible has thus become one of the most important
aims of to-date ec-CO,RR engineering, and robust analytical methods that can quantitatively assess flood-
ing are now in demand. As flooding is very closely related to the formation of carbonate salts within the
GDE structure, in this paper we use alkali (in particular, potassium) carbonates as a tracer of flooding. We
present a novel analytical approach —based on the combination of cross-sectional energy-dispersive X-
ray (EDX) mapping and inductively coupled plasma mass spectrometry (ICP-MS) analysis— that can
not only visualise, but can also quantitatively describe the electrolysis time dependent flooding in
GDEs, leading to a better understanding of electrolyser malfunctions.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Great progress has recently been made towards the develop-
ment of new technologies that enable a large-scale reduction of
the atmospheric concentration of CO;, one of the most important
contributors of global warming [1]. Among these technologies,
electrochemical ones deserve special attention as electrolysers —
ideally powered by renewable energy sources— can effectively be
used to convert CO, into a variety of commodity chemicals and
synthetic fuels, such as CO, formic acid, different alcohols and
hydrocarbons [2].
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0021-9517/© 2022 The Authors. Published by Elsevier Inc.

In the past few years, the efficiency of newly developed cata-
lysts for the electrochemical CO, reduction reaction (ec-CO,RR)
has become so high that under ambient conditions it is not any
longer the catalytic activity but rather the limited rate of liquid-
phase CO, transport that hinders the process [3]. Several attempts
have thus been made to boost ec-CO,RR by increasing the rate of
CO, transport, and the most promising of these scale-up strategies
involve the use of gas diffusion electrodes (GDEs) [4-7].

The use of GDEs enables current densities that are at least one
order of magnitude larger than those measurable in standard H-
type cells [3,7]. The benefit of achieving high currents comes, how-
ever, at the cost of stability issues, and it is primarily the rapid
flooding of GDEs that raises most concerns [7-11].

CO; electrolysers where the catalyst dispersed over a gas diffu-
sion layer (GDL) contacts the electrolyte solution through a wet
membrane —that is, in so-called zero-gap cathode half-cell config-
urarions [7]— flooding usually occurs at high current densities
where either the CO, reduction reaction itself or its parasitic
side-process, hydrogen evolution reaction (HER) cause a significant

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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near-electrode pH increase. The CO, supply of the GDE reacts with
the electro-generated OH™ ions, which leads to the localised for-
mation of carbonate salts that in turn increases the wettability
[8-10] of the GDE and intensifies flooding.

As flooding limits the access of CO, to the catalyst, it usually
leads to a decrease of the observable Faradaic efficiency of CO,
reduction products, and leaves space for unwanted hydrogen evo-
lution. To suppress flooding as much as possible, and to understand
its mechanism and key factors has thus become one of the most
important aims of to-date ec-CO,RR research, and analytical tools
that can quantitatively assess the means and extent of flooding
are now in demand.

The mechanism of flooding depends on several processes occur-
ring in GDE-based CO, electrolysers, and system properties influ-
encing flooding include the wettability of GDEs [12-17] and its
dependence on the applied electrode potential (also called elec-
trowetting [18]), the flow-rate [19] and humidity [20,21] of the
CO, supply, the presence of reaction products [10], and the thick-
ness of the employed membrane [17]. Flooding is very often
accompanied by the massive formation of carbonate precipitates
on-top, and within deeper layers of the GDE [7-11,18,22-24],
and the amount and distribution of carbonates —in case of CO,
electrolysers operated with a KOH anolyte, these are typically
potassium carbonates and bicarbonates— seem to be an important
tracer of flooding within the three-dimensional GDE structure.

The aim of this paper is to show that the post-electrolysis anal-
ysis of GDE samples by energy-dispersive X-ray (EDX) elemental
mapping can easily be used to visualise the electrolysis time
dependent penetration of K'-containing precipitates into the
GDE. In order to make the obtained distribution profiles compara-
ble for electrodes that received different electrolysis treatments, it
is necessary to convert the relative distribution profiles to absolute
concentration vs. depth plots that already bear quantitative infor-
mation. This latter aim can be achieved by an inductively coupled
plasma mass spectrometry (ICP-MS)-based determination of the
total potassium content of the GDE [25]. The described EDX/ICP-
MS combination is a powerful and very robust technique that
allows a better understanding of ec-CO,RR electrolyser malfunc-
tions by enabling the accurate visualisation and quantification of
flooding phenomena in GDE samples.

2. The method

The scheme of a typical gas-fed CO, electrolyser employing a
zero-gap cathode half-cell configuration is shown in Fig. 1, with
the blown-up section depicting the GDE cathode in direct contact
with the anion exchange membrane. The GDE cathode is created
by evenly covering the surface of a gas diffusion layer (GDL) with
a catalyst ink that can be achieved by using several techniques
[3] including drop-casting, airbrushing, vacuum filtering, etc. The
uniformity of the catalyst layer thickness depends however not
only on the applied technique but also on the imperfections of
the gas diffusion layer: especially cracks found on the GDL surface
(see, e.g., Fig. 5.b in Section 4) may lead to non-uniform coverage
[26-28] and to the burial of some catalyst particles in deeper
trenches.

The GDL itself is a bilayer structure that consists of an upper
(microporous) and an underlying (fibrous) layer. The microporous
layer acts as an electrically conductive mechanical support to the
catalyst, holding it in direct contact with the membrane. In many
electrolysers, the applied catalyst ink contains silver nanoparticles
that direct ec-CO,RR towards the formation of CO as a dominant
reaction product [8,11,17,21,24,29]. Note here that CO belongs to
the most economically viable ec-CO,RR products [30] and has large
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global annual production [3]. The cathode reaction of CO,-to-CO
conversion can be written as

CO, + H,0 + 2~ — CO +20H", 1)

and the operation of the electrolyser should be optimised so that
parasitic hydrogen evolution reaction (HER),

2H,0 +2e~ — H, + 20H", ()

would take place only incidentally.

In the design shown in Fig. 1, a constant (humidified) CO, flow
penetrates the fibrous part of the GDL, and the CO, molecules are
transported through the pores of the thin microporous layer to
reach the catalyst where they are reduced to CO.

The (essentially wet) membrane has two important roles in the
electrolyser: one is that it enables water (a reactant of ec-CO,RR) to
access the catalyst, and another is that it allows the passage of the
formed OH™~ ions (a by-product of CO, reduction) from the cath-
ode surface to the anode compartment of the cell. The anode com-
partment is filled with a solution of KOH, and OH™ ions are
oxidised on the Ir anode to form O, gas:

40H — 2H,0 + 0, + 4e". 3)

The wettability of the GDL plays a crucial role in determining the
cathode performance of gas-fed CO, electrolysers. The presence of
some amount of water, based on Eq. (1), is essential; however, if
too much water enters the GDL structure, it may block the access
of CO, to the catalyst, shifting the balance of the cathode reaction
from the preferred ec-CO,RR towards the parasitic HER [31].

For this reason, GDLs are usually made hydrophobic by the
manufacturer (e.g., by a treatment with polytetrafluoroethylene,
PTFE) and the conditions of the electrolysis are optimized to
uphold hydrophobicity as long as possible. From this point of view,
the imperfections of the anion exchange membrane deserve spe-
cial attention, especially if the membrane allows not only the
transfer of OH™ ions, but also the transference of cations. As the
real-life behaviour of anion exchange membranes is far from ideal
[32], the transference of cations very often occurs, and for example
in case of the electrolyser shown by Fig. 1, K ions of the anolyte
can thus appear on the cathode side of the cell.

The alkalination of the cathode surface —note that OH™ ions are
produced both by Reaction (1) and (2)— clearly acts as a driving
force for the transport of K" ions from the anode compartment to
the cathode, where the alkaline conditions and the presence of
CO, facilitate the formation of K,COs; or KHCOj; salts. If concentra-
tions are high enough [9], both K,CO; and KHCO; can form precip-
itates on-top and within the deeper layers of the GDE. This reduces
the hydrophobicity of the GDE and triggers flooding, which ulti-
mately breaks down the overall cell performance.

There seems to be a consensus in literature with regard to that
the formation of carbonate precipitates on the cathode side of
ec-CO,RR electrolysers is an important indicator of flooding [9-
11,20,21,33,34]. In spite of this, scanning electron microscopy
(SEM)-based imaging techniques like EDX elemental mapping have
only scarcely been used to study the penetration of carbonate pre-
cipitates into GDE structures [7,11,34]. The reason behind this is
obvious: while EDX elemental (K) mapping, applied in a cross-
sectional view to study the penetration of K,CO3/KHCO3 precipi-
tates into the GDE structure can give a good qualitative picture
about the relative distribution of the formed K" salts, the compar-
ison of such elemental maps is by no means straightforward. Such
comparisons would require EDX elemental mapping to provide
truly quantitative information, which is usually not the case.

Indeed, the quantification of elemental maps is a very demand-
ing task that would not only necessitate the acquisition, storage,
and subsequent analysis of entire spectra, pixel-by-pixel [35], but
it would also require the in-depth understanding of electron
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Fig. 1. Scheme of a gas-flow CO, electrolyser employing a zero-gap cathode half-cell configuration. The gas diffusion electrode/membrane assembly is shown by the inset at

the initial stage of electrolysis.

beam/material interactions, which is particularly challenging
when working with heterogeneous and highly porous materials
(e.g., GDEs).

X-ray signal intensities are known to depend largely on
(amongst other parameters) the applied acceleration voltage [35],
and this is exemplarily demonstrated by the cross-sectional EDX
elemental (K) maps of Fig. 2. These maps, taken at different applied
accelerating voltages, show the same GDE sample that exhibits
marks of ec-CO,RR-induced K,CO3;/KHCO; precipitation within its
structure.

Maps of the top row of Fig. 2 are those shown by the operating
software of the SEM instrument. The automatic colouration of
these maps is optimised for human perception, and as a result,
the maps could lead us to the erroneous conclusion that the potas-
sium concentrations visualised by them are markedly different. As,
however, the four maps are made of the very same sample, this is
certainly not the case: the maps are differently coloured only
because the corresponding K peaks in the EDX spectra become
more intense at higher accelerating voltages.

Fortunately, from most SEM operating software, EDX maps can
be exported not only in the form of images but also in the form of
two-dimensional numerical arrays that represent the (in our case,
K) signal intensities over the sampled area. If we create such
numerical representations from the four maps shown in the top
row of Fig. 2, we get four arrays on which we can perform mathe-
matical operations. We can, for example, normalise the arrays to
their (overall) maximum, and we can then convert the arrays back
into images. If we use the same colour-code that was applied
before, we obtain the images shown by the middle row of Fig. 2.
These coloured maps already give a trustworthy representation
of intensity ratios; however, at low accelerating voltages, the nor-
malised intensities happen to be so low that we see almost entirely
dark fields.

In order to reduce the dependency of intensities on the applied
accelerating voltage, we have to normalise each array individually,
using their respective maxima as an individual norm. By this
approach, we get to the images shown in the bottom row of
Fig. 2. These elemental maps, while they all appear a bit dark for
the human eye, all look essentially the same. Subtle differences
between the images do exist, however, primarily because not only
the overall intensity of the spectrum peaks but also the penetration

depth of the electron beam depends on the accelerating voltage
[35]. This dependence, while it affects the measured absolute
intensities, exerts only a minor effect on the observed relative
intensity distributions.

The above two normalisation concepts are illustrated also by
the graphs of Fig. 2 that contain sums of intensities for each image
row, plotted vs. the respective row index. The graphs clearly show
that while the recorded K signal intensity does vary greatly with
the applied accelerating voltage, and while the exact relationship
between local K concentration and intensity may not be known,
EDX mapping is still robust enough to deliver a relative distribu-
tion of potassium-containing precipitates along the line normal
to the GDE surface.

Such relative distributions, obtained from GDEs that had under-
gone different ec-CO,RR stressing treatment can of course not
directly be compared, unless we determine by some other analyt-
ical method the total potassium content of the GDE. A variety of
elemental analysis methods can be used to achieve this goal; in
our practice we favour ICP-MS-based determination.

The essence of the method described here is schematically
shown in Fig. 3. On the top surface of GDEs that have previously
been used for ec-CO,RR, the appearance of precipitates is usually
visible already to the bare eye. The centrally located, salt-covered
part (of known geometric area) is removed by a punching blade,
and the resulting ‘coin’ is cut into two by a sharp knife. One part
of the coin is briefly sonicated and then left for over-night in a
known volume (usually 1 cm?®) of cc. HNOs;, so that its
K,CO3/KHCO;3; content is quantitatively leached. The concentration
of the resulting solution is then determined by ICP-MS in known
(usually 500 or 1000 times) dilutions: by this method, the total
potassium mass that is contained by the given volume of the
GDE is calculated and normalised to the base area of the analysed
sample. This yields a total surface area-normalised concentration
that is usually in the range of a few mg cm 2.

The other half of the coin (Fig. 3) is used for cross-sectional EDX
K elemental mapping, without any additional treatment other than
drying the sample. In order to improve statistics, usually multiple
locations of the same cut are mapped, and sometimes, even addi-
tional cuts are made and sampled. The resulting EDX maps are then
exported in numerical form, and depth profiles of the relative K
distribution are created by row-wise summation. Row indices
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Fig. 2. Electrolysis-induced potassium penetration into a GDE sample visualised by EDX elemental maps (cross-sectional view), recorded using different accelerating voltages
as shown. Images of the same column show maps of the exact same intensity dataset, coloured differently. The brightness and the contrast of images in the top row was
automatically adjusted for optimal perception by the human eye — this is how most SEM operating software would show these maps. Colour intensities in the middle row
were normalised to the largest intensity value detected. In case of the third row, the maps were normalised individually, each to its own maximum intensity. The graphs show
the differences of the two normalisation concepts in row-by-row intensity summation. The EDX measurements were made on sample GDE#2, following passage of —1839 C

cm 2 charge (cf. to Sections 3 and 4, as well as to Fig. 5).

are turned into spatial coordinates knowing the resolution of the
map.

The individual relative distributions are aligned on the distance
scale by means of (differential) edge detection, and an averaged
curve is calculated. The relative distributions are subsequently
re-scaled into absolute concentration profiles (usually expressed
in units of ug cm—3); the applied scaling factor is chosen so that
the full space integral of the averaged absolute concentration pro-
file equals the surface area-normalised concentration determined
by ICP-MS.

The described cross-sectional EDX/ICP-MS combination
approach yields concentration depth profiles that are comparable
for GDE samples that are either of different original structure or
that underwent different ec-CO,RR stressing treatment (see later

Fig. 5), and can lead to a better understanding of flooding-related
phenomena. Note here that in order to obtain statistically reliable
data, both the ICP-MS and the EDX mapping measurements are to
be repeated several times, using GDE samples that received the
very same treatment. As it will be shown later in Fig. 5, this
approach helps to identify possible outliers. Also note that ICP-
MS measurements may not have to be performed on all (rather just
on a few) studied samples, which may reduce the time demand of
the analysis.

As the described EDX/ICP-MS combination approach is a post-
experimental characterisation technique, it cannot be used for a
real-time observation of flooding-related phenomena like it is pos-
sible, for example, in operando tomographic X-ray absorption spec-
troscopy [36]. The EDX/ICP-MS combination is, however, a more
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Fig. 3. The strategy to quantitatively assess flooding phenomena in GDEs uses K,CO5;/KHCOs precipitates as a tracer of flooding. Following electrolysis, the carbonate
precipitates formed over the GDE are visible to the bare eye (and can also be seen by top-down EDX mapping). By cross-sectional EDX, the relative distribution of K can be
mapped along the surface normal. Absolute concentration (mass over volume) profiles can be created by applying a scaling factor that sets the integral of the profile equal to

the (surface area normalised) K mass determined by ICP-MS analysis.

robust and a considerably cheaper method than X-ray absorption
or scattering measurements that require specially designed cells
and a significant amount of synchrotron beam-time, and the
amount of information gathered from EDX/ICP-MS studies may
effectively complement the results of operando investigations.

The versatility of the method will be illustrated in Section 4,
where we used two different gas diffusion electrodes for CO, elec-
trolysis in a gas-fed CO, electrolyser employing a zero-gap cathode
half-cell configuration, finding that the different structure of the
two GDLs result in different K,CO3/KHCO;3; deposition patterns
and, ultimately, different electrolyser stabilities.

3. Experimental

Two commercial gas diffusion layers (Table 1), a Freudenberg
H23C8 (GDL#1) and a Sigracet 36BB (GDL#2) paper, were used
in this study. The microporous layers of both GDLs contain ~ 5%
PTFE as a water repelling agent.

To prepare a catalyst ink, 4.5 mg of silver nanowires (Ag NWs,
prepared as described in [37]) and 0.8 mg of carbon black
(VULCAN™ VXC72R, Cabot) were separately dispersed in 20 cm?3
of isopropanol (BASF SE, assay > 99.0%) by half hour of sonication.
Both suspensions were intermixed and sonicated for an additional

Table 1
Parameters of the gas diffusion layers used in this study.
GDL#1, GDL#2,
Freudenberg H23C8 Sigracet 36BB

Microporous layer thickness* 41 um 97 pum
Fibrous layer thickness* 194 pm 160 pm
Electrical resistivity' 8 mQ cm? 9 mQ cm?
Area density’ 135 g cm 2 105 g cm 2
Air permeability’ 90 Gurley s 3 Gurley s

* Average values, determined by cross-sectional SEM.
 Values provided by the manufacturer.

half hour, then dried by a rotary evaporator (Biichi R210, 40 °C,
65 mbar). The resulting mixture was then re-dispersed in 18 cm?
of isopropanol containing 180 u¢ of Nafion 117 solution (Sigma-
Aldrich, ~5 wt% in a mixture of lower aliphatic alcohols and
water) and subjected to 20 min of sonication. Subsequently, the
resulting ink was carefully dispersed by using an airbrush pistole
(Infinity CR plus) propelled by nitrogen gas (99.999%, Carbagas,
Switzerland) onto the GDL substrate.

A CO, electrolyser with a zero-gap cathode half-cell configura-
tion (see Fig. 1, details of the electrolyser were described previ-
ously in [7,38-41]) was used for the electrochemical reduction of
CO,. The Ag NW-coated GDEs were placed on the stainless steel
body, with the Ag NW layer directed upwards. The such formed
cathode was then covered by an anion exchange membrane
(AEM, X37-50 RT, Dioxide materials), on top of which a PTFE cham-

ber was placed to support the anolyte, a 2.0moldm™ > aqueous
KOH solution (KOH, analytical grade, was purchased from Sigma
Aldrich). A central orifice with a diameter of 3 mm at the bottom
of the anode compartment provided contact between the anolyte
and the membrane-cathode assembly, and the area of this opening
(0.0707 cm?) was considered the geometric surface area of the
cathode, used for the normalization of current to current density.
An iridium (Ir) wire (99.9%, MaTeck Material-Technologie & Kris-
talle GmbH, Germany) separated by a glass frit from the anolyte

compartment, and a Ag|AgC1|3moldm”3 KCI electrode (double
junction design, Metrohm) immersed directly into the anolyte
were used as counter and reference electrodes. A humidified CO,
stream (99.999%, Carbagas, Switzerland) was fed to the fibrous
layer of the cathode from the backside of the cell at a constant vol-
umetric flow rate of 18 cm?® min~'. Electrolyses were carried out
using an ECi-200 potentiostat (Nordic Electrochemistry) at a con-
stant current of —20 mA, resulting in a current density of —283
mA cm 2, during which the formed gaseous reaction products
were quantified by online gas chromatography (GC, SRI Instru-
ments), as described elsewhere [7].
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For the SEM and EDX studies presented in the paper, a Zeiss
Gemini 450 SEM was applied, equipped with an InLens secondary
electron (SE), a backscatter electron detector (BSD) and a SuperEDX
detector.

Contact angle measurements were carried out using a Kriiss
Advance Drop Shape Analyzer DSA25 (Kriiss GmbH, Hamburg, Ger-
many). Electrodes were mounted on a flat stage and water drops
(milli-Q water, 1.4 p¢) were deposited at room temperature.

Raw data, as well as unprocessed measurement files serving as
a basis of this publication can be downloaded from Zenodo [42].

4. Demonstrative experiments

Two gas diffusion electrodes —one supported by a Freudenberg
H23C8 paper (GDL#1), and another by a Sigracet 36BB paper
(GDL#2)— were created and used in our experiments. The two
GDLs, as can be seen in Table 1, are of different structure, and
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Fig. 4. The top-down optical microscopy image of the two studied gas diffusion
electrodes exhibit a compact microporous layer in case of GDE#1 (a), while the top
surface of GDE#2 (b) is laced by small cracks. Both GDEs exhibit severe stability
losses (a decrease of the Faradaic efficiency of CO production as a function of the
passed charge) when made subject to electrolysis at a constant current density of —
283 mA cm 2 While GDE#1 quickly loses stability (c), GDE#2 remains stable for
longer time (d). The hydrophobicity of both GDLs decrease heavily during
prolonged ec-CO,RR stressing (consumed charge: -1839 C cm2), as revealed by
the pre- and post-electrolysis contact angle measurements shown in the insets of
(c) and (d). The shift from ec-CO,RR to HER is also indicated by changes of the
measured electrode potentials shown in panels (e) and (f). That the mentioned
hydrophobicity loss is caused by the appearance of K,CO; or KHCO; precipitates on-
top of both GDEs during electrolysis is clearly shown by the top-down EDX
elemental maps of (g) and (h), recorded after the total charge of ~1839 C cm~2 is
passed through the GDEs.
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the majority of differences arise from that while the microporous
layer of GDL#1 is thinner but more compact (Fig. 4.a), the relatively
thick microporous layer of GDL#2 is laced by small cracks that are
visible also to the bare eye (Fig. 4.b).

When made subject to constant-current electrolyses experi-
ments (applied current density: —-283 mA cm~2), both GDEs ini-
tially produce CO at close to 100% Faradaic efficiency. As the
electrolysis continues to longer times, the observed Faradaic effi-
ciency however drops down (Fig. 4.c and 4.d), and the observed
stability loss commences earlier in case of GDE#1 (with the com-
pact structure) than in case of GDE#2 (having a cracked microp-
orous layer).

The observed efficiency loss is due to the flooding of the GDEs,
which can be inferred not only from pre- and post-electrolysis ses-
sile drop goniometry that clearly demonstrates a significant
decrease of the surface hydrophobicity during electrolysis (insets
of Fig. 4.c and 4.d), but also from top-down EDX elemental map-
ping that exhibits the formation of massive amounts of
K;CO5/KHCO; precipitates on top of both GDE samples (Fig. 4.e
and 4.f).

These top-down EDX elemental maps provide a straightforward
explanation of the observed stability differences: while at the end
of electrolysis, GDE#1 is more or less uniformly covered by
K,CO3/KHCO; precipitates (and it is safe to assume that this uni-
form precipitate layer practically blocks all active Ag catalyst sites),
we observe a rather non-uniform coverage (and an only partially
blocked catalytic activity) in case of GDE#2. As to why the two
GDEs are covered differently by the formed carbonate precipitates,
top-down EDX mapping provides no answer, however. In order to
address this question we have to rely on the combined cross-
sectional EDX/ICP-MS method described previously in Section 2.

When GDE samples are made subject to electrolyses consuming
different amounts of charge, and the samples are processed as was
shown before in Fig. 3, the obtained absolute concentration vs.
depth profiles are those shown by Fig. 5. Based on these profiles,
a very important observation can be made: namely, that the total
amount of formed precipitates, as well as the extent to which they
penetrate the GDE structure is markedly different on GDE#1 and
#2.

On GDE#1 —with the compact surface— K,CO3; and KHCO; pre-
cipitates are mainly formed (and remain) inside the catalyst layer
and inside the pores of the microporous layer, and appear only in
little amount in the underlying (fibrous) structure. As the microp-
orous layer has a very limited capacity to store the formed carbon-
ates —note that with increasing charge, the concentration profiles
seem to saturate—, catalytic sites become blocked, and this results
in the quick break-down of the measured Faradaic efficiency (cf. to
Fig. 4.c). This saturation effect can well be observed in case of
GDE#1, where at charges of —510.0Ccm 2 and —1839 C cm 2
the K concentration distribution (Fig. 5) within the microporous
layer varies only a little, while the Faradaic efficiency of CO produc-
tion is already significantly lowered at —510.0 C cm 2. In case of
GDE#2, the (cracked) microporous layer has a higher capacity to
store potassium precipitates, and saturation of the microporous
layer (resulting in a significant decrease of the Faradaic efficiency)
seems to occur only at —1839 C cm2.

The higher durability of GDE#2 is probably a result of the pres-
ence of cracks in its microporous layer. These cracks allow a direct
access of electrolyte solution to the fibrous layer, hence carbonates
will also be able to precipitate in deeper parts of the GDE structure.
Neither the electrolyte that penetrates the fibrous layer, nor the
carbonate crystals which are formed there will block the active cat-
alytic sites on-top of the microporous layer. As a result, the break-
down of the Faradaic efficiency of CO production will commence
on GDE#2 much later than on GDE#1, since in the (due to the
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Fig. 5. Depth profiles of the absolute K* concentrations in different GDE samples, following electrolyses consuming different charges. The profiles were created by the cross-
sectional EDX mapping/ICP-MS combination described in Section 2. (Grey curves show individual, magenta curves the averaged profiles.) The integral of each profile —that is,
the total potassium content of the GDE normalised to surface area, determined by ICP-MS—, as well as the Faradaic efficiency of CO production, measured at the moment
before the electrolysis was stopped, is given in each panel. The background shading of the panels pictures the GDL as a bi-layer structure (darker shading corresponds to the

mic.roporous layer).

cracks, more penetrable) structure of GDE#2 a significantly bigger
amount of K'-containing precipitates has to be formed to effec-
tively block the access of CO, to the catalyst layer. In case of
GDE#1, blockage to the same effect occurs earlier, as in the absence
of eluviation accelerating cracks, the formed precipitates quickly
reach a critical concentration in the microporous layer.

Our results thus demonstrate that the crackedness of the GDL
surface (maybe, somewhat counter-intuitively) plays a seemingly
beneficial role in the water management of the GDE.

5. Conclusion

When ec-CO,RR is carried out in a gas-fed CO, electrolyser with
a zero-gap cathode half-cell configuration, K,CO3/KHCO; precipita-
tion inside the GDE structure is a sovereign symptom (and proba-
bly an important driving force) of flooding. By determining,
following electrolysis, the concentration distribution of carbonate
salt leftovers within a GDE, we can assess the extent of flooding
that occurred during the operation of the electrolyser, and we
can better explain any observed stability losses and electrolyser
malfunctions.

In this paper, a robust analytical method, based on the combina-
tion of cross-sectional EDX elemental mapping and ICP-MS-based
analysis, was suggested in order to achieve the above goal. The
novelty of this combination is that by ICP-MS measurements we
turn EDX elemental —an essentially qualitative technique— into a
quantitative characterisation tool that makes the obtained concen-
tration profiles comparable across different GDE samples.

The basic concept and the technical details of the method were
accurately described in the paper, and we also presented a short
case study that demonstrated the applicability of the method.

We prepared two gas diffusion electrodes (one with a compact,
another with a cracked microporous layer support) and made these
subject to ec-CO,RR stressing. We found that while the GDE with

the compact surface looses stability (in terms of CO producing effi-
ciency) rather quickly, the one with the cracked surface preserves
its stability for a longer time. The newly developed, cross-sectional
EDX elemental mapping/ICP-MS-based depth profiling tool pro-
vided an insight to the background of these efficiency losses. We
found that the fibrous layer of GDEs (provided that it is accessible
to water through the cracks of the microporous layer) may act as a
reservoir for flooding, and as such, it can prevent (or at least post-
pone) the flooding-related deactivation of the catalyst layer.

The EDX/ICP-MS-based K precipitation mapping approach
described in this paper will in future be used for the creation of sta-
tistically meaningful datasets based on which a systematic com-
parison of various gas diffusion layers and catalyst design
concepts can be carried out.
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Highlights: Commercial GDLs differing in the abundance of cracks in the MPL were selected as
catalyst support for electrochemical CO2RR. The analytic approach combing SEM imaging, EDX
elemental mapping, and ICP-MS analysis was applied to obtain the concentration and distribution
of precipitation in GDEs. The amount of electrolyte in the perspiration was detected via ICP-MS.
The GDEs with numerous cracks display longer sustainable CO2RR, while the CO2RR decays in
minutes in the GDEs without cracks. Analysis of EDX mapping of precipitation and ICP-MS
results reveals that the cracks serve as pathways for the electrolyte transport through the MPL and
therefore mitigate the flooding of GDEs. The electrolyte perspiration rate has been demonstrated

as an important parameter for the stability of electrolysis system.
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analysis and discussion of results.

128



RESEARCH ARTICLE

W Choak dor deckeics

small

methods

www.small-methods.com

Cracks as Efficient Tools to Mitigate Flooding in Gas
Diffusion Electrodes Used for the Electrochemical

Reduction of Carbon Dioxide

Ying Kong, Menglong Liu, Huifang Hu, Yuhui Hou, Soma Vesztergom,
Maria de Jesus Gdlvez-Vdzquez, Ivdn Zelocualtecat! Montiel, Viliam Kolivoska,*

and Peter Broekmann>

The advantage of employing gas diffusion electrodes (GDEs) in carbon
dioxide reduction electrolyzers is that they allow CO, to reach the catalyst in
gaseous state, enabling current densities that are orders of magnitude larger
than what is achievable in standard H-type cells. The gain in the reaction rate
comes, however, at the cost of stability issues related to flooding that occurs
when excess electrolyte permeates the micropores of the GDE, effectively
blocking the access of CO, to the catalyst. For electrolyzers operated with
alkaline electrolytes, flooding leaves clear traces within the GDE in the form
of precipitated potassium (hydrogen)carbonates. By analyzing the amount
and distribution of precipitates, and by quantifying potassium salts trans-
ported through the GDE during operation (electrolyte perspiration), important
information can be gained with regard to the extent and means of flooding.
In this work, a novel combination of energy dispersive X-ray and inductively
coupled plasma mass spectrometry based methods is employed to study
flooding-related phenomena in GDEs differing in the abundance of cracks in
the microporous layer. It is concluded that cracks play an important role in
the electrolyte management of CO, electrolyzers, and that electrolyte perspi-
ration through cracks is paramount in avoiding flooding-related performance
drops.

1. Introduction

the catalyst laye

not only its conversion to fuels and feed-
stock chemicals of high added value, but
also the simultaneous storage of electrical
energy originating from intermittent
renewable sources.?!

ERCO, operating at commercially rel-
evant reaction rates (current densities)
requires efficient and stable catalysts and
facile mass transport of reactants and
products with minimized energy losses.!!
Gas diffusion electrodes (GDEs) circum-
vent the problem of limited solubility and
slow diffusion of CO, in aqueous media
by delivering this reactant to the catalyst
layer via gas phase.>=!

In GDEs, the catalyst layer is located
on a supportive gas diffusion layer (GDL)
that is composed of a carbon fiber layer
(CFL) and a microporous layer (MPL),!
as shown in Figure 1. Besides the reac-
tant delivery, the GDL enables the release
of gaseous reaction products, serves as a
mechanical support and electrical contact
for the catalyst, and plays important role
in controlling the amount of electrolyte in

| GDEs operating in alkaline aqueous elec-

Rising levels of atmospheric CO, as a dominant greenhouse
gas have motivated endeavors to curb carbon emissions and
utilize excess CO, to produce valuable resources.!! The electro-
chemical reduction of CO, (denoted hereafter ERCO,) allows

trolytes show highly active and selective ERCO, toward target
products (like CO) due to the combination of reduced ohmic
drops,*?! favorable electrode kinetics,>'* and suppression of
the electrochemical reduction of water (ERH,0) as a parasitic
reaction.[’]
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Figure 1. Schematic depiction of the zero-gap gas diffusion electrode
(ZG GDE).

GDEs interfaced to ion exchange membranes, as shown in
Figure 1, constitute membrane-electrode assemblies (MEAs),!%]
allowing for decreased ohmic losses,” improved catalyst sta-
bility, and avoidance of problems due to the formation of gas-
eous products directly at electrode/electrolyte interfaces.!'®!

Reactor arrangements based on MEAs were originally developed
in the field of proton exchange membrane fuel cells (PEMFCs).’]
In PEMECs, both the cathode and the anode are of a GDE struc-
ture, and are separated by a thin membrane. ERCO, electrolyzers
often involve a configuration (see Figure 1 for a scheme; Figure S1,
Supporting Information for detailed assembly) in which only the
cathode is of a MEA structure.?22 This configuration is denoted
further as a zero-gap GDE (ZG GDE) because the GDE cathode is
in a direct contact with the membrane that separates it from the
electrolyte solution (the anolyte) that contains the anode.

Despite differences in their mode of operation (electrical-
to-chemical vs chemical-to-electrical energy conversion) and
in their underlying chemistry, ZG GDE ERCO, electrolyzers
and PEMECs share several important aspects considering their
water (electrolyte) management. In PEMFCs, H' ions resulting
from the anodic oxidation of hydrogen are transported through
the membrane to the cathode, where they are combined with
electrons and oxygen to form water as the reaction product. In
ZG GDE ERCO, electrolyzers, the membrane has essentially
two roles: it controls the amount of water (that acts as a reactant
of ERCO,, and the absence of which can cause kinetic limita-
tionsl®)) and ensures that gaseous products formed by ERCO, in
the catalyst layer cannot enter the anode compartment.

Insufficient hydration of the membrane can cause, both in
PEMFCs and ZG GDE ERCO, electrolyzers, an increased cell
resistance and pronounced energy losses, while excess hydra-
tion can lead to the flooding of the GDL and hence compro-
mised transport of gaseous reactants toward the catalyst.]

The flooding of GDLs should be understood as a complex
phenomenon that depends on diverse physico-chemical pro-
cesses. System properties influencing flooding include the
wettability of GDEs®#?3-2] and its dependence on the applied
electrode potential (electrowetting),2%* the pH of the electro-
lyte,3% the humidity of the reactant gases,**?] the presence of
reaction intermediatesB% and products,*’ the temperaturel®”!
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and pressurel?"323738] gradients across the cell, as well as the
thickness of the employed membranes.?’!

In PEMFC research, the inspection of flooding phenomena
has reached a significant degree of maturity.'>*#1 The distri-
bution of water in the interior of fuel cell structures has been
visualized under operando conditions, for example, by optical
microscopy (OM), magnetic resonance imaging, neutron
imaging, environmental scanning electron microscopy (SEM),
X-ray computed tomography, and fluorescence microscopy.*8-%

Strategies to mitigate flooding in PEMFCs involve the
use of MPLs with large voidsP*? comprising both naturally
formed structures (poresP*>4 and cracks®®) and artifi-
cially designed architectures (holesl®” and grooves®)). These
bigger voids in the MPLs exhibit a smaller capillary pressure
and hydrodynamic resistance compared to that of micropores.
Thus, water formed in the cathode catalyst layer can prefer-
entially be drained through the larger voids, reaching the CFL
and finally escaping the fuel cell via flow channels and gas
outlet. When large voids with appropriate abundance and dis-
tribution are present, micropores remain dry and keep their
ability to function as efficient transport channels for gaseous
reactants.

Inthe ERCO, field, flooding has been reported for GDEs either
directly interfaced to liquid electrolytes!®1011:25.26,28,32-34,36-40,61-70]
or blanketed by ion exchange membranes.[2227:29:41:42,65.71-74]
Flooding in ERCO, electrolyzers was often found to be accom-
panied by the appearance of precipitated salts inside or on the
surface of GDEs.[91122.2833,3436,38,39,4142,61,64-66,68.6974-76] These
salts are either themselves constituents of the electrolyte solu-
tion or are formed when such a constituent reacts with CO,.
Both flooding and salt precipitation can hinder or even com-
pletely block the transport of CO, to the catalyst. As a result,
a transition from ERCO, to ERH,0 is observed, leading to a
significant drop of the overall Faradaic efficiency of ERCO,.

In ERCO, electrolyzers employing alkaline electrolytes, the
flooding of GDEs, and the appearance of precipitates within the
GDE structure are mutually perpetuating processes. As some of
the alkaline electrolyte appears in the GDE, it combines with the
CO; supply gas to form potassium carbonate (or bicarbonate) pre-
cipitates. These salt formations decrease the hydrophobicity of the
GDE, resulting in the permeation of even more electrolyte to the
MPL and the formation of additional amounts of the precipitate.®!

As a consequence, the appearance of carbonate precipitates
within a GDE structure during electrolysis can be regarded as
a tracer of flooding. In this vein, several authors have described
flooding phenomena by visualizing potassium (as the electrolyte
cation) on the surfacel??3% or within the interiorl343%68.69.7276]
of GDEs, by the application of SEM complemented by energy
dispersive X-ray (EDX) elemental mapping or by X-ray micro-
computed tomography.°®7%l While these SEM-EDX works suc-
cessfully showed that the appearance of potassium containing
precipitates in GDE structures can be interpreted as a sign of
flooding, they did not attempt to quantify the distribution of pre-
cipitates within the GDE, and to establish a correlation between
the latter and the observed performance losses of the electro-
lyzer. The reason behind this is most likely that EDX is mostly
considered a qualitative technique, yielding elemental maps that
are not directly (that is, not quantitatively) comparable. This gap
can however be bridged by the application of a novel method,
based on the combination of cross-sectional EDX measurements
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with an inductively coupled plasma mass spectrometry (ICP-
MS) based determination of the total potassium content accu-
mulated within a GDE structure upon the electrolysis.””!

Note here that from the viewpoint of catalytic performance and
stability, not only the total electrolyte content in a GDE but also its
spatial distribution may become decisive. While the occurrence
of potassium inside the micropores of the MPL can be inter-
preted as a sign of flooding with high certainty, its appearance in
the CFL is not necessarily to be linked to flooding of micropores.
In several works, the transport of the liquid electrolyte through
the entire GDE (further referred to as electrolyte perspiration)
was reported.[¥-3941.06.6870] Tt ig Jikely—especially based on what
was said above about PEMFCs-%%l—that the electrolyte perspira-
tion through larger structures in the MPL involving cracks can
prevent or at least delay the flooding of the micropores.

In the ERCO, field, recent works have demonstrated that
cracks in the MPL facilitate the reaction due to augmented
mass transport of gaseous CO, to the catalyst”® and removal
of excess electrolyte from the catalyst layer.’”) To the best of
our knowledge, however, there is no systematic work studying
the impact of MPL cracks on the catalytic activity and water
management in ERCO, electrolyzers, as was carried out for
PEMFCs.”>*7] While flooding of GDEs by liquid water formed
as the reaction product represents the only barrier for the gas
transport in PEMFCs, ERCO, is further complicated by the
intrusion of the electrolyte ions into GDEs, potentially leading
to salt precipitation. Exploring the electrolyte transport through
MPLs with systematically varied architectures thus becomes the
aim of this paper, with the ultimate goal of avoiding electrode
flooding and salt precipitation in commercial ERCO, reactors.

Here we perform a series of galvanostatic experiments
in a ZG GDE electrolyzer operated with alkaline anolyte. We
employ different GDEs, the MPLs of which exhibit a varied
abundance of cracks. To allow for a straightforward moni-
toring of reaction rates, we employ silver as the ERCO, cata-
lyst, capable of producing CO with near-unity Faradaic effi-
clency.81012-1416,21,22,27-29,36,38,39.41.42.66,68,70717576] The evolution of
the catalytic performance is inspected by online gas chromato-
graphic monitoring of CO and H,, the latter being the product
of ERH,0 and hence a fingerprint of electrolyte management
deficiencies. Additionally, cell resistance and voltage and sur-
face wettability of GDEs are monitored in the course of the
electrolysis. We further utilize potassium as the cation of the
employed electrolyte to visualize and quantify flooding and
perspiration in the interior of GDEs, based on a recently devel-
oped, robust analytical approach that combines cross-sectional
EDX elemental mapping and ICP-MS methods.”) In addition,
we monitor the perspiration rate by determining the amount of
potassium in the perspirate, employing ICP-MS.

To the best of our knowledge, we perform and present here
the first systematic study of flooding phenomena in GDEs at
varied stages of the electrolysis, for GDEs with systematically
varied microarchitecture. Our results shed light on an impor-
tant, yet still unaddressed question of ERCO, engineering,
namely, that submillimeter cracks in the MPL of GDEs applied
for CO, electrolysis play a key role in the electrolyte man-
agement, and that by providing direct means for electrolyte
drainage, cracks can efficiently prevent (or at least delay) the
flooding of the catalyst layer.
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2. Results and Discussion

The presented work aims at exploring the impact of the MPL
structure with the emphasis on naturally occurring cracks on
the catalytic activity and electrolyte management in ERCO,
realized in an alkaline ZG GDE-based electrolyzer (full and
cross-sectional drawings are shown in Figure S1, Supporting
Information).2279]

We have selected four commercial GDLs as catalyst supports
for our experiments, all of them having a bilayer structure com-
posed of a CFL and an MPL. Three GDLs (36BB, 39BB, and
39BC) contain cracks in their MPLs. The fourth GDL (H23C8)
has a crack-free MPL and is utilized as a reference system. For
all four GDLs, the CFL is composed of coarse fibers. The sur-
faces of all GDLs were air-brushed with a catalyst ink containing
silver nanowires (see the Experimental Section for details).
The use of a catalyst ink based on nanowires was motivated
by the assumption that assemblies of these quasi-1D objects
form thin layers uniformly covering MPL surfaces and crack
walls, without permeating into the interior of micropores.’"!
For all four GDEs, the mass loading of silver was constant and
equal to =40 pg cm2, as verified by ICP-MS analysis (see the
Experimental Section for details). Representative top-down OM
images of as-prepared GDEs are shown in Figure 2.

The optical micrographs of Figure 2 are very similar to those
shown in Figure S2, Supporting Information, taken from bare
GDL surfaces unmodified by catalyst ink deposition. This sug-
gests that the air brush deposition leads to uniform catalyst
layers without localized accumulation of deposits on the GDL
surface or in cracks.

To inspect the structure of the formed catalyst layers in more
detail, surfaces of as-prepared GDEs were further imaged by
top-down SEM (also shown in Figure 2). For all four GDEs,
Ag nanowires are well discerned, appearing as a collection of
cylindrical objects with a diameter of =100 nm and a length of
several micrometers, oriented parallel to the electrode surface.
The small spherical features seen in the top-down SEM images
of Figure 2 are attributed to the carbon black particles of the
catalyst ink. High-resolution cross-sectional focused ion beam
SEM images of top parts of MPLs (Figure S3, Supporting Infor-
mation) demonstrate that the formed catalyst layers are 100 to
300 nm thick and involve one to three layers of Ag nanowires.

To investigate the permeation of the catalyst ink into the inte-
rior features of MPLs (micropores and cracks), cross sections
of as-prepared GDEs were further inspected by SEM imaging
combined with the EDX mapping of silver (Figure 2). For the
non-cracked MPL (H23C8), the silver signal is confined to the
top part of the MPL, confirming that Ag nanowires do not per-
meate micropores.

For cracked MPLs (36BB, 39BB, and 39BC) we first focused
(in Figure 2) on regions containing cracks appearing as shaded
features in the centers of cross-sectional SEM images. The cor-
responding EDX maps show a strong silver signal in the cracks,
confirming that the catalyst ink permeates into the interior of
the GDE through the cracks. For all three cracked MPLs, we
performed the same analysis for regions with no cracks, with
results shown in Figure S3, Supporting Information. In all
cases, the silver signal is confined to the top of MPLs, similarly
as for the non-cracked MPL (H23CS8, Figure 2).
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Figure 2. Representative top-down OM and SEM images, and cross-sectional SEM images and silver EDX maps of as-prepared GDEs.

One can conclude that the employed air brush deposition
protocol leads to surfaces of MPLs completely covered by a thin
catalyst layer that permeates into cracks, but leaves micropores
unmodified. Such arrangement of the catalyst layer spatially
decouples the target electrochemical process (ERCO,) from
the mass transport and charge transport phenomena occurring
in the MPL, which is essential for the rigorous interpretation
of relationships between the MPL structure, catalytic perfor-
mance, and electrolyte management characteristics addressed
in this work.

With regard to the distribution of cracks (see the optical
micrographs of Figure 2 for catalyst ink-covered and Figure S2,
Supporting Information for bare GDLs), it can be said that the
H23C8 MPL has an almost featureless surface. Surfaces of the
other three MPLs contain cracks that appear as distinct, elon-
gated, and dark features. Cracks have no preferential orienta-
tion and enclose otherwise flat regions. White-light interfer-
ometry images of the pristine GDLs, as well as those of GDLs
covered by a catalyst ink (taken before or following electrolysis,
Figure S4, Supporting Information) exhibit the same crack
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distribution that seems undisturbed both by the catalyst ink
coating and by subsequent electrolysis.

The pixel-by-pixel analysis of the top-down optical micro-
graphs shown in Figure 2 allowed us to determine the rela-
tive occurrence of cracks on the MPL surface, denoted further
as the surface crack ratio (CR). Obtained values are listed in
Table 1 and range from 0% to 21%. The characteristic width of
cracks (=100 um for 36BB and 39BB, 100 to 200 um for 39BC) is
comparable to the thickness of the MPLs (also listed in Table 1),
suggesting that most cracks span over the entire MPL depth.

Table 1 also lists void ratio values of entire GDLs, CFLs,
and MPLs. These values were determined by densitometry, as
described in the Experimental Section. The void ratio values of
MPLs (further referred to as VR values) represent the cumu-
lative porosity of MPLs; that is, the porosity that accounts for
both cracks and micropores. The structure of micropores is
partially resolved in SEM images presented in Figure S2, Sup-
porting Information. As seen in Table 1, VR values scale with
CR values, indicating that cracks are significant contribu-
tors to the overall porosity of MPLs. However, the differences
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Table 1. Physical characteristics of GDLs used in this work. See the Statistical Analysis in the Experimental Section for more information on statistics.

Entire GDL CFL

MPL

Thickness [um]  Void ratio [%]  Thickness [um]  Void ratio [%]

Thickness [um]

Void ratio (VR) [%] Crack ratio (CR) [%]  Pores in solid (PS) [%)]

H23C8 235+3 60+ 4 194 +5 67 +4
36BB 256+9 70+3 160 + 20 73+1
39BB 29515 81+5 197 £22 82+2
39BC 2677 72+1 138 + 21 66+ 2

41+2 30+8 0+0 30+8
97 +11 68 +4 9+2 64+4
98+7 78+8 16+4 74+10
129 +£14 78+4 21+4 72+£5

between VR values of cracked MPLs and the one obtained for
the non-cracked MPL are more pronounced than the respective
CR values, suggesting that cracked MPLs also exhibit a higher
microporosity than crack-free MPLs. To quantify this obser-
vation, we introduce here a parameter termed the porosity of
solid regions (PS) of MPLs, defined as

PS = VR-CR )
1-CR

Obtained PS values of all applied MPLs are also presented in
Table 1. We presume that cracks formed in MPLs result from
drying as a part of the manufacturing process of GDLs.[?8l The
comparison of PS and CR values suggests that the formation of
cracks during the drying process is more likely for more porous
MPLs. Results of combined OM and SEM imaging (Figure S2,
Supporting Information) further show that the characteristic
dimensions of cracks and micropores differ by at least two
orders of magnitude. This difference has, as will be demon-
strated, a huge impact on the capillary phenomena occurring in
MPLs, being one of the key factors influencing the electrolyte
management and hence catalytic performance of ZG GDEs.

For ERCO, testing, each GDE prepared and characterized
as described above was blanketed by an anion exchange mem-
brane and integrated in the electrolyzer, forming a ZG GDE
(see Figure S1, Supporting Information for the arrangement of
the electrolyzer and the Experimental Section for details). The
electrolysis was performed and monitored under galvanostatic
conditions with the GDE being continuously fed by a stream of
humidified CO,. Figure 3 shows the evolution of the Faradaic
efficiency (FE) values of CO obtained for all four ZG GDEs,
expressed as a function of time as well as normalized charge
passed in the electrolysis.

The charge normalization is based on the geometric area
of the ZG GDE/anolyte interface, and the presented FE(CO)
values were obtained by gas chromatography (GC) monitoring
of the formed CO quantity during electrolysis (see the Experi-
mental Section). For all ZG GDEs, CO is initially formed with
near-unity FE, confirming that the catalyst shows high activity
toward ERCO,.

In the course of the electrolysis, significant differences in the
evolution of FE(CO) values are noticed. For the crack-free MPL
(H23C8), a fast decline in the CO production rate and a con-
comitant increase of the H, production rate are observed. The
observed loss of CO production specificity may either be caused
by a gradual degradation of the active catalyst sites, or by the
retarded mass transport of CO, toward the catalyst layer.

For GDEs involving cracked MPLs, a markedly different evo-
lution of FE(CO) values is observed. The GDE with the interme-
diate abundance of cracks (36BB, red) starts losing its catalytic
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activity roughly upon one-third of the electrolysis time. GDEs
with higher crack abundance (39BB and 39BC, blue and green)
continue to generate CO with near-unity FE values till the very
end of the electrolysis. To reveal the origin of differences in the
catalytic behavior, we performed identical location SEM studies
of the catalyst layers deposited on H23C8 and 39BC GDLs
(systems showing the smallest and the largest drop in the cata-
lytic activity) before and after the electrolysis. For both systems,
the obtained micrographs (Figure S5, Supporting Information)
demonstrate that the electrolysis causes no visible changes in
the nanomorphology of the catalyst. To exclude the influence
of the electron beam used in SEM on the catalytic behavior
and subsequent imaging,® we have further inspected random
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Figure 3. Faradaic efficiency of CO, ohmic drop-corrected cell voltage,
normalized cell resistance, and the amount of potassium found by
ICP-MS in the outlet trap plotted as a function of time and normalized
charge passed in the electrolysis. Experiments were performed in the gal-
vanostatic regime at —283 mA cm~2, employing aqueous 2 M KOH as
anolyte. A humidified CO, stream was fed to the GDE during the experi-
ment at constant flow rate of 18 mL min™".
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locations of the catalyst layer, not imaged prior to the electrol-
ysis, again showing no signs of degradation (random location
SEM micrographs are also shown in Figure S5, Supporting
Information). Keeping in mind that catalyst loading and condi-
tions applied in the electrolysis were identical for all four ZG
GDEs, this suggests that a decline of the CO production rate
observed for H23C8 and 36BB is not caused by the degradation
of catalytic sites.

Employing a 36BB GDE selected for the demonstration,
we further performed a follow-up electrolysis with a previ-
ously once-used electrode, preceded by a rinsing/drying step
(see the Experimental Section for details). The catalytic activity
of the electrode at the beginning of the follow-up electrolysis
was largely restored (Figure S6, Supporting Information). This
result not only confirms that the flooded electrolyte may be at
least partially removed from the interior of the GDE, but addi-
tionally demonstrates that electrodes may be reused. The deg-
radation of the catalyst was further excluded by identical and
random location SEM studies performed before the initial and
after the follow-up electrolysis (micrographs are also shown in
Figure S6, Supporting Information).

The observed differences in the evolution of FE(CO) values
among the investigated ZG GDEs are thus clearly attributed to
the dissimilar rate of the CO, mass transport due to the dif-
ferent structure of MPLs.

It is important to remind that apart from the abundance of
cracks (Figure 2; Figure S2, Supporting Information), the inves-
tigated MPLs also differ in void structure and, more specifically,
in the porosity in solid regions, as documented by the CR, VR,
and PS values (see Table 1). To investigate the effect of cracks
and micropores on the observed differences in the catalytic
behavior, we plotted FE(CO) values found at the end of the elec-
trolysis as a function of the above three structural parameters
in Figure S7, Supporting Information. FE(CO) data plotted on
the CR basis shows more evident correlation compared to VR
and PS parameters, suggesting that the crack abundance is
the most important descriptor of differences in the catalytic
behavior. Importantly, results of electrolysis experiments com-
bined with the gas chromatographic product analysis suggest
that cracks formed in the MPL prevent (39BB and 39BC) or
at least delay (36BB) flooding as an adverse phenomenon fre-
quently reported for ERCO, employing GDEs.

Apart from FE(CO) values, we also monitored the cell resist-
ance as described in the Experimental Section, and plotted it as
a function of time (as well as a function of the passed charge)
in Figure 3. For MPLs with high crack abundance (39BB and
39BC), almost constant cell resistance values were found after
a short initial period, suggesting that the concentration and
mobility distribution of ions in these ZG GDEs reach a steady
state. For the ZG GDE with lower crack abundance (36BB), a
slight increase in resistance values is detected in later stages
of the electrolysis, lagging the decrease of FE(CO) values. The
resistance increase is either due to decreased electrolyte con-
ductivity upon the reaction between CO, and OH or a
decrease of the active electrode area upon flooding or salt pre-
cipitation. Resistance values recorded for the non-cracked ZG
GDE (H23C8) show an initial, transient decrease (presum-
ably due to the accumulation of electrolyte ions in the catalyst
layer and MPL, vide infra), followed by a pronounced increase
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toward the end of the electrolysis. The observed time shifts sug-
gest that the cell resistance monitoring can only detect severe
flooding events where the concentration and mobility of ions
and/or active area of electrodes are affected significantly. The
low flooding predicting power of cell resistance measurements
is ascribed to significant resistance contributions originating
from the anion exchange membrane and the anolyte, which are
not affected by flooding of the GDE. The cell resistance thus
cannot be used as an early warning signal to detect the onset
of flooding.

Figure 3 further shows electrode potential values, math-
ematically corrected for the ohmic drop based on the measured
cell resistance. Values obtained for ZG GDEs with high abun-
dance of cracks (39BB and 39BC) show only subtle (and uni-
form) shifts, while more pronounced changes are noticed for
the crack-free ZG GDE (H23C8) and the ZG GDE with mod-
erate abundance of cracks (36BB). Such changes are probably
due to the transition from the ERCO, to the ERH,0 regime.
Importantly, the onset of changes observed in the electrode
potential has no lag to the changes noticed in FE(CO) profiles.
This suggests that electrode potential monitoring is applicable
as an online tool for the detection of flooding of GDEs at com-
mercially relevant current densities.

In experiments performed with all four ZG GDEs, small
amounts of liquids and solids were observed at the back
of CFLs, that is, in the gas flow channels and in the outlet
equipped with a trap (see Experimental Section for details).
After making sure that no electrolyte can escape the electro-
lyzer via leaking due to loosely assembled parts, we arrived at
the conclusion that the observed liquids and solids originate
from the transport of the electrolyte through ZG GDEs.

In the literature, the appearance of liquid electrolyte at the
back of CFLs (termed as electrolyte perspiration) was attributed
to the combination of pressure difference between the electro-
lyte and the gas phase and the electrowetting phenomena in the
interior of GDEs.[¥*® For the ZG GDE electrolyzer employed
in our study, the former contribution is given by the differ-
ence of the hydrostatic pressure acting on the top of the anion
exchange membrane and the pressure in the gas flow channel
beneath the CFL (see Figure S1, Supporting Information for
the electrolyzer design). The magnitude of the hydrostatic pres-
sure was estimated as 2.5 mbar, being much lower than the
value needed to trigger electrolyte perspiration through the
39BC based GDE embedded in a flow-by electrolyzer (15 mbar)
reported in the work of DeMot et al.[¥’!

In our study, the stream of gas (humidified CO,) was fed to
the flow channel at atmospheric pressure. Thus, we conclude
that a differential pressure of 2.5 mbar (constant for all four
ZG GDEs) was applied to the top of the anion exchange mem-
brane. The pressure exerted on the top of GDE may addition-
ally be influenced by the electroosmotic dragl?’! resulting from
the electric field (formed due to voltage applied across the cell),
acting on the electric double layer in the interior of the mem-
brane. The total pressure applied to the top of GDE is opposed
by the capillary pressure originating from its hydrophobic inte-
rior structures. It is important to note that the ability of GDEs
to resist external pressure may be compromised by electrowet-
ting (an increase of wettability upon applying electric voltage
between the electrode and the electrolyte).30-4]
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The magnitude of the capillary pressure is inversely propor-
tional to the characteristic dimensions of interior structures. For
hydrophobic surfaces, the electrolyte first enters structures with
larger dimensions (cracks in this work), while leaving smaller
structures (micropores) dry. For hydrophilic surfaces, the order
of the electrolyte intrusion is just the opposite.®!l While wetta-
bility is not easily measurable in the interior of GDEs, it may be
explored on their surfaces by contact angle measurements. In
this work, we have monitored values of the contact angle on the
surface of GDEs in the course of their preparation and upon
subsequent electrolysis?>2¢-27:6670 performed with systemati-
cally varied charge consumption (Figures S8,S9, Supporting
Information; see also the Statistical Analysis in the Experi-
mental Section).

All four as-purchased (pristine) GDLs have strongly hydro-
phobic surfaces, with contact angle values obtained for cracked
MPLs (164° + 1°) being slightly lower than that of the crack-free
MPL (170°). This is either due to crack walls having higher wet-
tability than solid MPL regions or due to effects of highly curved
surfaces. The deposition of the catalyst ink on MPLs leads to
the uniform value of 143° £ 1°. This is in line with results of
above-presented microscopic observations which demonstrate
that the catalyst ink permeates to cracks (Figure 2).

Following electrolysis, the measured contact angle values
diverge significantly among the employed electrodes. Values
obtained for GDEs with high CR values (39BB and 39BC) are
time-independent and equal to 106° £ 2°, indicating that their
surfaces retain hydrophobic character. The value obtained for
the GDE with the intermediate CR value (36BB) approaches
90°, being at the borderline between hydrophobicity and hydro-
philicity. For the crack-free GDE (H23CS8), contact angle values
fall deep in the hydrophilic region. Washing GDEs with deion-
ized water after completing the electrolysis led to uniform con-
tact angle values of 135° £ 2°, being slightly lower than that
obtained for as-prepared GDEs (143° + 1°). This partial recovery
implies that wettability changes observed upon the electrolysis
are largely due to electrolyte accumulated in the GDE and not
due to the catalyst degradation. This is in accord with results of
identical and random location SEM studies of the catalyst layers
presented in Figures S5,S6, Supporting Information.

Besides contact angle measurements, we further monitored
the rate of electrolyte perspiration in the course of electrolysis
by quantifying the amount of potassium in the outlet trap
(Figure 3), employing ICP-MS analysis (see Experimental Sec-
tion for details). For charge below 510 C cm™, no potassium
was found. For non-cracked ZG GDE, the potassium amount
remains low till the end of the electrolysis. For cracked ZG
GDEs, amounts are significantly higher, scaling with passed
charge and abundance of cracks.

As was already outlined above, the presence of cracks in
MPLs helps to retain the catalytic activity of GDEs for a longer
time (see the end-electrolysis FE(CO) values correlation with
the CR parameter in Figure S7, Supporting Information). This
is in agreement with the observation that the surface of GDE
cathodes constructed of 39BB and 39BC GDLs show less hydro-
phobicity loss during electrolysis (Figures S8,S9, Supporting
Information), because—as will be demonstrated below—of
the cracks of these MPL surfaces act as dominant electrolyte
transport pathways. For 36BB, the combination of lower CR
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value and hydrophobicity loss leads to slower electrolyte per-
spiration (Figure 3). Low amounts of potassium found for the
non-cracked H23C8 suggest that the capacity of micropores to
transport the electrolyte is very limited.

Besides the capillary action originating from interfacial
forces, one also needs to consider that the flow of liquids
through porous media is affected by viscous forces acting in the
liquid. For laminar flow of water through pores of cylindrical
geometry, Poiseuille law predicts that the flow rate is propor-
tional to the second power of the cross-sectional pore area. This
implies that cracks allow the passage of water at faster rate
compared to micropores, additionally supporting the dominant
role of cracks in the electrolyte transport. In addition to the pre-
sented reasoning, the difference in perspiration rates may fur-
ther be rationalized by unequal rates of water consumption in
the ERCO, and ERH,O reactions. The two reactions proceed
according to

CO, +H,0+2¢  — CO+20H" (2)
and
2H,0+2e” — H, +20H" 3)

indicating that for ERH,0, the consumption of water per unit
passed charge is twice as high as for ERCO,. For the non-
cracked ZG GDE, where ERH,0 becomes the dominant pro-
cess soon after the beginning of the electrolysis (Figure 3),
higher consumption of water may contribute to the pronounced
accumulation of electrolyte ions in the GDE interior, increasing
the viscosity and impeding perspiration.

In the following, we further estimate the impact of the elec-
trolyte perspiration on the carbon mass balance in ERCO,, con-
sidering the data obtained for ZG GDEs based on 39BB and
39BC as best performing catalytic systems (Figure 3).

As mentioned above, the perspiration results in the accu-
mulation of solids and liquids in gas flow channels and sub-
sequently in the gas outlet equipped with the trap. During
the electrolysis, it is not possible to monitor the amount of
perspirate in gas flow channels and gas outlet and further
analysis is thus restricted to the perspirate found in the trap
(see Experimental Section for details). For both ZG GDEs
(39BB and 39BC), the amount of potassium found in the trap
scales linearly with the consumed charge. For the highest
charge (1839 C cm™), it equals to 6.0 and 78 mg, respectively.
The electrolyte transported through the GDE is in a perma-
nent contact with gaseous CO, that is continuously delivered
to flow channels. For stoichiometric excess of CO,, we expect
that its neutralization proceeds only to the first step, that is,
producing HCO;™ (and not CO3%7). Assuming this stoichiom-
etry, the found mass of potassium corresponds to 1.53 and
1.99 x 10™* mol of CO,. We further discuss these amounts in
the relation to the amount of CO, electrochemically converted
to CO (6.74 x 10~ mol) obtained considering FE(CO) of 100%
for the sake of simplicity. The obtained CO, loss due to neutral-
ization amounts to 23% and 30% indicating that the electrolyte
perspiration cannot be ignored when drawing the total carbon
mass balance of ERCO,. Noteworthy, perspiration-related CO,
losses in the ZG GDE electrolyzer as determined in this work
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are significantly lower than those reported for CO, neutraliza-
tion in the interior of GDEs embedded in membrane-based
flow-by electrolyzers (=70%).58283

To provide microscopic insight to the electrolyte intrusion in
GDEs, we utilized post-experimental SEM imaging to visualize
the surfaces and cross sections of electrodes subjected to the
electrolysis (see Experimental Section for details). In all inspec-
tions, SEM imaging was complemented by EDX mapping
of potassium (shown as purple) utilized in this work as the
electrolyte cation, to specifically reveal locations to which the

Q=28Ccm” Q=170.0Ccm”

www.small-methods.com

electrolyte has permeated. A collection of top-down and cross-
sectional SEM images and EDX-K elemental maps are shown
in Figure S10, Supporting Information for four different GDE
samples and four different electrolysis treatments.

Here, Figure 4 shows representative top-down EDX maps
obtained for surfaces of GDEs subjected to electrolyzes ter-
minated at the charge consumption of 2.8, 170, 510, and
1839 C cm™2. In these surface maps, the deposited salt appears
as fuzzy features, sometimes forming islands that, with on-going
electrolysis, tend to cover the catalyst layer. Cross-sectional

Q=5100Ccm” Q=1839.0Ccm”

top-down EDX top-down EDX

top-down EDX top-down EDX

top-down EDX top-down EDX

top-down EDX top-down EDX

top-down EDX top-down EDX

top-down EDX top-down EDX

top-down EDX top-down EDX

top-down EDX

top-down EDX

J

Figure 4. Representative top-down potassium EDX maps obtained for GDEs subjected to electrolyzes performed with varied charge consumption
(for a comparison to corresponding top-down SEM images, as well as to cross-sectional SEM images and EDX maps, see Figure S10, Supporting

Information).
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Figure 5. Representative cross-sectional potassium EDX maps obtained for GDEs subjected to electrolyzes performed with varied charge consump-
tion (for a comparison to corresponding cross-sectional SEM images, as well as to top-down SEM images and EDX maps, see Figure S10, Supporting

Information).

K EDX maps, shown in Figure 5, confirm that salt deposits
(these are assumed to be potassium carbonates or hydrocarbon-
ates), while initially formed only on the surface of the MPL, can
later penetrate deeper layers of the GDL structure to different
extent. Deposits appear already at the early stage of the electrol-
ysis (2.8 C cm™) on all four GDE types, however they are con-
fined to the surface of GDEs and show sparse coverage. For later
stages of the electrolysis (170, 510, and 1839 C cm ™) the amount
and the pattern of deposits markedly differ among electrodes.
For the non-cracked GDE (H23C8), the electrolysis ends
up with the deposit completely covering the electrode surface
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(Figure 4), being largely confined to the MPL (Figure 5). Only
a minor amount of the deposit is found at the bottom of the
CFL. This observation is in accordance with the low electrolyte
perspiration rate found for this system (Figure 3). For the GDE
with the intermediate CR value (36BB), the electrolysis leads to
patched deposits covering significant portion of the electrode
surface (Figure 4) and more pronounced electrolyte intrusion
to the interior of the GDL (Figure 5). Higher amounts of the
deposit found at the bottom of the CFL are consistent with
higher perspiration rate. For GDEs with high CR values (39BB
and 39BC), very little amounts of deposits were found at the
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electrode surface (Figure 4), with significant intrusion toward
the bottom of the CFL (Figure 5), which is in line with the
highest electrolyte perspiration rate.

To reveal relationships between the structure of MPLs
and patterns of formed deposits, we further performed SEM
imaging at higher magnification, together with combined EDX
mapping of silver and potassium, with representative results
shown in Figure S11, Supporting Information. All inspections
were performed on GDEs subjected to electrolyzes terminated
after 510 C cm™2. The non-cracked GDE (H23C8) shows that
the silver signal is confined to the top of the MPL and the potas-
sium signal is evenly distributed mainly in the MPL, with little
intrusion toward the CFL, all being in accord with the above-
presented results (Figures 2,4,5). The SEM image obtained for
36BB shows a crack in the middle, with a corresponding region
of increased silver signal. The potassium signal is localized
mostly beneath this crack. A very similar scenario is observed
for 39BB, with the crack, silver signal and potassium signal
being in the left part of the inspected region. For 39BC, the
SEM image depicts a horizontal rupture in the MPL in the cen-
tral part of the micrograph with corresponding increase of the
silver signal and the potassium signal located mostly below the
rupture.

To conclude, high-resolution cross-sectional imaging of
GDEs combined with EDX mapping of silver and potassium
as signatures of cracks and electrolyte intrusion clearly demon-
strate that these features correlate. This unique approach thus
provides microscopic evidence that cracks drain excess electro-
lyte from the MPL, which is macroscopically observed in the
form of electrolyte perspiration.

Samples of electrodes subjected to electrolyzes terminated at
varied stages were further analyzed by ICP-MS with the goal of
determining the total amount of potassium in their interior (see
Experimental Section for details). Results are shown as potas-
sium mass normalized to the electrode area (numbers stated
in mg cm™ shown in the panels of Figure 6). It is worth noting
that the ICP-MS technique, while it can provide the absolute
amount of potassium in the entire volume of the GDE," lacks
information about its spatial distribution. On the contrary,
cross-sectional EDX mapping of potassium gives access to the
spatial distribution,3#3>68.697270] byt provides no information in
terms of the absolute concentration. The two techniques may
be combined to provide spatially resolved absolute potassium
profiling as demonstrated by our recent contribution.

Following the approach described before,””) we quantified the
potassium distribution in GDEs subjected to electrolysis with
the charge consumption varied as described above. Obtained
local absolute potassium concentration values were averaged
along horizontal lines of EDX maps and plotted as a function
of the vertical position (i.e., depth in the GDE), with results
depicted as shaded profiles in Figure 6. To provide statistically
relevant information, such obtained profiles were further aver-
aged over five individually prepared GDE cross sections, with
results shown as thick curves. The concentration scale is estab-
lished based on the ICP-MS based measurement of the total
(surface area normalized) K content of the studied GDE sec-
tion, providing the integral of the thick curves in Figure 6.

The MPL regions are visualized by shaded bands in Figure 6.
The thickness of CFLs as imaged upon the electrolysis was
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generally found to differ a little from that determined for as-
purchased GDLs (see Table 1). We attribute these differences to
the swelling of the CFL structure due to electrolyte intrusion.

At early stages of electrolysis (charge consumption of 2.8 C
cm™?), little amounts of potassium were observed inside the
investigated GDEs (Figure 6), being confined to the top of
MPLs. At 170 C cm™2, potassium permeated deeper to the GDE
structure, with more pronounced accumulation noticed for sys-
tems losing their catalytic activity (H23C8 and 36BB, Figure 3)
in top regions of the MPL. Differences among GDEs are most
marked at later stages of the electrolysis (510 and 1839 C cm™).
For H23C8, potassium stays localized mostly in the MPL and
the top part of the CFL, with very little intrusion found in its
bottom part, which is in line with the low perspiration rate
observed for this GDE (Figure 3). For 36BB, the intrusion
advances deeper to the CFL, being consistent with higher per-
spiration rate. Among all four GDEs, 36BB shows the highest
total potassium content in the GDE presumably due to the
combination of highly porous MPL (Table 1), high wettability of
the catalyst layer (Figures S8,S9, Supporting Information) and
low abundance of cracks as draining features (Table 1, Figure 2;
Figure S2, Supporting Information). For 39BB and 39BC,
overall lower concentration values in both MPL and CFL are
observed, being in accord with the highest perspiration rates
and the highest abundance of cracks.

For all four ZG GDEs, the total amount of potassium
(numbers in mg cm™? in Figure 6) grows up to 510 C cm™
and converges to a plateau for 1839 C cm™?, suggesting that a
steady-state electrolyte intrusion is approached. No distinct cor-
relations were found between the total amount of potassium in
GDEs after completing the electrolysis at 1839 C cm™ and the
void parameters of MPLs (Figure S7, Supporting Information)
suggesting that both cracks and micropores play a role in the
accumulation of potassium in MPLs. The highest amount of
potassium observed for 36BB presumably reflects a relatively
high porosity of its MPL (Table 1) and high wettability of the
catalyst layer (Figures S8,S9, Supporting Information), both
favoring electrolyte intrusion, combined with low abundance of
cracks (Figure 2; Figure S2, Supporting Information) impeding
electrolyte perspiration.

For the three cracked GDEs (36BB, 39BB, and 39BC), the
amount of potassium found in their interior (Figure 6) is
insignificant compared to that determined in the outlet trap
(Figure 3). This finding corroborates that cracks function as
efficient pathways for the electrolyte transport and indicates
that the total amount of CO, deposited as carbonates in the
interior of GDEs can be neglected in the total carbon balance
of ERCO,.

We further inspected the back sides of GDEs subjected to the
electrolysis by SEM/EDX analysis, finding only little amounts
of potassium (Figure S12, Supporting Information). Contact
angle measurements performed after the electrolysis with
1839 C cm™? also confirmed that back sides of GDEs largely
retained their hydrophobic character (Figure S13, Supporting
Information).

To explore the extent of the electrolyte flooding in the
absence of CO,, we further carried out an electrolytic experi-
ment employing argon-fed 36BB based ZG GDE selected
for the demonstration. The catalytic activity of such treated
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Figure 6. Potassium concentration as a function of depth in cross sections of GDEs subjected to electrolysis performed with varied charge con-
sumption, obtained by combined EDX/ICP-MS approach. Shaded bands indicate MPL regions. The total amount of potassium found in the GDE by
ICP-MS, normalized to its surface area, is indicated by numbers. See the Statistical Analysis in the Experimental Section for more information on data

processing.

electrode was subsequently inspected in a follow-up electrolysis
performed with CO,. Resulting FE(CO) values (Figure S14, Sup-
porting Information, left panel) were significantly lower com-
pared to those obtained for the as-prepared GDE (Figure 3).
This indicates that flooding in the GDE takes place also in the
absence of CO, and in situ generated (hydrogen)carbonate
salts. Nonetheless, when a cleaning/drying step (see the Experi-
mental Section for details) was inserted between the argon-fed
and the follow-up CO,-fed electrolysis, the evolution of the cata-
Iytic activity (Figure S14, Supporting Information, right panel)
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well resembled that obtained for the as-prepared GDE. This
demonstrates that flooded electrolyte may be removed from the
interior of GDE when flooding has taken place in the absence
of CO,.

Results of the multi-methodological experimental approach
presented above have revealed significant differences in the
evolution of catalytic activity and the character of the electrolyte
intrusion among inspected ZG GDEs due to varied structure
of their MPLs. In the following, we aim to find relationships
between the MPL structure, electrolyte intrusion pattern, and
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36BB, 39BB, 39BC

MPL surface cracks

flooding

(electrolyte perspiration is blocked by compact MPL)

no flooding
(due to electrolyte perspiration through cracks)

Figure 7. Schematic depiction of the catalyst layer supported with non-cracked (left) and cracked (right) MPL, visualizing electrode flooding and elec-

trolyte perspiration phenomena.

catalytic activity, and provide mechanistic insights in these phe-
nomena, employing a schematic depiction of the catalyst layers
supported by non-cracked and cracked MPLs shown in Figure 7.

The MPL of H23C8 contains no cracks (Figure 2; Figure
S2, Supporting Information) and shows low internal porosity
(Table 1). The electrolysis performed with such ZG GDE leads
to an immediate and pronounced decline in FE(CO), signifi-
cant increase in cell resistance and voltage (Figure 3), loss of
hydrophobilicy (Figures S8,S9, Supporting Information) and
electrode surface completely covered with potassium (Figure 4)
that additionally accumulates in the MPL and top part of CFL
(Figures 4,5). All these characteristics are indicative of severe
flooding of the MPL (Figure 7, left), with the proposed mecha-
nism presented as follows. The combination of the hydro-
static pressure and electroosmotic drag drives the electrolyte
through the anion exchange membrane to the catalyst layer,
where water is partially consumed in cathodic processes (first
ERCO,, later mainly ERH,0). In the absence of cracks in
the MPL, the excess electrolyte floods its micropores.[! The
presence of the liquid electrolyte in micropores significantly
reduces the diffusion coefficient of CO,.”! The diffusion rate
slows down in the course of the electrolysis as the electrolyte
intrudes deeper in the GDL (Figures 4,5). The ERH,0 takes
place in the GDL," causing more water to be consumed per
unit charge. This accelerates the accumulation of OH™ ions
(both originally present in the electrolyte and generated as
the by-product of ERH,0) in the GDL. Increased amounts of
OH ions are balanced by potassium ions that reach the GDL
by ionic migration via the anion exchange membrane that can
generally have non-perfect permselectivity.® Increased ionic
concentration may negatively impact the solubility of gases/®!
and reaction kinetics.>#%l The absence of cracks combined
with low internal porosity of the MPL and increased electro-
lyte viscosity due to accumulated ions leads to low perspiration
rate (Figure 3). Furthermore, OH™ ions react with CO, dis-
solved in the electrolyte to form (hydrogen)carbonate anions,
reducing the electrolyte conductivity and increasing the risk of
the salt precipitation in micropores. The accumulation of ions
further leads to loss of hydrophobicity facilitating flooding of
micropores.[®8]

Small Methods 2022, 2200369 2200369 (12 of 16)

Based on the results of consecutive electrolytic experiments
performed with argon and CO, (Figure S14, Supporting Infor-
mation), we support the view that flooding is not initiated by
the carbonate precipitation, being in contradiction to the inter-
pretation presented by Leonard et al.%% In fact, the intrusion of
the electrolyte to micropores may be triggered by electrowetting
at extreme cathodic potentials (Figure 3).13%% It is important to
note that the ex situ SEM/EDX analysis of GDE cross sections,
as performed in this work (Figures 4,5), can visualize areas to
which the electrolyte has permeated during the electrolysis
but cannot distinguish whether solid precipitates are formed
during or after the electrolysis.[*]

The MPL of 36BB contains cracks in low abundance (Figure 2;
Figure S2, Supporting Information) and has high internal
porosity (Table 1). Compared to the crack-free system, this ZG
GDE sustains ERCO, for longer time, shows lower increase in
the cell resistance and voltage (Figure 3), less pronounced loss
of hydrophobicity (Figures S8,S9, Supporting Information) and
lower accumulation of potassium on the electrode surface (Fig-
ures 4,5). Compared to micropores, cracks have much greater
characteristic dimensions (Figure 2; Figure S2, Supporting
Information) and thus constitute preferred pathways for the
electrolyte intrusion (Figure 7, right), which was microscopically
confirmed by the SEM/EDX analysis (Figure S11, Supporting
Information) and macroscopically observed as increased perspi-
ration rate (Figure 3). The perspiration through cracks alleviates
the flooding of micropores, enabling them to function as chan-
nels for the gas transport.>>>*>0-8] However, the loss of catalytic
activity (Figure 3) accompanied by a significant buildup of potas-
sium on the surface (Figure 4) and in the interior (Figure 5)
of the GDE observed in later stages of the electrolysis indicate
that the crack abundance in 36BB is not sufficient to maintain
micropores dry. Values of contact angles found in later stages of
the electrolysis are close to 90° (Figures S8,S9, Supporting Infor-
mation), suggesting that capillary forces have minimal effect
on the electrolyte transport through the MPL. In such case, the
electrolyte transport rate via cracks and micropores is governed
by their hydrodynamic resistance.

MPLs of 39BB and 39BC have high abundance of cracks
(Figure 2; Figure S2, Supporting Information) and high
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internal porosity (Table 1). They differ in the architecture of
cracks, with 39BB having higher amount of narrow cracks and
39BC having broader cracks with sparser abundance. Both ZG
GDEs show near-unity FE(CO) values, no increase in the cell
resistance, only subtle cell voltage shifts, high electrolyte per-
spiration rates (Figure 3), almost no loss of hydrophobicity (Fig-
ures S8,59, Supporting Information) and little accumulation of
potassium on the electrode surface (Figure 4) and in its inte-
rior (Figures 4,5), with all these characteristics being retained
for the entire time span of the electrolysis. This indicates that
MPLs of these two electrodes possess sufficient abundance of
cracks enabling efficient electrolyte perspiration that prevents
the flooding of micropores (Figure 7, right). A desired electro-
lyte management in the ZG GDE, with the liquid phase being
largely confined to the catalyst layer, is thus established.l
Slightly higher FE(CO) values obtained for the 39BC based
system further corroborate that cracks, and not micropores, are
the main drainage pathway for the electrolyte perspiration, pro-
viding valuable hints for the design of MPLs in future ERCO,
electrolyzers. Near unity FE(CO) values combined with results
of cross-sectional EDX mapping of silver indicate that Ag nano-
wires deposited on crack walls are catalytically active toward
ERCO,. In fact, the catalyst located in the interior of cracks may
be more active than that deposited on the MPL surface due to
facilitated CO, transport, as recently demonstrated by Welch
et al.’® Nevertheless, it is important to note that the electrolyte
perspiration through cracks causes parasitic CO, losses due to
neutralization occurring in gas flow channels, which needs to
be accounted for when assessing the overall economic viability
of newly designed electrolyzers.

3. Conclusions and Outlook

Cracks as structures naturally occurring in MPLs of GDEs have
been reported as beneficial for the water removal in polymer
electrolyte membrane fuel cells.

In this work, we have inspected the ability of cracks to
improve the electrolyte management and the overall catalytic
performance of zero gap GDEs for the electrochemical reduc-
tion of carbon dioxide. The employed electrodes contained
silver nanowires in a thin catalytic layer and differed in the
abundance of cracks in the MPL supporting the catalyst. Uti-
lizing galvanostatic electrolyzes, we demonstrated that elec-
trodes with appropriate abundance of cracks show high and
sustained catalytic activity, while a fast transition to parasitic
reduction of water was noticed for non-cracked electrodes.

Small amounts of liquids and solids were observed in flow
channels and the outlet of the carbon dioxide delivery system
indicating that the electrolyte is transported through zero gap
GDEs (electrolyte perspiration). For the first time, the amount
of the electrolyte in the perspirate was determined, employing
ICP-MS, finding that this amount scales with the abundance of
cracks.

Cross sections of GDEs subjected to electrolyzes were
subsequently inspected by our recently developed analytical
approach combining SEM imaging, EDX elemental analysis,
and ICP-MS, to obtain absolute concentration profiles of potas-
sium used as the electrolyte intrusion marker. The performed
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analysis provided the microscopic evidence that cracks serve as
preferential pathways for the electrolyte transport through the
MPL. Cracks thus drain excess electrolyte from the catalytic
layer, which prevents flooding of micropores and enables them
to function as efficient transport channels for gaseous carbon
dioxide. In the absence of cracks, the electrolyte was found to
flood micropores, reflecting itself as greatly reduced catalytic
activity.

Our contribution presents the first study focusing on the
effect of cracks on the electrolyte management and catalytic
activity in the field of electrochemical CO, reduction. Besides
monitoring the electrolyte intrusion in GDEs as a function of
charge consumed in the electrolysis, we found correlations
among the catalytic performance, electrochemical character-
istics of cells, electrolyte perspiration rates, and surface wet-
tability of electrodes, resolving the influence of cracks and
micropores in the electrolyte transport.

While cracks were clearly proven to be beneficial for the elec-
trolyte management, it should not be forgotten that the elec-
trolyte perspiration occurring via these structures leads to non-
negligible parasitic losses of carbon dioxide due to its neutrali-
zation. Therefore, efforts to optimize the utilization of carbon
dioxide in electrolyzers must include searching for conditions
under which both electrode flooding and perspiration-related
reactant losses are minimized. Following the approaches
reported for polymer electrolyte membrane fuel cells, we fur-
ther aim at manufacturing and inspecting zero gap GDEs
based on MPLs modified with artificially created draining ele-
ments such as holes or trenches formed by mechanical or laser
perforation. The electrolyte perspiration through these struc-
tures may be controlled by their dimensions and predicted
employing numerical models taking into account the capillary
action, hydrodynamic resistance, and electroosmotic drag.

4. Experimental Section

Preparation of Gas Diffusion Electrodes: All experiments performed
in this work employed commercial GDLs composed of supporting
compressed CFL (carbon without additives) and MPL (carbon black
treated with 5% PTFE). MPLs differ in their height, porosity, and
abundance of cracks (for details see Results and Discussion). The GDL
with crack-free MPL (H23C8) was obtained from Freudenberg, while
GDLs involving cracked MPLs (36BB, 39BB, and 39BC) were purchased
from Sigracet.

Silver nanowires used in this work as catalysts for ERCO, were
synthesized following the procedure described in the previous work.®’)
To prepare the catalyst ink, 4.5 mg of the as-synthesized Ag nanowires
and 0.8 mg of carbon black (VULCAN VXC72R, Cabot) were separately
dispersed in 20 mL of isopropanol (BASF SE, assay 2 99.0%) and
sonicated for 30 min. Such prepared dispersions were intermixed,
sonicated for 30 min, and dried by a rotary evaporator (Biichi R 210,
40 °C, 65 mbar). The resulting mixture was re-dispersed in 18 mL
of isopropanol additionally containing 180 pL of Nafion 117 solution
(=5 wt% in a mixture of lower aliphatic alcohols and water, obtained from
Sigma Aldrich) and sonicated for 20 min. The thus prepared catalyst
ink was deposited on the MPL surfaces by airbrushing (hand-held
Airbrushpistole Infinity CR plus, propelled by nitrogen gas, 99.999%,
Carbagas, Switzerland), forming the catalyst layer. Such modified
assemblies were dried and used as GDEs in electrolytic experiments
performed as follows.

Assembly of the Electrolyzer: All electrochemical experiments performed
in this work were realized in the electrolyzer shown in Figure S1,
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Supporting Information.[?27l The electrolyzer was based on ZG GDE
arrangement with GDEs prepared as described above, interfaced to the
anodic compartment. The assembly of the electrolyzer was carried out
as follows. The GDE with the catalyst layer facing upward was placed
on a stainless steel support functioning as a current collector and a gas
delivery system (it was equipped with flow channels connected to inlet
and outlet tubing). The anion exchange membrane (X37-50 RT, Dioxide
materials) was subjected to a pre-treatment suggested by the supplier,
and gently placed on the top of the GDE. The formed ZG GDE was
covered by a Teflon chamber, which was subsequently mounted to the
stainless steel support by a clamp. The Teflon chamber was filled with
aqueous KOH solution (10 mL, 2 m, pH = 14.3, solid KOH purchased
from Sigma Aldrich, prepared employing Milli-Q water) serving as
the anolyte. The Teflon chamber contained a central circular orifice
(radius of 0.15 cm) in its bottom part defining the geometrical area of
the ZG GDE/anolyte interface. Iridium wire (99.9%, MaTeck Material-
Technologie & Kristalle GmbH, Germany) separated by glass frit and
Ag/AgCl/3 m KCI electrode (double junction design, Metrohm) were
immersed in the anolyte and were utilized as the counter electrode and
the reference electrode. A flask containing 15 mL of Milli-Q water was
placed downstream to the gas outlet and served as a trap to collect the
perspirate resulting from the electrolyte transport through the ZG GDE.

Electrochemical Measurements: The catalytic activity of the ZG
GDE (set as the working electrode) was inspected by galvanostatic
experiments in the electrolyzer assembled as described above,
employing an ECi-200 potentiostat (ECi-200, Nordic Electrochemistry).
For all four GDEs, the electrolysis was performed at current of —20 mA
(corresponding to geometric current density of —283 mA cm2) for
systematically varied time, specifically 10, 600, 1800, and 6500 s. In the
Results and Discussion section, the duration of electrolysis is presented
as passed charge normalized to the geometrical area of the ZG
GDE/anolyte interface (0.0707 cm?). Unless otherwise specified, a freshly
prepared GDE was used in the electrolysis. A humidified gaseous CO,
stream (99.999%, Carbagas, Switzerland) was continuously supplied to
the flow channels of the stainless steel support via the inlet at the rate
of 18 mL min™' employing a thermal mass flow controller (red-y smart,
Végtlin Instruments). The gaseous mixture leaving the outlet was fed
through a drying tube and its composition was analyzed for CO and
H, by online GC (SRI Instruments) in 10 min intervals.?!! The formed
CO and H; quantities, measured during electrolysis, added up to about
100% =+ 10% of the quantities that could be expected from the charge
of electrolysis. Noting that while the formation of some other products
(e.g., that of formate) was possible in very little amount in the studied
electrolyzer, it was assumed that the H,:CO formation ratios detectable
by GC were, within range of experimental error, correct. Faradaic
efficiency values (e.g., those presented in Figure 3) were thus re-scaled
so that the measured H,:CO ratios were respected, together accounting
for a 100% Faradaic efficiency.

The cell voltage and resistance were monitored in 0.1 s intervals.
The cell resistance was obtained by superimposing AC perturbation
(5 000 Hz, 50 pA) to the current applied to the cell (20 mA) and
monitoring the AC component of the cell voltage.

For the GDE based on 36BB GDL, a follow-up electrolysis experiment
was performed with the goal of exploring the possibility of restoring the
catalytic activity of once used electrode. First, the GDE was subjected
to the electrolysis performed as described above. Afterward, the
electrolyzer was disassembled and the GDE was immersed in =30 mL of
quiescent Milli-Q water for 5 min, the procedure being repeated 7 times.
Subsequently, the GDE was dried in a vacuum oven for 2 h at ambient
temperature. Such treated GDE was reinstalled into the electrolyzer and
its catalytic performance was inspected in a follow-up electrolysis carried
out under the same conditions.

Also for the GDE based on 36BB GDL, an additional control
electrolytic experiment was performed to inspect the occurrence of
flooding in the absence of CO,. First, the GDE was subjected to the
electrolysis with humidified CO, being replaced by humidified argon
(99.9999%, Carbagas, Switzerland). Subsequently, the electrolyzer was
disassembled and the GDE was either subjected to the cleaning/drying
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procedure performed as described above or this step was omitted.
Such treated GDE was reinstalled into the electrolyzer and its catalytic
performance was inspected in a follow-up electrolysis carried out with
humidified CO,.

Characterization of Electrodes: Surfaces of pristine MPLs and
as-prepared GDEs were inspected by optical microscopic imaging
employing a VHX600 Keyence digital microscopes. The obtained
images were utilized to determine the surface CR based on counting
pixels corresponding to cracks and solid regions on the MPL surface.
The void ratio of CFLs, MPLs, and entire GDLs was obtained by using
a pycnometer, employing isopropanol as a liquid that was assumed
to completely fill up the internal structures of layers. Surfaces
of as-purchased (pristine) MPLs, as-prepared GDEs, and GDEs
subjected to the electrolysis were additionally inspected by white light
interferometry (Contour GT, Bruker) equipped with Vision64 software
(Vision64, Bruker).

A Zeiss Gemini 450 SEM equipped with an EDX spectroscopy
instrument (Aztec, Oxford instruments) was used to investigate the
structure and content of silver and potassium on surfaces and in the
interior of GDEs. Surfaces of GDEs were inspected before and after
electrolytic measurements performed as described above. For selected
samples, identical location SEM studies were performed. Subsequently,
electrodes subjected to the electrolysis were frozen in liquid nitrogen and
cut by a sharp blade and such obtained cross sections were examined
by SEM/EDX. To obtain statistically significant information, at least five
cross sections were prepared and analyzed for each GDE. The cross-
sectional imaging was additionally performed for as-purchased GDLs, to
determine the thickness of the CFL and the MPL.

The mass loading of silver in the catalyst layer of as-prepared GDEs
was determined by means of ICP-MS (NexION 2000 ICP-MS instrument,
PerkinElmer). For this purpose, GDEs of circular shape with the radius
of 0.1 cm were prepared and examined. GDE samples were introduced
to concentrated nitric acid (69.3%, VLSI selectipur, BASF), sonicated
for 30 min and left overnight. Additionally, ICP-MS analysis following
the same sample treatment was employed to determine the amount of
potassium in the interior of GDEs upon the electrolysis. Furthermore,
the ICP-MS was employed to determine the amount of potassium in the
perspirate resulting from the electrolyte transport through GDEs, found
in the trap following the gas outlet.

The wettability of as-purchased GDLs, as prepared GDEs and GDEs
subjected to electrolysis performed as described above was assessed
by contact angle measurement (Kriiss Advance Drop Shape Analyzer
DSA25, Kriisss GmbH, Hamburg, Germany). Electrodes subjected to the
electrolysis were dried for 2 h before actual measurements. All inspected
samples were mounted on a flat stage, sessile water drops (Milli-Q
water, 1.4 uL) were deposited on their top at room temperature and
contact angles were recorded immediately after creating droplets.

Statistical Analysis: For data presented in the form expected value
error in the paper, the expected value was determined as the arithemetic
mean, and the error as the standard deviation of the dataset. Contact
angle intervals reported in the text were calculated using values shown in
Figure S7, Supporting Information, by averaging over different GDEs that
underwent the same electrolysis treatment. The optical micrographs of
the as-prepared GDEs (Figure 2) were used for the calculation of surface
CRs of the GDEs. The micrographs were utilized to determine the surface
CR based on counting pixels corresponding to cracks and solid regions
on the MPL surface: the analysis was done by an in-house developed
algorithm written in LabVIEW. The void ratios of the carbon fibrous and
MPLs of GDLs, as well as the total void ratios of CFLs, MPLs, and entire
GDLs, shown in Table 1, were determined by three parallel pycnometer-
based densitometry measurements. The vertical depth profiles of K*
concentrations, shown in Figure 6, were created using cross-sectional
EDX maps obtained from the respective GDEs following electrolyzes.
The total (average) K* concentrations, corresponding to the integrals of
the averaged distribution curves, were determined by a single ICP-MS
measurement. In case of each panel of Figure 6, several (five to eight)
individual EDX maps were analyzed. These maps were obtained in a
numerical format from the Aztec controlling software. Depth profiles were

© 2022 The Authors. Small Methods published by Wiley-VCH GmbH
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obtained by a row-to-row summation of the K signal intensity, followed
by vertical alignment of the individual distributions. This alignment
was based on the assignation of a 0 depth value to the first entry where
the detected K intensity reached 3 times the initial noise level. For the
alignment, subsequent averaging, and normalization of the distributions,
a home-built software (written in LabVIEW) was used; more details of the
calculations can be found elsewhere.””] Raw data serving as a basis for the
presented calculations are accessible at Zenodo. 38!
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ABSTRACT

Identical location scanning electron microscopy (IL-SEM) has become an important tool for electrocatal-
ysis research in the past few years. The method allows for the observation of the same site of an electrode,
often down to the same nanoparticle, before and after electrochemical treatment. It is presumed that by
IL-SEM, alterations in the surface morphology (the growth, shrinkage, or the disappearance of nanosized
features) can be detected, and the thus visualized degradation can be linked to changes of the catalytic
performance, observed during prolonged electrolyses. In the rare cases where no degradation is seen,
IL-SEM may provide comfort that the studied catalyst is ready for up-scaling and can be moved towards
industrial applications. However, although it is usually considered a non-invasive technique, the inter-
pretation of IL-SEM measurements may get more complicated. When, for example, IL-SEM is used to
study the degradation of surfactant-capped Ag nanocubes employed as electrocatalysts of CO, electrore-
duction, nanoparticles subjected to the electron beam during pre-electrolysis imaging may lose some of
their catalytic activity due to the under-beam formation of a passive organic contamination layer.
Although the entirety of the catalyst obviously degrades, the spot mapped by IL-SEM reflects no or little
changes during electrolysis. The aim of this paper is to shed light on an important limitation of IL-SEM:
extreme care is necessary when applying this method for catalyst degradation studies, especially in case
of nanoparticles with surface-adsorbed capping agents.

© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Due to the ever-increasing consumption of fossil fuels, gigatons
of CO, are released yearly to the atmosphere, expediting global
warming [1]. A possible way of mitigating the effects of atmo-
spheric CO, is to reduce it electrochemically. Electrochemical
reduction does not only allow CO, to be regarded as a valuable
raw material instead of an environmentally dangerous waste, but
it may also provide a solution for the storage of excess renewable
(hydro-, solar or wind) energy [2].
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0021-9517/© 2020 The Author(s). Published by Elsevier Inc.

Mostly due to this, electrochemical CO, reduction —a process
that was first described more than 150 years ago [3]|— has recently
become the forefront of electrochemical research [4]. Searching for
the term “electrochemical CO, reduction” on the website of ACS
Publications yields 3334 research papers about this topic, only
from the past year; Google Scholar, when searched for the same
term and for the same period of time, gives > 17000 matches. A
majority of these publications are original research papers that
describe new catalyst materials, which —somewhat remarkably—
all exhibit excellent qualities when applied for CO, reduction. This
means that by covering electrodes with the newly invented cata-
lysts, and carrying out electrolyses of solutions that contain CO,
dissolved in some form, high current densities of CO, reduction
can be achieved at relatively low overpotentials, and the process
may in an ideal case yield only one or just a few desired products
[4].
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Compared to the tremendous amount of research invested in
the design of new electrocatalyst materials for CO, electroreduc-
tion, technologies that operate on an industrial scale are still rare.
Undoubtedly, the most important obstacle that hinders the appli-
cation of newly developed catalysts on an industrial level is an
issue of stability: catalysts that may show remarkable features in
lab experiments tend to degrade and lose their performance over
prolonged use. This may especially be true for catalysts owing their
activity to a fine structure, such as colloidally synthesized nanopar-
ticles that are especially prone to degradation over long-time oper-
ation. In case of these catalysts, studying (electro-)mechanical
degradation and its effects on the catalytic performance has to be
the first step of technological up-scaling.

Although many operando techniques (e.g., X-ray diffraction,
scattering or absorption, as well as Raman spectroscopies [5,6])
can provide an insight to nanoparticle transformations occurring
during CO, reduction, it is still more common to use ex situ electron
microscopic (EM) techniques to observe, in particular, the struc-
tural changes that electrocatalysts suffer during CO, reduction.

In order to apply EM in an electrocatalysis study, the catalyst
has to be sampled before and after it is made subject to electro-
chemical treatment. When comparing images taken before and
after electrolysis, we usually work under two implicit assump-
tions: (i.) that the areas scanned before and after the electrolysis
are either physically the same, or are both representative of the
sample as a whole; and (ii.) that any changes we observe are
indeed caused by the electrochemical treatment and not by other
operations, e.g., the pre-electrolysis scanning of the sample, care-
less sample transportation, exposition to air or to chemicals, etc.

The former of the above two assumptions can readily be made
explicit, for example, if identical location scanning or transmission
electron microscopies (IL-SEM or IL-TEM) are employed. IL-TEM
was first described by a work of Mayrhofer et al. in 2008 [7], and
the first report on the application of IL-SEM by Hodnik et al. [8] fol-
lowed not much later, in 2012. In early studies, the catalyst mate-
rial was loaded on a TEM finder grid (made of gold) to facilitate
identical location imaging [7]. Later it was found that it is enough
to apply a small incision (a cross-like scratch) on other (e.g., gra-
phite) holders to relocate the scanned site after electrolysis, which
rendered the use of finder grids unnecessary. Due to the fact that
IL-EM is able to visualize changes of a catalyst surface, often down
to the details of individual nanoparticles, IL-EM found immediate
application in catalyst degradation studies on a variety of target
reactions [9,10].

In the field of CO, electrolysis, IL-EM became a prominent
method of studying catalyst degradation [11-21], mainly because
it is considered (and, starting from its discovery, often advertised
as) a non-destructive method. It is usually assumed that if a given
catalyst preserves good performance characteristics over longer
periods of electrolysis, and neither IL-SEM nor IL-TEM reveal
any structural degradation, the catalyst is stable and can be con-
sidered a potential candidate for up-scaled (e.g., flow cell) studies
[15].

Unfortunately, however, the situation is not this simple, espe-
cially because, in some cases, the pre-electrolysis EM imaging does
affect the future catalytic performance of the sampled catalyst
areas. For example, in the literature of IL-TEM studies of electro-
catalysts, there are reports on the electron beam induced shrinkage
(as well as some ripening) of Pt nanoparticles used in fuel cells
[22]. Based on these results, Arenz and Zana strongly recommend
that in order to check if the electron beam changes the sample,
TEM analysis following the electrochemical measurements should
also be performed at pristine locations; i.e., locations which have
not been previously exposed to the electron beam [23].

For IL-SEM, probably based on the assumption that the electron
dose is much lower than in the case of TEM, no such warning was
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given, and it is indeed not likely that the beam used under SEM
conditions could induce similar sintering effects observed in
TEM. The sintering of nanoparticles may however not be the only
way an electron beam can alter a catalyst surface: another, equally
important phenomenon —namely, the under-beam formation of a
passive layer— should also deserve attention.

That electron bombardment of a conducting sample in vacuo,
where only slightest traces of organic vapours occur, can result
in the coverage of the sample with a non-conducting layer of poly-
merized carbon compounds was first noticed by Lariviere Stewart
[24]in 1934 — that is, four years before von Ardenne built the first
SEM [25]. That electron bombardment, especially during focusing,
can also cause changes to the surface of a sample inside an SEM
was first noticed as early as 1946 by Marton et al. [26]. Recently,
two reviews from Postek et al. [27,28] discussed some issues of
interpreting SEM images: the second part [28] was entirely
devoted to the issue of electron beam-induced specimen
contamination.

Postek et al. [28] pointed out that the origin of beam-induced
contaminations can both be the sample itself and the vacuum sys-
tem of the SEM. While the cleanliness of the latter can be signifi-
cantly improved (for example, by the replacement of diffusion
pumps with turbomolecular ones backed by dry backing pumps
in modern instruments), the history of the specimen prior to enter-
ing the vacuum system still remains important [28]. In case of
samples with significant organic content, organic molecules
remaining on the sample surface can break, undergo polymeriza-
tion, and get “pinned” to the sample by the beam during scanning
[28]. Depending on the electron dose, the formed carbonaceous
layer can grow at a rate of a few nanometers/seconds over the sam-
ple surface, even if only low accelerating voltages are used.

It is interesting to note that although under-beam contamina-
tion is a well-studied subject in the literature of SEM (see
[27,28], as well as the references cited therein), studies on the
effect of under-beam contamination/passivation on the future
electrochemical behaviour of the sample are scarce, and are mostly
focused on corrosion and not on electrocatalytic properties [29].
Yet, as we are going to demonstrate in this paper, under-beam pas-
sivation can practically disable the sampled part of a catalyst, espe-
cially if it contains organic remnants (capping agents) from the
synthesis process. While other parts of the catalyst (not affected
by the electron beam before electrolysis) remain active and very
often degrade significantly during the catalysed process, the part
of the sample affected by pre-electrolysis scanning remains intact,
and probably entirely passive, due to the carbonaceous film formed
on it under the beam.

Here we demonstrate, by IL-SEM studies on polyvinylpyrroli-
done (PVP) functionalized Ag nanocubes used as electrocatalysts
for CO, reduction, a catalytic activity disabling effect of a passive
carbonaceous layer that is known to be formed under the electron
beam during pre-electrolysis SEM scans [30]. The aim of this paper
is to emphasize the necessity of extreme care being taken not to
misinterpret IL-SEM studies that seemingly demonstrate excellent
catalyst stability.

2. Experimental

Catalyst preparation. Ag nanocubes (Ag NCs) were prepared by
an upscaled synthesis route described elsewhere [31]. As support,
a glassy carbon plate (2 mm thickness, Alfa Aesar, type 1) was
mirror-polished (0.5 wm alumina suspension, Buehler), was thor-
oughly rinsed with ultrapure water and ethanol, dried, and masked
with an inert PTFE tape to leave an 0.8 cm x 1 cm geometric sur-
face area open for catalyst coating.
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In order to form a carbon-supported Ag NC catalyst, 5.6 mg of
the as-prepared Ag nanocubes [31] (in the form of powder) was
dispersed in 6 cm® isopropanol (VLSI Selectipur, BASF) by a 1-
hour sonication. 1.5 mg of technical carbon powder (Vulcan XC
72R, Cabot, USA) was also dispersed in 3 cm® isopropanol by 1-
hour of sonication, and the two suspensions were subsequently
mixed by sonicating for 30 min. The resulting suspension was
dried overnight under vacuum conditions, yielding a C-supported
Ag NC catalyst powder. This powder was re-dispersed in 1.5 cm®
of isopropanol containing 75 p/ of a Nafion solution (Aldrich, 5
wt% dissolved in a mixture of lower aliphatic alcohols and water).
The obtained dispersion was subjected to sonication for 30 min,
and for each electrode, 25 ¢ of the resulted ink was drop-cast onto
the glassy carbon plate and dried in a vacuum oven.

An Ag NC catalyst without carbon support was prepared by dis-
persing 22 mg of the as-prepared Ag NCs in 6 cm? isopropanol by
1-hour sonication and spin-coating 75 ¢ of this suspension onto a
glassy carbon support in three steps over 1 minute, using 1000
min! rotation rate on an Ossila spin coater.

Both the C-supported and the unsupported Ag NC catalysts
were exposed to a UV-ozone atmosphere (PSD Series, Novascan,
operated with air at atmospheric pressure) for 12 min.

For studies on a gas diffusion electrode (GDE, experimental
details were described elsewhere [15]) the suspension of carbon-
supported Ag NCs was drop-cast on the hydrophobic surface of a
Sigracet 39 BC (Fuel Cell Store) GDE, and the nanocubes were per-
colated through the porous body of the GDE by a vacuum filtration
system placed on the rear side of the electrode, followed by air-
drying at ambient conditions lasting 30 min. No UV-ozone treat-
ment was applied to the thus prepared, Ag NC-modified GDE.
The GDE was used as part of the gas flow cell described in [15],
combined with a Sustainion alkaline membrane (X37-50 RT, Diox-
ide materials) and an anode compartment containing 2 mol dm3
KOH solution.

XPS Characterization. X-ray photoelectron spectroscopy (XPS)
studies were carried out using a Thermo ESCALAB 250 XI instru-
ment at a pass energy of 30 eV using monochromated Al K-« line
(hv = 1486.7 eV). Charge correction was based on the position of
the C1s peak (284.8 eV). The XPS spectra were subjected to a Shir-
ley background subtraction and were analysed using the CasaXPS
software.

Electrocatalysis studies. For all electrochemical experiments, a
potentiostat/galvanostat (Metrohm Autolab 302N, The Nether-
lands) was used to control the potential, current density, and trans-
ferred charge. The electrolysis experiments were carried out using
a custom-built, air-tight, H-type glass cell. Apart from the working
electrode that was prepared as described above, the three-
electrode arrangement consisted of a “leakless”
Ag|AgCl|3 mol dm—3KClI reference (Pine) and a Pt-foil (1.5 cm x
0.5 cm, Goodfellow) counter electrode. For electrolyses,
0.5 mol dm~— KHCOs3 (ACS grade, Sigma-Aldrich) electrolyte solu-
tions were prepared with ultrapure water (Milli-Q by Merck Milli-
pore) and were saturated with CO, (99.999%, Carbagas,
Switzerland). During the experiments, continuous gas flow was
maintained through the electrolyte solution. To avoid possible fluc-
tuations in CO, solubility caused by a change in the ambient tem-
perature, all electrochemical experiments were performed at 20 °C,
by immersing the H-type cell into a thermostated water bath.
Automatic IR compensation was applied following the determina-
tion of the cell resistance by positive feedback. For the sake of com-
parability, all potentials given herein were converted to the
reversible hydrogen electrode (RHE) scale. The reported current
densities were normalized to the geometric surface area.

Gaseous products generated in the cell were detected by con-
necting the purging gas outlet to a GC analyzer (SRI Instruments
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Multigas Analyzer N°3). The continuous flow of the carrier CO,
gas through the electrolysis cell carried volatile reaction products
from the head-space into the sampling loops of the gas chromato-
graph. The partial current I;, corresponding to the formation of a
gaseous product i, can be calculated [32] as
I,-:xin,-va, (1)
where x; denotes the mole fraction of the products, determined by
GC using an independent calibration standard gas (Carbagas); n; is
the number of electrons involved in the reduction reaction to form
a particular product (n=2 for both CO and H, formation);

F = 96485.3 C mol ™' is Faraday’s constant; and vy, is the molar
CO, gas flow rate measured by a universal flowmeter (7000 GC
flowmeter, Ellutia) at the exit of the electrochemical cell.

The Faradaic efficiency (FE) of a given reaction product can be
determined by dividing the respective partial current, determined
from Eq. (1), by the total current measured electrochemically. A
thermal conductivity detector (TCD, for the detection of H,) and
a flame ionization detector (FID, for the detection of CO) were
applied in our studies. We found that in the studied system H
and CO are the only two detectable products, accounting for
100% + 5% of the current density that was electrochemically mea-
surable. The electrochemically measured current densities were
thus subdivided into partial current densities by taking into
account the chromatographically determined concentration ratios,
as will be shown later in Fig. 2. During operation, aliquots were
analysed in intervals of 20 min during steady state electrolyses.

EM Measurements. EM analysis was conducted with a Zeiss
Gemini 450 SEM with an InLens secondary electron (SE) and a
backscatter electron detector (BSD). An accelerating voltage of
1.5 kV (probe current of 20 pA) and 5.0 kV (probe current of 120
pA) were applied for SE and BSD imaging, respectively. For high-
angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) combined with energy-dispersive X-ray
spectroscopy (EDX) and TEM imaging, an FEI Titan Themis
(equipped with a SuperEDX detector) was used with an accelera-
tion voltage of 300 kV.

3. Results and discussion

In colloidal nanoparticle synthesis, PVP is a widely applied
shape-control agent that promotes the growth of specific crystal
faces while hindering others [33,34]. In the synthesis of Ag NCs
used in this study, PVP —by strongly binding to the (100) facets
of Ag—, facilitated the formation of almost perfect nanocubes of
side lengths of about 100 nm, as shown in Fig. 1a. The XPS spec-
trum (Fig. 1b) of a catalyst prepared without carbon support clearly
exhibits a strong Ag3d signal, as well as a small peak that can be
assigned to the N1s excitation of the PVP molecules adsorbed on
the surface of the nanocubes. As shown in Fig. 1b, the applied
UV-ozone treatment resulted in a significantly decreased N1s peak
intensity. The peak has not disappeared, however, which hints that
some PVP still remained on the surface despite the UV-ozone
treatment.

Although the adsorbed PVP could, in principle, inhibit the cat-
alytic activity of the nanocubes [35,36], the UV-ozone treated, C-
supported Ag NCs showed good performance when applied for
the electroreduction of CO,. This is demonstrated by Fig. 2a, show-
ing the current density and the product distribution as a function
of the applied electrode potential. The current densities shown in
Fig. 2a were averaged for 1-hour electrolyses carried out in CO,
saturated 0.5 mol dm—3 KHCOs solutions: for the electrolyses at
different potentials, fresh solutions and newly prepared catalysts
were applied.
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Fig. 1. Scanning electron micrograph (a) and X-ray photoelectron survey (b) of the unsupported Ag NC catalyst. XPS spectra are shown in (b) for the as-prepared catalyst
(green curve) and for the catalyst made subject to UV-ozone treatment (red curve) as well. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. The electrocatalytic performance of carbon-supported Ag nanocubes, used as catalysts of CO, electroreduction in a CO,-saturated 0.5 mol dm—3 KHCOs3 solution. (a)
Potential dependence of the current density and the product distribution, as determined by means of online gas chromatography in an H-type cell for 1-hour electrolyses.
Each electrolysis (data points) were carried out using a freshly prepared catalyst and a fresh solution. Curves were created by interpolation. (b) Time dependence of the
catalytic performance, as determined by a single electrolysis experiment lasting 20 hours, with subsequent chromatographic head-space analysis (data points). The curve was

created by interpolation.

It is known that on Ag, the primary product of CO, reduction is
CO [37]. The same is true for the carbon-supported Ag NCs, with
the addition that compared to plain silver —e.g., a silver foil
[14]— the Ag nanocubes exhibit a broader overpotential range for
CO production. That is, only a little amount of H, is formed at
potentials less negative than —1.1 V vs. RHE, and CO, reduction
generally prevails over hydrogen evolution in the entirety of the
studied potential range (—1.3 V< E < —0.7 V). This observation
is in agreement with other reports on nanoparticulate silver cata-
lysts of CO, electroreduction [38].

In order to check the stability of the catalyst, we chose the mod-
erate potential value of —1.0 V vs. RHE for a prolonged operation
study. As shown in Fig. 2b, the catalyst preserved both its overall
activity and its relative selectivity towards the production of CO
(the Faradaic efficiency of CO formation was about 80%) for an elec-
trolysis lasting 20 hours.

Nevertheless, since catalysts can maintain their macroscopic
activity even as they undergo partial deactivation or decomposi-
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tion [39], we carried out IL-SEM investigations of the working elec-
trode surface, which —although the overall activity remained
unchanged— indeed revealed some degradation.

In Fig. 3 we compare two scanning electron micrographs of the
same spot of a working electrode surface; one recorded before
(Fig. 3a) and one after (Fig. 3b) a 20-hours electrolysis treatment
at —1.0 V vs. RHE, similar to the one used to obtain the data of
Fig. 2b. Fig. 3a shows highly isotropic Ag NCs of a side length of
about 100 nanometers, distributed evenly on the supporting car-
bon matrix. As revealed by Fig. 3b, the nanocubes undergo some
slight deformation and shrinkage during electrolysis, and, more
prominently, some subnanometer sized particles appear on the
surface. EDX mapping (Fig. 3c¢) confirmed that these small particles
consist of silver, and are most probably formed as a debris of
nanoparticle degradation due to the mechanical impact of gas evo-
lution [16].

In order to get a clearer view of the degradation process of Ag
NCs, the above SEM experiment was repeated with a working elec-
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Fig. 3. IL-SEM investigation of the degradation of carbon-supported Ag nanocubes, used as catalysts of CO, electroreduction. The same spot of the working electrode surface
is shown just before (a) and right after (b) the electrode was used for a 20-hours electrolysis of a CO,-saturated 0.5 mol dm—3 KHCOs solution at an electrode potential of —1.0
V vs. RHE. The formation of subnanometer sized Ag particles during electrolysis is revealed by the HAADF-STEM (gray-scale) and EDX scans (red-scale) in (c), recorded post-
electrolysis at a pristine location that has not been subjected to an electron beam before.

500 nm
B

Fig. 4. SEM investigation of the degradation of non-supported Ag nanocubes, used as catalysts of CO, electroreduction. The same spot of the working electrode surface is
shown just before (a) and right after (b) the electrode was used for a 20-hours electrolysis of a CO,-saturated 0.5 mol dm—3 KHCO3 solution. A different spot of the same

sample is shown after electrolysis in (c).

trode prepared without the supporting carbon matrix (see the
Experimental section for details).

The as-prepared electrode surface is shown in Fig. 4a, exhibit-
ing cubic shaped Ag nanoparticles distributed on the glassy car-
bon electrode substrate. Somewhat surprisingly, the SEM image
of the same spot, recorded after a 20-hours electrolysis, shows
practically no degradation and the appearance of just a little
amount of the subnanometer sized particles, as shown in
Fig. 4b. What is even more surprising is that if we record an
SEM micrograph with the same configuration, just of a different
spot of the sample —that was not scanned before electrolysis—,
the picture gets quite different. Fig. 4c clearly shows slightly
deformed Ag nanocubes, along with a significant amount of Ag
debris formed during electrolysis.

The micrographs of Fig. 4 very clearly reveal an important pit-
fall of IL-SEM analysis; namely, that due to electron beam-
induced changes of the catalyst surface during the pre-
electrolysis scan, the sample may get at least partially deactivated
for the catalysed process. Due to its decreased electrocatalytic
activity, the pre-scanned area of the sample may show no or little
changes during the electrolytic process, while other spots (that
were not affected by pre-electrolysis SEM scanning) preserve
their activity and, in turn, exhibit significant degradation. In other
words, the often advertised nondestructiveness of IL-SEM [8,9]
should not be taken as granted — at least, not for all catalyst
types.

That the effect shown in Fig. 4 can indeed be explained by pre-
electrolysis electron beam-sample interactions is further demon-
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strated by Fig. 5, showing an SEM micrograph of a working elec-
trode surface obtained after electrolysis. Only a part (a
rectangular segment) of this sample was scanned by SEM before
electrolysis took place, and despite that the sample was exposed

Fig. 5. SEM micrograph of a sample of non-supported Ag NC catalyst taken after a
40-hours electrolysis at —1 V vs. RHE in a CO,-saturated 0.5 mol dm—3 KHCO3
solution. A rectangular segment of the sample —shown in the image by its corners—
was also scanned before electrolysis. This pre-scanned area exhibits different
degradation features compared to the rest of the surface.
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Fig. 7. Electron microscopic images of Ag NCs after electron beam irradiation was carried out for 10 min with a scanning electron beam of 1.5 kV accelerating voltage. (a)
Secondary electron SEM image taken at 1.5 kV acceleration voltage. (b) Secondary electron SEM image obtained at 20 kV. (c) HAADF-STEM image taken at 300 kV. (d) TEM

bright field image taken at 300 kV.

to the electron beam only for a short time, a marked difference can
be observed between the degradation features of the pre-scanned
segment and the rest of the surface area. Most notably, the cover-
age of the pre-scanned area with the subnanometer sized Ag par-
ticles is less pronounced, compared to other sites. This hints that
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the electron beam exerts an effect not only on the Ag nanoparticles
but also on the underlying glassy carbon substrate.

Note that provided we refrain from long-time exposure of the
sample to the electron beam, the above-described electron beam
irradiation effect is hardly noticeable per se. Yet, as shown by
Fig. 5, even the irradiation damages that remained undetected dur-
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Fig. 8. SEM micrographs of different magnification of a GDE modified by Ag NCs. Identical locations are shown prior to (a) and after (b) a potentiostatic electrolysis at —2.0 V
vs. an Ag | AgCl | 3 mol dm~3 KCl(aq) reference electrode consuming 1600 C cm~2. A different location is shown after the electrolysis in (c).

ing pre-electrolysis EM scanning can prove significant when the
sample is used for electrolysis and scanned afterwards.

To demonstrate the irradiation effect in itself, we carried out
prolonged SEM scans on one of our catalyst samples. As revealed
by Fig. 6, the effect of contamination (as visualized by the growth
and even the apparent merging of the nanocubes) is more pro-
nounced when larger magnifications are applied (i.e., when the
beam is more focused) or when the sample is scanned for longer
times.

At first glance, the growing and subsequently merging nano-
cubes shown in Fig. 6 may resemble the coalescence of Pt nanopar-
ticles observed by Chorkendorff et al. under in situ TEM conditions
[22]. Note, however, that under TEM conditions, the accelerating
voltage and the electron dose are both much higher than in SEM.
Accordingly, the main feature that Chorkendorff et al. described
in their study was a shrinkage (and not a growth) of most nanopar-
ticles, with only a few of these displaying actual coalescence [22].
Shrinkage in this study was shown to be an effect of both the high
electron dose and the oxidizing atmosphere. None of these are
characteristic of our SEM measurements; thus in our case, it seems
more straightforward to presume that the beam has little effect on
the nanocubes themselves, and it is rather the under-beam forma-
tion of a carbonaceous passive layer what is seen in Fig. 6.

Although the SEM images recorded at an accelerating voltage of
1.5 kV may not allow a clear distinction between the core of the
nanoparticles and the contamination layer formed around them
(Figs. 6 and 7a), the contamination layer can be visualized by EM
scans at higher (20 kV) accelerating voltage (Fig. 7b). That under
the formed carbonaceous contamination layer the Ag nanocubes
preserve their original shape can be confirmed by the HAADF-
STEM and the TEM bright field images shown in Figs. 7c and d,
respectively.

It is of worth noting that the contamination layer is most prob-
ably formed by the PVP capping agent, remnants of which remain
adsorbed on the Ag nanocubes despite the applied UV-ozone treat-
ment, and then get polymerized and pinned to the electrode sur-
face by the electron beam [28]. Based on the electrocatalytic
degradation pattern shown by Fig. 5, we can assume that some
PVP may also remain on the substrate, forming there a carbona-
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ceous shell that is however presumed to be not as thick as on
the surfaces of the nanocubes, where PVP is primarily adsorbed.
The under-beam formation of the passive layer on the surface of
nanoparticulate catalysts seems to block the pre-scanned surface
even if entirely different settings, and much harsher electrolysis
conditions, compared to what was described before, are applied.
This is demonstrated by Fig. 8, where we modified a gas diffusion
electrode (GDE) with carbon-supported Ag NCs (this time, without
the application of UV-ozone treatment), and performed electrolysis
by applying a potential of —1.4 V vs. RHE, thus passing through a
total charge amount of 1600 C cm™2. While the identical location
SEM images of Fig. 8a and b show no trace of degradation, particle
deformation and the appearance of newly formed, small particles
is clearly shown by the SEM micrograph of Fig. 8c, recorded at a
random spot after the electrolysis. Although as pointed out in
[40], in fact any organic contaminations of a catalyst sample may
act as source of material for the formation of passive carbonaceous
crust layers, the prominent role of PVP in this process is further
supported by our numerous IL-SEM studies on PVP-free catalysts,
where no such contamination effects were ever seen [11-20].

4. Concluding remarks

No effort has so far been made to demonstrate the effect of
capping-agent related under-beam passive layer formation on
the catalytic behaviour of nanoparticle type electrocatalysts. This
is considered worrying, particularly because of the emerging pop-
ularity of IL-SEM-based stability studies where the pre-electrolysis
scanning can contaminate (and consequently disable) the catalyst
sample in a way that the post-electrolysis scan would deceivingly
show no degradation.

Using PVP-functionalised Ag nanocubes as model catalysts of
CO, reduction, we demonstrated how under-beam contamination
(a carbonaceous, passive crust formed over the catalyst particles)
might account for artefacts in IL-SEM studies in such a way that
the experimenter is provided with false comfort with regard to
the stability of the catalyst. This paper was written with the aim
to direct attention to this possible pitfall of IL-SEM studies, which
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may especially emerge when IL-SEM is applied on electrocatalysts
prepared by a synthesis route involving capping agents.

Apart from the issues that PVP remnants can cause in the inter-
pretation of IL-SEM experiments, it should also be emphasized
that shape-forming surfactants may exert further unwanted effects
also on the essential catalytic properties. E.g., in case of the system
studied here we have to note that if no action (in our case, UV-
ozone treatment) is taken to remove (at least most of) the adhering
PVP remnants, this will negatively affect both the selectivity and
the stability of the catalyst. In our case omission of the UV-ozone
treatment resulted, for example, in the overall Faradaic efficiency
(toward CO production) dropping from ~ 80% to ~ 65%, and a fur-
ther dropping to below 50% over 2 hours of electrolysis (under con-
ditions similar to those applying for Fig. 2b). The removal of
capping agents may be based on plasma/thermal annealing [41]
(note that the UV-ozone treatment we applied here proved to be
far from ideal), or it may even rely on mere electrochemical meth-
ods. Namely, it was recently shown in two independent studies (by
our group [42] and by Pankhurst et al. [43]) that capping agent
remnants may effectively be removed by the harsh cathodic poten-
tials applied during CO, electrolysis. Needless to say, the latter
“operando activation” method [42] does not work for capping
agents baked to the catalyst surface by the electron beam in an
IL-SEM scenario.
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Unwrap Them First: Operando Potential-
induced Activation Is Required when
Using PVP-Capped Ag Nanocubes as
Catalysts of CO, Electroreduction

Maria de Jesus Galvez-Vazquez?, Heng Xu®, Pavel Moreno-Garcia?, Yuhui Hou?, Huifang Hu?,
Benjamin J. Wiley®, Soma Vesztergom*c, and Peter Broekmann*?

Abstract: Metallic nanoparticles of different shape can be used as efficient electrocatalysts for many technologi-
cally and environmentally relevant processes, like the electroreduction of CO,. Intense research is thus targeted
at finding the morphology of nanosized features that best suits catalytic needs. In order to control the shape and
size distribution of the designed nanoobjects, and to prevent their aggregation, synthesis routes often rely on
the use of organic capping agents (surfactants). It is known, however, that these agents tend to remain adsorbed
on the surface of the synthesized nanoparticles and may significantly impair their catalytic performance, both in
terms of overall yield and of product selectivity. It thus became a standard procedure to apply certain methods
(e.g. involving UV-ozone or plasma treatments) for the removal of capping agents from the surface of nanopar-
ticles, before they are used as catalysts. Proper design of the operating procedure of the electrocatalysis process
may, however, render such cleaning steps unnecessary. In this paper we use poly-vinylpyrrolidone (PVP) capped
Ag nanocubes to demonstrate a mere electrochemical, operando activation method. The proposed method is
based on an observed hysteresis of the catalytic yield of CO (the desired product of CO, electroreduction) as
a function of the applied potential. When as-synthesized nanocubes were directly used for CO, electroreduc-
tion, the CO yield was rather low at moderate overpotentials. However, following a potential excursion to more
negative potentials, most of the (blocking) PVP was irreversibly removed from the catalyst surface, allowing a
significantly higher catalytic yield even under less harsh operating conditions. The described hysteresis of the
product distribution is shown to be of transient nature, and following operando activation by a single ‘break-in’
cycle, a truly efficient catalyst was obtained that retained its stability during long hours of operation.

Keywords: Catalyst activation - CO, reduction - Electrocatalysis - Nanoparticles - Polyvinylpyrrolidone (PVP)
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1. Introduction
As a result of the ever-increasing consumption of fossil fu-

els, gigatons of CO, are released to the atmosphere every year,
expediting global warming.['l A possible way of mitigating the
effects of rising CO, concentrations in the atmosphere is to reduce
it electrochemically. This approach does not only allow CO, to
be regarded as a valuable raw material instead of an environmen-
tally dangerous waste, but it may also provide a solution for the
<toraoce of eveeee renewabhle (hvdro- <colar or wind) enerov [11 Tt

is probably for this reason that the topic of electrochemical CO,
reduction — an otherwise more than 150 years old ideal?! — has re-
cently become the forefront of electrochemical research.® Today,
a tremendous amount of research is invested in the design of new
electrocatalyst materials for CO, electroreduction, and research-
ers seem to agree that apart from their chemical composition it is
the nanoscale structure of electrocatalysts that mostly affect their
performance.[*-!

In order to create nanosized catalyst particles with a well-
defined size and structure distribution, and to avoid the agglom-
eration of such particles, the synthesis route of colloidal catalyst
nanoparticles (NPs) very often involves the use of surfactants
(capping agents). When the aim is to synthesize metallic (e.g.
Agl67l) NPs, a very often used agent is poly-(vinylpyrrolidone),
PVP. PVP owes its popularity to a four-fold synergistic effect, i.e.
depending on the conditions of synthesis, it may act as a stabilizer,
a shape control, a dispersant and/or a reducing agent.®] Although
PVP can be used for the design of a variety of Ag nanostructures
(such as nanocubes!®9 or nanowires!!%l), the application of such
agents has one significant drawback. That is, surfactants used
for the synthesis tend to remain adsorbed on the surface of the
nanoparticles, hindering or even impairing their catalytic activity.

As a result, capping agent removal steps must be applied be-
fore the NPs can effectively be used as catalysts in a CO, elec-
troreduction process. Removal steps often imply the use of addi-
tional solvents,[!l or they rely on high temperature plasmal!?! or
UV-ozone treatments.[!3] These require precise optimization in
order to remove most of the capping agents while keeping effects
detrimental to the catalyst structure at a minimum. Of course, in
order to keep the catalyst particles as intact as possible, evading
any forms of thermal treatments would be highly desirable, and in
this respect the application of electrochemical activation methods
seem to provide a viable alternative. That the application of harsh
reductive potentials in an electrochemical cell can successfully
activate a catalyst (that may afterwards be used more effectively,
even under milder conditions) was recently shown by our group
for Ag nanowires,[!9 and by the group of Buonsantil'l for Cu
nanocrystal catalysts.

In this short communication we aim to investigate this effect
further, and show that by applying PVP-capped (untreated) Ag
nanocubes for the electroreduction of CO,, a positive hysteresis
effect can be observed when determining the catalytic selectiv-
ity towards CO formation as a function of the applied (cathodic)
potential. Based on these findings we infer that instead of using
thermal methods, surface-pinned capping agents could also be re-
moved and metallic NP catalysts can be activated operando, by
the application of a ‘break-in’ cycle in the electrolysis cell.

Effective ‘break in’, in the case of PVP-capped Ag nanocubes
(AgNCs) applied for the electroreduction of CO,, requires the set-
ting of harsh cathodic potentials. Under such conditions, although
the CO:H, yield ratio is far from ideal, most of the capping agents
are irreversibly desorbed from the surface of the NCs. While dur-
ing the time of ‘break-in’, some catalyst degradation does oc-
cur, at the end we obtain a catalyst that works better even under
normal (not so harsh) operating conditions. Improvement can be
seen both in the achievable current and in the higher selectivity
for CO production.

2. Experimental

2.1 Synthesis of Ag NCs

Ag NCs were synthesized using a previously reported method
with minor modification.lo! 5 cm?® of ethylene glycol (J. T. Baker)
was added to a 250 cm?® two-neck flask preheated to 160 °C. A
light N, flow was introduced just above the ethylene glycol for
the first 10 min, followed by heating the solvent for another 50

min Nevt R cmd ethvlene olveol coliition of AoNO (04 mmol
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dm=3) and 3 cm?® ethylene glycol solution containing polyvinylpyr-
rolidone (M, = 55000 g mol™, 144 mmol dm~) and NaCl (0.22
mmol dm~?) were simultaneously injected into the flask at a rate of
45 cm?® h™!, with the solution observed to turn yellow during this
process. Under continuous stirring at 160 °C, the solution exhib-
ited a color transition series from yellow to clear yellow, brown,
greenish, and finally ochre and opaque. The whole process re-
quired 16 to 24 h for completion. After the solution had turned
opaque, the reaction was quenched by adding 22 cm?® acetone to
the hot solution, followed by cooling in an ice-water bath. To puri-
fy the NCs, the solution was first centrifuged at 2000 g for 30 min,
then the precipitate was dispersed and centrifuged, three times, in
10 cm? of deionized water at 9000 g for 10 min per run.!!5]

2.2 Preparation of Ag NCs catalyst ink

For the preparation of the carbon-supported Ag NCsink, 1.5 mg
of the Ag NCs and 0.26 mg of carbon black (Vulcan XC 72R,
Cabot) were separately dispersed in 10 cm?® of isopropanol (VLSI
Selectipur, BASF) by 1 h sonication. Both suspensions were in-
termixed, sonicated for 1 h and dried using a rotary evaporator.
The obtained carbon-supported Ag NCs were then re-dispersed in
1 ecm? of isopropanol containing 50 pl of Nafion (5 wt.%, 15-20%
water, Sigma-Aldrich). The resulting suspension was subjected to
sonication for 1 h, yielding a homogeneous catalyst ink (85% Ag
NCs and 15% carbon black).

2.3 Preparation of the Gas Diffusion Electrodes

Ag NCs containing gas diffusion electrodes (Ag NC GDEs)
for all electrochemical and characterization experiments were
prepared as follows: a 0.8 cm x 3 cm carbon paper (Sigracet 39
BC, Fuel Cell Store) was cut and placed over a nylon membrane
filter (pore size 0.22 um, Fischerbrand) on top of the funnel of a
vacuum filtrating system. The GDE was then covered by a rectan-
gular mask, leaving 0.2 cm? uncovered and 141.5 pl of the carbon
supported Ag NCs ink was drop-cast on top of it. The resulting Ag
NC GDEs were dried at ambient conditions for at least 30 min and
then their backside and edges were masked with Teflon tape, to
leave only the Ag NCs ink-modified surface uncovered (0.2 cm?).
Analysis by inductively coupled plasma-mass spectrometry
(ICP-MS) of the freshly prepared samples was used to determine
the catalyst mass loading, which amounted to ~71 pg cm™ Ag.

2.4 Electrochemical Measurements and Product
Analysis

Electrochemical experiments were performed using a
PGSTAT128N potentiostat/galvanostat (Metrohm Autolab) and
a custom-made, airtight H-type cell with a Nafion membrane
(Nafion 117, Sigma Aldrich) separating the cathode and anode
compartments. The three-electrode arrangement consisted of
the Ag-NC-GDE working, a Pt foil (1 cm x 1 cm) counter and a
single junction (Pine Research) Ag | AgCl | KCI (sat.) reference
electrode. Reported current densities were obtained by normal-
izing the current to the geometric surface area of the working
electrode, 0.2 cm?. Prior to the electrolysis experiments, both cell
compartments were filled with 32 cm? of either 0.5 mol dm™ or
2 mol dm™ KHCO, solution (ACS grade, Sigma-Aldrich) and
then saturated by CO, gas (99.999%, Carbagas, Switzerland) for
at least 30 min. For the sake of comparability, electrode poten-
tials in the paper are referred to the reversible hydrogen electrode
(RHE), calculated as:

15 +210mV + 59 mV - pH

vs. Ag | AgCl (1 )

E  nE=

For all potentiostatic experiments, the measured electrode po-
tantial wac IR-_corrected noct_evneritmentally for which the <nlii-

tion resistance was determined impedimetrically at the beginning
of electrolysis. The pH values of the CO,-saturated 0.5 mol dm™
and 2 mol dm~ KHCO, solutions were 7.4 and 7.9, respectively.
Electrolyses were run for 60 min and online gas chromatography
was applied (every 20 min) to quantify the formed products.

Gaseous products generated in the cell were detected by con-
necting the purging gas outlet to a GC analyzer (SRI Instruments
Multigas Analyzer). The continuous flow of the carrier CO, gas
through the electrolysis cell carried volatile reaction products
from the head-space into the sampling loops of the gas chromato-
graph. The partial current /, corresponding to the formation of a
gaseous product i, can be calculated!!0] as

I =xnFv,
1 1 1 m

©))

where x, denotes the mole fraction of the products, determined by
GC using an independent calibration standard gas (Carbagas); n,
is the number of electrons involved in the reduction reaction to
form a particular product (n = 2 for both CO and H, formation); F
=96485.3 C mol™' is Faraday’s constant; and v_1is the molar CO,
gas flow rate measured by a universal flowmeter (7000 GC flow-
meter, Ellutia) at the exit of the electrochemical cell. The Faradaic
efficiency (FE) of a given reaction product can be determined by
dividing the respective partial current, determined from Eqn. (2),
by the total current measured electrochemically. A thermal con-
ductivity detector (TCD, for the detection of H,) and a flame ion-
ization detector (FID, for the detection of CO) were equipped to
our gas chromatograph.

The electrolyte was analyzed after the electrolysis experiment
to quantify the amount of formate produced by means of ion ex-
change chromatography (Metrohm Ltd., Switzerland). This chro-
matograph was coupled to an L-7100 pump, a separation and an
ion exclusion column (Metrosep A Supp 7-250) and a conductiv-
ity detector.

2.5 Scanning Electron Microscopy (SEM) and Energy-
dispersive X-ray Spectroscopy (EDX) Characterization

The morphological characterization of the prepared Ag NC
GDEs by SEM imaging experiments was performed before (for
the as-prepared electrodes) and after electrochemical treatment.
Analysis was conducted using a Zeiss Gemini 450 SEM equipped
with an InLens secondary electron and a back-scattered electron
detector. An accelerating voltage of 5 kV and a beam current of
200 pA were applied at a working distance of 4.5 mm. The AZtec
4.2 software (Oxford Instruments) was used to acquire EDX sur-
face mappings of selected Ag NC GDEs. An acceleration voltage
of 10 kV and a beam current of 1.2 nA were applied at a working
distance of 8.5 mm.

2.6 Determination of Catalyst Loading by Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS)

Freshly prepared Ag NC GDEs were immersed in 3 cm® of
concentrated HNO, (BASF) to dissolve the Ag NCs embedded on
their surfaces for 24 h. The resulting solutions were diluted with
3% HNO; solution by a factor of 500 and were then fed into a
NEXION 2000 ICP-MS instrument (Perkin Elmer) to obtain the
Ag mass loading of the electrodes.

3. Results and Discussion

A peculiar hysteresis effect (Fig. 1) was observed when
conducting electrolysis experiments coupled to chromato-
graphic product detection using PVP-capped Ag NCs in a CO,-
saturated, 2.0 mol dm™ KHCO, solution. Here we carried out

potentiostatic electrolyses, all lasting for one hour, and record-
ad a relativelyv <tationarv cnirrent that wace later averaced and
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compared to the amounts of CO and H,, determined by gas
chromatography. It is important to note that the determined
total amounts of CO and H, did not account for a 100% of
Faradaic efficiency, and some 5% of formate (HCOO~) was
found in the solution by post-electrolysis liquid chromatogra-
phy analysis after each electrolysis, practically independently
from the applied potential.

The firstelectrolysis experiment was carried outatan applied
potential of —0.75 V vs. RHE, where the Faradaic efficiency of
CO production was relatively low, ~55%. By gradually stepping
the potential in the cathodic direction, the FE of CO production
first increased, reaching a maximum of ~82% at around —0.9'V,
as shown in Fig. 1(a). At potentials even more negative, CO,
reduction (CO production) became disfavored compared to the
competing hydrogen evolution reaction (HER).

In our experiments, —1.1 V was the most extreme potential
reached, following which we began to gradually apply lower
voltages. As shown in Fig. 1(a), after a first excursion to —1.1V,
the measured FE of CO production remained higher even at
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potentials just mildly cathodic, and the FE of CO production
did not drop below 70% at potentials as positive as —0.6 V vs.
RHE.

It is interesting to note in Fig. 1(b), showing plots of partial
current densities of CO and H, formation as a function of po-
tential, that the partial current of HER follows — within range
of error — the same track during the negative and the positive
going scans of the potential excursion. For CO, however, a
significant enhancement of currents can be observed during
the latter, positive going scan, which allows us to conclude that
the first potential excursion to extremely negative potentials
indeed served as a ‘break-in’ of the catalyst. Although it is ob-
vious that —1.1 V, in the current system, is not an ideal operat-
ing potential, it seems that applying this value for a short time
allows the catalyst to be operated, later on, at milder potentials,
where it can then still produce CO with a good yield.

The described activation method has its origins in the po-
tential-induced removal of PVP from the surface of the Ag
NCs, occurring at negative potentials that can overcome the
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Fig. 1. Potentiostatic electrolyses were carried out using PVP-coated Ag NCs dropcast on a GDE, used as electrocatalysts of CO,-reduction in a
CO,-saturated 2.0 mol dm= KHCOQ, solution. Faradaic efficiencies (a) and partial current densities (b) of CO (green) and H, (red) are shown as a func-
tion of the IR-drop corrected electrode potential. Data (dots) were recorded by gas chromatography; trends (curves) were created by spline interpo-

lation. Arrows show the direction of the potential excursion.
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Fig. 2. Ag NCs drop-cast on a GDE, as observed before and after applying the electrochemical treatment shown in Fig. 1, in a CO,-saturated

2.0 mol dm= KHCO, solution. Panels (a) and (e) show the secondary electron, (b) and (f) the back-scattered electron images of the NCs, with a side
length of ~100 nm. Elemental composition maps, recorded by EDX, are shown in panels (c) and (g) for silver and in panels (d) and (h) for carbon. The
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binding strength between the Ag NCs and their PVP coating.
141 The method can be called operando, since it can directly
be realized within an electrochemical cell, rendering the use
of other (solvent!!'!l or thermal annealing-based!!213]) capping
agent removal techniques unnecessary.

In order to apply operando activation, only a single ‘break-
in’ electrolysis cycle (at suitably negative potentials) is re-
quired to gain a catalyst that can later work stably and highly
active, even at less reductive potentials. The increase of activ-
ity is, as seen in Fig. 1, very significant, and following oper-
ando activation the catalyst does not lose its activity for hours
of electrolyses.

The method has only one, minor flaw: that is, as seen in Fig.
2, during the initial activation step the Ag NCs tend to degrade.
As a result, some newly formed, small Ag particles appear on
the catalyst surface. These, however, seem not to disturb the
electrocatalysis process, and when the electrolysis is continued
at milder potentials, degradation stops and no such particles
will further be formed.
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The degradation effects described above can be sufficiently
overcome if we make sure that during the ‘break-in’ cycle only
lower currents (creating less mechanical strain) flow through the
catalyst. This can be achieved by supplying less reactants to the
surface; e.g. by lowering the concentration of the KHCO, electro-
lyte from 2 to 0.5 mol dm™. By conducting electrolyses in such a
system, we observe a hysteresis (Fig. 3) that is similar to the one
seen in the previous case, although the measured partial currents
(both for CO and for H,) are significantly lower. Yet, this does not
seem change the PVP-to-metal binding strength and the value of
the cathodic potential that has to be reached in order to break these
bonds. Thus the activity increases observed in Fig. 3 compare well
with those seen in Fig. 1, while significantly less degradation is
observed (compare Figs 4 and 2).

4. Conclusion

Silver nanoparticles with well-defined shapes can be fabri-
cated by a variety of synthesis methods, and the thus prepared
particles can potentially be used as efficient catalysts in CO,

(b)

Y
4
N

S 20 , a /
-
/ :
< —4o[ e 2 /
= | u
S /D./'
= 6of )

[ co'/

--8012 * 1"1 ' 1'_0 . l;,g I (;.8 ‘ (_:.7 I (;.(j ‘ 0.5

(E vs. RHE) / V

Fig. 3. Potentiostatic electrolyses were carried out using PVP-coated Ag NCs dropcast on a GDE, used as electrocatalysts of CO,-reduction in a
CO,-saturated 0.5 mol dm= KHCO, solution. Faradaic efficiencies (a) and partial current densities (b) of CO (green) and H, (red) are shown as a func-
tion of the IR-drop corrected electrode potential. Data (dots) were recorded by gas chromatography; trends (curves) were created by spline interpo-

lation. Arrows show the direction of the potential excursion.
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Fig. 4. Ag NCs drop-cast on a GDE, as observed before and after applying the electrochemical treatment shown in Fig. 3, in a CO,-saturated

0.5 mol dm= KHCO, solution. Panels (a) and (e) show the secondary electron, (b) and (f) the back-scattered electron images of the NCs, with a side
length of ~100 nm. Elemental composition maps, recorded by EDX, are shown in panels (c) and (g) for silver and in panels (d) and (h) for carbon. The
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electroreduction. It is a major problem of catalyst design, how-
ever, that PVP — a capping agent used for the shape control of
the catalyst particles — can remain adsorbed on the surface of
the nanostructures, significantly decreasing the catalytic activ-
ity. Although some methods (solvent or thermal annealing based
ones) are available for PVP removal, these can potentially damage
the catalyst by exhibiting it to contaminations or to thermal shock.

In this short communication we described an alternative, po-
tential-induced activation method that can be used to effectively
remove PVP from the surface of Ag nanocubes. The method
works operando in the electrochemical cell, and requires that be-
fore use, the working electrode is polarized to harsh negative po-
tentials. By applying a single ‘break-in’ cycle, we gain a catalyst
that shows higher activity and good stability during subsequent
normal operation at mild (not so negative) electrode potentials.
The described activation method, as was studied by pre- and post-
electrolysis SEM imaging, causes only little degradation to the
catalyst surface, and the method can be fine-tuned by selecting
proper electrolyte compositions.
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