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Abstract

Abstract

The glucose oxidation reaction (GOR) has gathered increased interest from various fields in the last
decades. Besides the more prominent bioelectrocatalytic applications, glucose sensors and direct
glucose fuel cells, the product-oriented GOR has more recently gained increased attention, due to the
promising application of the oxidation products as smart drop-in chemicals. This thesis is concerned
with the electrochemical oxidation of glucose and the identification of operational parameters that
promote the efficient formation of glucaric acid. Working in a classical three-electrode RDE setup the
influence of forced convection on the product distribution was investigated. The reaction pathway
from glucose to glucaric acid was explored by oxidizing glucose as GOR reaction intermediates. To
understand the reaction pathway, a high-performance liquid chromatography (HPIC) method was
developed which can quantify intermediates and undesired side-products. Combining experimental
data using a gold disk electrode and insights gathered from DFT calculations, the selective oxidation of
terminal hydroxyl groups has been identified as the most challenging step for forming glucaric acid
selectively and efficiently. Additionally, the oxidation of the aldehyde group in glucose is shown to

occur fast and selectively.

Overcoming the limitation of the Au-electrode, high-entropy alloys (HEA) have been envisaged as
potential catalysts for the GOR. A synthesis approach based on incipient wetness impregnation (IWI)
yielding supported single-phase HEA nanoparticles was developed. This facile and reliable method
allows for nanoparticle size-control by varying different synthesis parameters. A model system of
PtFeCoNiPd was investigated in detail by combining in-situ X-ray diffraction (PXRD) and in-situ X-ray
absorption (XANES). The combination of both analysis techniques enables linking phase
transformations and changes in the unit cells to the reduction behavior of the individual constituent

elements.
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Introduction

1 Introduction

1.1 Renewable resources and drop-in chemicals

Fossil resources are currently the primary global source of fuels, chemical feedstock?, and “energy

”2_One major consequence of the heavy reliance on fossil resources is the net-increase of

production
carbon species, mainly CO,, in the atmosphere. These compounds act as greenhouse gases leading to
climatic changes?® and resulting consequences observed over the last decades®. To combat the climate
crisis societies society faces today, the dependence on fossil resources must be reduced. In other
words, the anthropogenic carbon cycle must be closed. In the context of fuels and energy production,
electricity and hydrogen from renewable sources>® offer promising alternatives to the conventional,
fossil fuel, and carbon-based solutions used today. However, other than energy storage and electricity
production, commodity chemicals and chemical feedstock can never be completely decarbonized. A
possible way of addressing this challenge is to replace fossil resources with alternative, renewable

carbon sources, for example carbon from the biosphere. These renewable resources are defined as

agricultural or forestry products used not as food products but instead as chemical feedstock or to

produce electricity or fuels’.

o

Figure 1.1.1: Schematic illustration of a closed anthropogenic carbon cycle relying on biosphere-

sourced carbon.

Sustainable sourcing of renewable resources can help in closing the anthropogenic carbon cycle,
schematically illustrated in Figure 1.1.1, and decreases the emission of greenhouse gases. This is
however only one of many approaches in combatting the dependence on fossil sources and will not be
able to solve the problems on its own. In terms of chemical feedstocks, molecules like cellulose and
hemicellulose can be derivatized into a plethora of drop-in chemicals, such as ethanol, ethylene, and
acetone. Those small organic molecules can directly replace their fossil-sourced counterparts in the

chemical synthesis® while preserving the conventional synthesis pathways towards more complex
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molecules. In addition, when using molecules like the previously mentioned cellulose, their structural
complexity can be utilized to circumvent synthesis steps as certain desirable structures can already be

present in the cellulose molecule. Compounds employed in this way are called smart drop-in chemicals

(Figure 1.1.2).

p-in Smart drop-in
chemicals chemicals

?féﬂ

Biomass
Figure 1.1.2: lllustration of the application of drop-in and smart drop-in chemicals derived from

—)
Dro

biomass.

1.2 Glucose oxidation reaction (GOR)

An abundant and currently cheap renewable resource is glucose. It can be sourced from cellulose, the
most abundant biopolymer®. Since glucose is a relatively large molecule it can be derivatized into a
wide range of different compounds through oxidation. Fully oxidizing glucose results in the formation
of CO,° making available the most chemical energy stored in the glucose molecule. However, CO; is
not an interesting molecule in terms of synthesis since the structural complexity of glucose is lost
during the oxidation. Other products resulting from the dissociation of glucose Cg-chain during
oxidation are small organic molecules, e.g., formic acid, glycolic acid, tartaric acid, and
glycoaldehyde!**2, Some of these chemicals can directly be used in the chemical industry 3. Glucose
can also be oxidized keeping its carbon spine intact, forming the three sugar acids gluconic acid,
glucuronic acid, and glucaric acid***® (Figure 1.2.2). Gluconic acid is already used in the food and
pharmaceutical sector’” and glucuronic acid has detoxifying and anti-inflammatory effects®. Most
importantly however, glucaric acid has been labelled as a building block chemical by the U.S.
Department of Energy?®® which has led to an immediate rise in research interest. It is currently used as
a chelating agent but has the prospect of becoming a precursor to various chemicals, such as Nylon?>%,
in the future. Historically, glucose is oxidized to glucaric acid in hot, concentrated nitric acid?>%,
However, these processes were never commercialized due to the harsh conditions, problems in
temperature control, and toxic side products. Catalytic approaches to glucose oxidation promise
improved efficiencies and product selectivity. Various heterogenous approaches have been pursued.

The use of 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) results in high yields of glucaric acid®*%.
2
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However, the drawback of toxic side-products remains. In recent years, molecular oxygen has been
used as a non-toxic oxidation agent. Employing Pt-based catalysts at mild conditions (pH 8-11, up to
80 °C) ayield of 55 % was reached in the conversion of glucose to glucaric acid?®. At increased pressures
and more optimized conditions, Lee et al. reported yields of up to 74 % on commercially available Pt/C
catalysts!2. Under similar conditions, Au-based catalyst can oxidize glucose only to gluconic acid? %,
Operating in reaction mixtures at increased pH was found to increase oxidation rates. However, the
formation of side products involving the dissociation of the C-C chain in glucose also increased®?.
Importantly, the degradation of glucose in alkaline solution occurs also in the absence of a catalyst°.
Working in these conditions therefore requires fast kinetics to ensure selectivity towards the desired

products.

Electrocatalytic approaches to glucose oxidation promise equally mild conditions and, additionally, can
utilize directly electricity produced from renewable sources. Electrocatalytic glucose oxidation has long
been pursued in the field of bioelectrocatalysis3l. Two applications dominate the bioelectrocatalytical
research. First, direct glucose fuel cells (DGFC) employing biomolecules, such as enzymes, seek to be
continuous power sources utilizing ambient fuels, e.g., glucose in the bloodstream3?. These implants
can for example power cardiac pacemakers. Hence, the main research interests on from an
electrochemical perspective lie on the power density as well as longevity and reliability of the devices.
The second application of glucose electrocatalysis is the field of electrochemical glucose sensors. Clark
and Lyons developed the first working glucose sensor in the nineteen sixties relying on a combination
of glucose oxidase and a Pt-electrode®*. Nonenzymatic glucose sensors have made significant
improvements in the past 20 years. Different metal-based electrodes are being studied extensively.
Unsurprisingly, electrodes based on Pt and Au, as well as alloys and composites including the two
metals, are among the most prominent3. In sensors, the most important properties are the
responsivity and sensitivity of the electrode to glucose for accurate assessments of glucose
concentration in the blood. The catalysts are additionally optimized to function well under
physiological conditions34. In both DGFC and the glucose sensors, the oxidation product is of secondary
interest. The transfer of insight between these applications and the product-oriented glucose
electrooxidation mainly lies in the nature of the electrode material. Hence, Pt and Au also have
received the most interest in that regard. As such, in the product-oriented glucose electrooxidation,
Vassilyev et al.3>3¢ showed that the current response, similar to the previously mentioned caatlytic
approaches, depends heavily on the electrolyte pH. Specifically, during potentiodynamic
measurements on Au and Pt surfaces in glucose containing electrolytes, the strongest current

.37 conducted one of the first extensive

responses were recorded in alkaline conditions. Kokoh et a
investigations into the product distribution of GOR. The authors showed the nature of the electrode
and the applied oxidation potential to be key operational parameters and determined gluconic acid to

3
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be the main oxidation product using a Pt-catalyst. Additional products included glucaric acid, different
keto-D-gluconic acid species, and various small carboxylic acids. The authors also expanded their study
to the oxidation of D-gluconic acid. Their work on Pt and Pt-Pb electrodes showed the major products
to be glucuronic acid or 2-keto-D-gluconic acid, respectively®. Importantly, they did not find glucaric
acid in substantial amounts. Since then, many more catalyst materials have been tested. Other than

3943 including studies

Pt, Au-based materials are still among the most thoroughly explored electrodes
into different nanostructures. However, non-precious metals have also been investigated*¢. Due to
the employed alkaline conditions and the ease of synthesis, stable Ni-based materials were the
electrodes of choice to circumvent the more noble metal catalysts. Nonetheless, gold remains the most
interesting catalyst material due to its good performance in terms of activity and robustness. Recently,

Moggia et al. reported the oxidation of glucose to glucaric acid on Au electrodes**°,

-(4H*+e)
. %O H01\¢O HO\i\%O HOyO
H——OH H——OH H——OH H——OH
HO——H -2(H"*e) po—+—n -2(H+*e) jo—1—ny -2(H +e) pyo——H
He oy T—) | @ . | . |
H——OH H——OH H——OH H——OH
6 6 6 6
SN NS
“SoH “SoH o HO” o
D-Glucose D-Gluconic acid D-Glucuronic acid D- Glucaric acid

Figure 1.2.1: Electrooxidation reaction pathway from glucose to glucaric acid either in three reaction
steps, each involving the removal of two proton-electron-pairs, or in two reaction steps, one of which
involving the removal of two proton-electron-pairs and of four proton-electron pairs, respectively. The
two-step reaction pathway circumvents the formation of glucuronic acid and has been implicitly

reported on Au catalysts®. The blue indices label the C; and Cs carbons in each compound.

The authors found the applied oxidation potential to be crucial in tuning the product distribution
between gluconic and glucaric acid. The oxidation mechanism has also been investigated in detail on
Au-surfaces?®*13, These studies are focused on the oxidation of glucose to gluconic acid. The reaction
mechanism to from glucaric acid on gold surfaces is still unknown and not fully explored. A likely
explanation is that the formation of glucaric acid on Au surfaces is a recent finding. Chemically
speaking, on Au surfaces the oxidation of aldehyde groups (C; position in glucose) is well understood
while the oxidation of hydroxyl groups, preferably terminal at the Cs position, is unexplored. A further

unexplored question is if gluconic acid is oxidized to glucaric acid on Au via two steps additionally

4
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involving glucuronic acid or one step, skipping the formation of glucuronic acid (see Figure 1.2.2 and

Equation 1.2.1-4)):

Glucose 2 gluconic acid CeH1,06 +2 OH™ - CgH1,0, + H,0 + 2e~  (1.2.1)
Gluconic acid = glucuronic acid CeH1,0;, +2 0OH™ - CoH190, + 2 H,0 + 2e™ (1.2.2)
Glucuronic acid =2 glucaric acid CeH19g07 +20H™ - CeH q0g + H,0 + 2e~  (1.2.3)
Gluconic acid = glucaric acid CeH1,0;, +4 OH™ - CoH1¢gO0g + 3 H,0 + 4e™ (1.2.4)

The set of reaction equations corresponding to the individual steps to from glucaric acid from glucose
is depicted in Figure 1.2.2. Importantly, Equation 1.2.4 is the combination of Equations 1.2.2 and 1.2.3
reflecting the possibility of omitting glucuronic acid as an intermediate species on the path to glucaric
acid. Unfortunately, apart from glucose, the standard Gibbs free energies of formation, and therefore,
their corresponding standard potentials cannot be found. In addition to these consideration, kinetic
trends and understanding of mass transport influences of glucose oxidation are also lacking as of now.
Larew and Johnson** studied glucose oxidation in a rotating disk electrode (RDE) setup but did not do
any product analysis. Understanding mass transport phenomena and the reaction mechanism to form
glucaric acid both appear crucial for future advances in glucose oxidation since any attempts of
upscaling depend heavily on these two factors. Additionally, novel catalyst materials are needed to
improve the selectivity towards glucaric acid formation. Alloys and other metal composites have been
used and have shown promising results>>>® by improving the catalysts’ resiliency towards poisoning

and the selectivity towards the GOR®°.

By working in an RDE-setup on an Au-disk, this thesis investigates the effect of mass transport
phenomena on the GOR and its product distribution. Additionally, a possible pathway from glucose to

glucaric acid is explored by also oxidizing gluconic and glucuronic acid in said RDE setup.
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1.3 High-entropy alloys (HEA)

Amongst emerging novel catalyst materials, high entropy alloys have started to gain interest in both
theoretical and experimental studies®®®. An alloy is considered “high-entropy” when it is comprised
of at least five elements in approximately equimolar ratio which are randomly mixed®2. If five or more
elements are combined this way, it is assumed that the mixing entropy offsets the mixing enthalpy of
the system. Hence, the formation of a HEA is governed by entropy and not by enthalpy, which is the
dominating term in the formation of conventional alloys. The result is a material in which all the
elements occupy random positions in the structure. Even though at first believed to form extremely
complex crystal structures, HEA solid solutions have been found to form simple crystal lattices, such as
face-centered cubing (fcc) or body-centered cubic (bcc), seemingly due to role of the high entropy
state®*%®, However, the developed and investigated HEAs were not intended to be employed in
catalysis. Rather, these materials were of interest because of their improved physical and mechanical
properties®’, such as fracture toughness®, specific strength®"! or resistance to corrosion’. HEA as
catalysts, due to their random arrangement of elements on the material surface, promise a near
infinite number of different possible active sites owing to a nearly continuous distribution of associated
adsorption energies®®. A small fraction of these sites with their supreme properties will facilitate a
reaction optimally and as a result determine the catalytic activity of the HEA. Batchelor et al.®° focused
their study on the oxygen reduction reaction but the concept has since been expanded also to the CO;
reduction reaction (CO2RR)’3. Both theoretical approaches have been validated experimentally®7%,
showing that HEA-catalysts are promising materials that can be predicted by DFT calculations.
Additionally, the hydrogen evolution reaction (HER) has been investigated on HEA catalysts’ further
alluding to the many facets and the potentially wide field of application for HEAs as electrocatalysts. A
possible, yet unexplored application of HEA catalysts lies in catalytic reactions involving one, or even
multiple, stable intermediates species — such as glucose oxidation. In theory, the continuum of
different sites in the HEA can provide optimal sites for the different chemical steps. Meaning that some
sites could efficiently catalyze the oxidation of the aldehyde groups while others are optimal for the
oxidation of terminal hydroxyl-groups. However, it is also possible to expose sites which could be very

efficient at dissociating the glucose molecule resulting in undesired side products.

With the advent of HEA catalysts, the demand for nanosized HEA materials has risen. Before, high
entropy alloys were manufactured in bulk, for example by arch-melting’®. Synthesizing HEA-
nanoparticles (NPs) demands different approaches which bring with them new challenges’’”7°. Wet-
chemical approaches have been successfully applied to yield a range of HEA with different

compositions. Similar to the synthesis of conventional nanostructures, carefully selecting the synthesis
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approach and conditions allows tuning of the obtained structures and its resulting properties. In the
last three years, the number of possible synthesis approaches has also increased drastically. Physical
approaches, such as laser-ablation or sputtering, as well as chemical approaches, including classical
solvents and reagents like ethylene glycol or NaBH,, have been reported®®®!, Especially milder, in some
cases even ambient, conditions make those chemical synthesis routes much more accessible. Another
synthesis approach worth mentioning is pyrolysis in which metal precursors are dispersed on supports,
such as carbon black or aluminum oxide®?. The resulting, supported NP are promising catalysts due to
well-separated particles which ensure high specific surface areas. The formation of HEA-NPs at
relatively low temperatures (approx. 350 °C) raises questions about their formation mechanism as
conventional HEA syntheses rely on high temperature to achieve high-entropy states. Pittkowski et al.
mention a limited atom mobility during precursor reduction and stochastic effects as beneficial for
multi-elemental mixtures. They showed that precursor mixtures of five elements reduce into a single

phase more readily while bimetallic mixtures tend to form multiple phases during reduction®,.

Before applying a HEA catalyst to the GOR, the synthesis of said HEA is necessary. Hence, in this thesis
a simple, incipient-wetness impregnation (IWI) based synthesis approach to form HEA-NP is presented.
The IWI approach was chosen because it also follows the idea of a limited precursor mobility suggested
by Pittkowski et al. The HEA formation is discussed based on a combined in-situ x-ray diffraction (PXRD)
and x-ray absorption near edge structure (XANES) study (see appended manuscript Ill). It is important
to note that, independent of the synthesis route, the characterization of the synthesized HEA-NP is far
from trivial, and a standardized characterization assay has not been established so far. In comparison,
bulk HEAs can readily be analyzed by standard techniques, such as power diffraction (PXRD), to
investigate the metallic phase(s) and to thereby determine whether a material is a HEA. In the case of
nanosized crystallites, standard laboratory techniques and equipment reach their limits. Crystallites of
that scale lead to considerable broadening of the interferences in diffraction patterns®. A possible
solution, that was also pursued as a part of this thesis, is the use of synchrotron radiation which allows
a much higher resolution due to larger X-ray beam energies and the analysis with Rietveld refinements
of the acquired pattern #. When determining the elemental composition of the synthesized HEA-NP,
energy dispersive X-ray spectroscopy (EDX) has been found to be an appropriate method. The
distribution of elements throughout the sample can be observed including deviations between
different sample regions in the case of supported NPs. High-resolution EDX mapping on appropriate

82,85

instruments enables investigations into the elemental composition of individual particles®~®°, either

confirming or negating the random distribution of the elements throughout the sample.
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2 Employed methods and method development

In this chapter, the methods, which have been used most prevalently to acquire and analyze data for
this thesis, are discussed. Methods and techniques which have been developed or modified specifically
for the presented work, and which are not part of the typical repertoire of the Arenz group are
presented in more detail. For standard techniques only the type of information gained, and their

utilization are described. The theory behind these techniques is not discussed in detail.

2.1 Electrochemical measurements in a rotating disk electrode (RDE) setup

This section is concerned with the concept of RDE measurements rather than the specific setup and its
preparation used to conduct the experiments. A detailed description of the setup can be found in the

appended manuscripts | and II.

Electrochemical measurements were conducted in a conventional three-electrode cell. The employed
working electrode was an Au-disk embedded in a Teflon (PTFE) rod. Rotation was controlled by an
external control unit. The RDE is a hydrodynamic method involving forced convection. By rotating the
disk electrode, the electrolyte is dragged along its surface and then pushed outward. Replenishing of
the electrolyte, and the contained reactants, occurs normal to the surface limiting the diffusion layer
thickness. Insight about the limiting conditions of the system can be gained by employing the
Koutecky—Levich method?®:

1 1 1 1 1

i g e ik 0.62%nxFxAxD /3% T2xv exC

Where i is the measured current [A], ix is the kinetically limited current [A], and i, .is the steady-state
limiting current [A]. Furthermore, n is the number of transferred electrons, F is Faraday’s constant [C
mol?], A is the electrode surface [cm?], D is the diffusion coefficient [cm? s], w is the angular rotation

rate [rad/s], v the kinematic viscosity of the solution [cm? s], and C is the concentration of the

reactant [mol]. By plotting 1/i measured at different rotation speeds at a given potential versus a)_l/Z,
both the kinetically limited current and the average number of transferred electrons can be
determined. Therefore, the method allows the deconvolution of the kinetic and mass-transport related
contributions to the measured currents. The results of these analyses in the GOR are discussed in

appended manuscript I.

For the dedicated glucose oxidation experiments, a three-step potential program?®’ (Fig. 2.1.1) and

constant rotation in an RDE-setup were applied. Such a potential program is necessary to clean the



Employed methods and method development

surface by removing strongly chemisorbed species which would otherwise poison the catalytic surface.
Small organic molecules, such as dissociation products in the GOR, have been found to be especially
detrimental poisoning species®®. Subsequent oxidation and reduction of the electrode remove the

chemisorbed species restoring the surface.

25,15V,
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Figure 2.1.1: Applied three-step potential program for the GOR experiments. The step at 1.5 Vrue
oxidizes the gold surface. The subsequent step at 0.05 Vrye reduces the surface again, and thereby also

removes poisoning species. The three-step sequence was applied for 2h.

In appended manuscript IV, in collaboration with Kirsten Jensen’s group at the university of
Copenhagen, the oxygen evolution reaction (OER) activities of different (NixFe1..)OOH-samples were
investigated in an RDE setup. Mass transport in OER is not a concern of reactant availability at the
electrode surface as the electrolyte itself is the reactant. However, the controlled, reproducible forced
convection provided by the RDE was used to remove evolved oxygen at the catalyst surface which
otherwise would have blocked the surface. Hence, the use of the RDE setup made the individual

experiments more reliable compared to measurements in the absence of rotation.
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2.2 Product analysis by high-performance ion-chromatography (HPIC)

Due to the plethora of possible reaction products in the GOR (Figure 2.2.1), product analysis is
paramount to understand the occurring reactions and to identify reaction pathways. Among analysis
techniques, liquid chromatography (LC) has proven to be a capable method. Even though methods like
nuclear magnetic resonance (NMR) spectroscopy®® or mass spectrometry (MS)°! can be used for

product identification, they are employed less because of higher complexity.
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Figure 2.2.1: Reaction pathway from glucose (1) to glucaric acid (4) via gluconic acid (2) and glucuronic
acid (3). Parts of the dissociation products which were tracked using the chromatographic method are
depicted above the saccharic acids. D-fructose is formed through isomerization of glucose. The keto-

gluconic acid species are formed through oxidation of non-terminal hydroxyl groups.

NMR lacks the sensitivity to analyze traces of products. MS is tricky to combine with electrochemistry
and has fallen out of favor due to interferences of high salt concentrations in the electrolyte which can
damage the instrument severely. Improvements introduced to two types of LC methods make them
accessible for GOR product analysis. The more common method is high-performance-liquid-
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chromatography (HPLC)®%. Development of an HPLC method, using an X-Bridge BEH Amide column
(Waters) and a charged aerosol detector (CAD), in collaboration with Paola Luciani’s group from the
DCBP of the University of Bern was tried for this thesis. Insufficient product separation was found due
to eluent limitations dictated by the CAD’s eluent tolerance. This particular detector does not tolerate
any inorganic ions. Unfortunately, according to the manufacturer's specifications, the separation of
the sugar acids using the employed column requires the use of sulfuric acid. The second liquid
chromatography method is the high-performance-ion-chromatography (HPIC). HPIC was successfully
employed for the studies in this thesis by developing a method satisfying the required product

separation.

In this section experimental details are provided because HPIC is a technique that is not usually
employed in the Arenz group. This chromatography technique requires, most of the time, analytes in
ionic form - hence the name ion chromatography. Various detectors can be used for the analysis. One
of most common detection method is conductivity detection (CD) which exploits the charged nature
of the analytes. The conductivity detector registers deviations in eluent conductivity after separation
of the analytes, thereby allowing product quantification. A more specialized detection method is the
pulsed amperometric detection (PAD) which is used to quantify organic molecules. The PAD relies on
current responses measured on a working electrode to quantify the compounds of interest. Usually a
repeating three-step potential program is applied at the working electrode, similar to the program
used in the GOR experiments outlined in section 2.1, Figure 2.1.1. The measured oxidation currents
are then correlated to analyte concentrations. PAD is employed commercially in carbohydrate research
where it is used to separate different sugars, such as mixtures of hexoses®*%4. Separating sugar acids,
like gluconic and glucuronic acid, is uncommon and therefore no commercial methods exist but it has
been applied previously in glucose oxidation experiments3®°>=8, For the product analysis in this thesis,
both CD and PAD were used on separate chromatographic lines. Since products cannot be identified
and quantified directly by the chosen detectors, the instrument must be calibrated for all components

that are investigated.
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Regenerant incl. pump
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Fig 2.2.2: Schematic of a typical HPIC setup illustrating the most important systems in the instrument

including the mobile phase (eluent) supply, the sample injection system, the stationary phase
(separation column), the suppressor including a regenerant, the detector (CD or PAD), and the analysis
system. Importantly, when PAD is chosen for detection a suppressor system is not needed and hence

circumvented.

Fig. 2.2.2 depicts a typical HPIC setup involving the crucial systems required to operate an LC-
instrument. The product determination of the studies in this thesis were carried out on a 940
Professional IC Vario | (Metrohm) chromatograph in combination with an 889 IC Sample Center
(Methrom). The devices were controlled by the MaglC Net 3.3 sotftware (Methrom). Two separate
chromatography lines were run. Both lines were operated in isocratic mode. One line was connected
to a CD, the other connected to a PAD. The CD line was used to quantify the organic acids originating

from glucose dissociation. Also, glucaric acid was quantified using the CD because it does not produce

12



Employed methods and method development

a current response in the PAD (Table 2.2.1 & Figure 2.2.3 b)). The CD was operated using a 3 mM
NaCO; eluent and a Metrosep A Supp 7 — (250/4.0, Metrohm) column heated to 45 °C at 0.7 ml/min.
Glucose, gluconic and glucuronic acid were quantified using PAD (Table 2.2.1 & Figure 2.2.3 a)). The
PAD includes a wall-jet cell equipped with an Au working electrode. The eluent consisted of 0.1 M
sodium acetate and 0.11 M sodium hydroxide working with a Metrosep Carb 2 (250/4.0, Metrohm)
column which was heated to 30 °C. The flow rate was 0.5 ml/min. Although the applied parameters
diverge from the manufacturer’s suggestions, it was found that the increased eluent concentration
leads to improved retention times. Here, it is important to note that the PAD line is highly sensitive to
parameter and setup changes. The continuous oxidation and reduction of the Au working electrode
due to the applied repeating three-step potential program seemingly roughens it. This could explain
the steady increase of background current which is observed after prolonged periods of use (> 1 month
of regular use). Additionally, even though the eluent is stored in a closed container, a fraction of the
water evaporates resulting in increased acetate and hydroxide concentrations. Both effects lead to
increased current responses during product analysis because the response is a function of both the
electrode area and the hydroxide concentration®. Thereby, the product concentration is
overestimated. This problem can be addressed in multiple ways. First, the working electrode should
be cleaned and polished regularly. Second, the eluent should be exchanged after 2 weeks of use. The
amplitude of the background current can confirm if the calibrations can still be considered accurate.
And third, the instrument should be calibrated regularly with freshly prepared standards. Importantly,
the standards must be freshly prepared because also here aging and decomposition of the reference
compounds occurs. Adhering to these protocols should minimize the errors in product quantification.
Another source of errors is the handling of the samples before product analysis. The spontaneous
glucose degradation distorts the product distribution because glucose is converted to product species,
which were formed during the GOR experiment and can further degrade into dissociation
compounds®’. Therefore, once an experiment is finished, the collected aliquot is best diluted with
ultrapure water (1:10) to reduce the solution’s pH and then stored in the fridge until product analysis
is performed. Both measures slow down degradation, but do not eliminate it. Hence, timely product

analysis is necessary to ensure the accuracy of the product analysis.
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Analyte CD Retention time / min

Gluconic acid 6.3

Glucuronic acid 6.7

8.1

Glucaric acid 28.1

| Glucose &
Tartaric acid 31 14.4
Glycolic acid M 30.2

Table 2.2.1: Retention times of the oxidation products in the conductivity line (left table) and pulsed

Analyte PAD

amperometry line (right table).

Glucose, gluconic & glucuronic acid; 100 ppm standard
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Figure 2.2.3: Chromatograms of mixtures of 100 ppm standards in: a) PAD line: glucose (1), gluconic
acid (2), and glucuronic acid (3); b) the CD line: formic acid (1), glucaric acid (2), tartaric acid (3), and
glycolic acid (4); c) the CD line: gluconic acid (2), and glucuronic acid (3). Glucose is undetectable under

the operational conditions in the CD.

In the PAD line the current response to the same analyte concentration is very different (Figure 2.2.3

a)). Glucose leads to a much larger peak current response than gluconic acid and glucuronic acid. This

14



Employed methods and method development

is expected because the species interact differently with the working electrode. The interaction is
dictated by the applied current program and the kinetics of the analyte oxidation on the Au electrode.
Also, the peak shape varies because the used column that was designed to separate primarily sugars
and not sugar acids, such as gluconic and glucuronic. As long as the peak shape is consistent, however,
the calibration and subsequent analyses are sufficiently accurate. In the CD line (Figure 2.2.3 b)), the
dissociation products and the glucaric acid are clearly separated, in contrast to gluconic acid and
glucuronic acid (Figure 2.2.3 c)). Especially when the analytes are present at very different

concentrations the peak integration becomes inaccurate.

From the product concentrations determined by the IC, the Faradaic efficiencies (FE) towards the
individual products can be calculated according to Equation 2.2.1:

i mixZ*V*F
FE, = 24100 = RPReZ 7l
Qtot Qtot*10°*M;

(2.2.1)

Q; is the partial charge of the compound, Q;,; the total charge transferred during the experiment,
ppm,; the concentration in [g/ml] of compound i determined by HPIC, Z the number of electrons
involved in the electrode reaction, VV the volume of the electrolyte [l], F Faraday’s constant [C/mol],
and M; the molar mass [g/mol] of compound i. Note that FE towards dissociation products cannot be

determined because the number of electrons involved in the dissociation, Z, is not known.

Both analysis methods could be improved further by upgrading the chromatograph with eluent supply
systems that enable gradient elution. Thereby, the mobile phase could be changed during a
determination resulting in better resolution and shorter retention times. The product analysis could
also be expanded in the future to include more GOR products. In the presented method only a fraction
of possible dissociation products (Figure 2.2.1) is tracked. A more comprehensive list of possible
dissociation and isomerization products can be found in the following sources'>®¥%. Based on the
employed columns no apparent reason exists why other organic acids originating from glucose
dissociation and isomerization could not be identified. Additionally, keto-gluconic acid species should
also be distinguishable. In the presented thesis, however, as gluconic, glucuronic and glucaric acid are
of foremost interest, their quantification is most important. The detection of dissociation products
serves mainly to validate the accuracy of the product analysis and to exemplary show that dissociation
takes place. Hence, the developed method satisfies the required expectation. Lastly, CO, as a GOR
product would be very tricky to analyze by any technique because it is converted to carbonate species
in the alkaline electrolyte. The thereby formed carbonate cannot be distinguished from carbonate

originating from the atmosphere.
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2.3 In-situ Raman spectroscopy

Raman spectroscopy exploits inelastic scattering of photons. Light from a monochromatic source
interacts with vibrational modes of the illuminated molecules. Thereby, information about structures

and adsorbates can be acquired’®.

In-situ Raman spectroscopy measurements during GOR experiments were carried out in a custom-built
KEL-F electrochemical cell (Figure 2.3.1). A three electrode-setup was used: A flat, polycrystalline Au
bead as the working electrode (WE), a coiled Pt wire as the counter electrode (CE), and a leakless
Ag|AgCl (eDAQ) reference electrode (RE). A detailed description of cell preparation can be found in
manuscript I. The applied potential at the WE was linearly changed over time (linear sweep
voltammetry) using a scan rate of 7 mV/s in glucose containing electrolytes. Raman spectra were

acquired continuously with acquisition times of one second.

Dbjective lense

Electrolyte inlet Counter electrode

N
-
Working
electrode
Q, -
P »
Reference electrode 0 Electrolyte outlet

Figure 2.3.1: Picture of the assembled Raman cell under the utilized objective lens. Taken from ref'°!

with approval of the authors.

Initially it was planned to investigate surface species forming during GOR to possibly determine
reaction intermediates and adsorbents before the oxidation of the Au surface. However, this was
unsuccessful due to the species’ low Raman cross section. On the other hand, the oxidation of the gold
surface could be tracked by the intensity of the acquired background signal. To analyze the background
signal more quantitatively, in every acquired spectrum a range without any distinguishable Raman

peaks was averaged, see Figure 2.3.2. These averages could then be plotted as a function of potential

16



Employed methods and method development

unveiling spectroscopic insight into the oxidation of the Au-bead WE. A more detailed discussion of

the analysis is found in the appended manuscript I.

Figure 2.3.2: Color map plot of consecutive Raman spectra acquired during a linear sweep
voltammogram of the Au bead in 0.1 M NaOH and 0.1 M Na,SO, electrolyte with a 10 mM glucose
concentration. Plotting the intensity versus the WE potential shows the dependence of the background
intensity on the electrode potential. In the region between 300 and 1200 cm™ the only distinguishable

peak is found at 980 cm™ corresponding to the symmetric stretching of the sulfate ion'®.
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2.4 Characterization of synthesized HEA-NP

Different analysis techniques were employed to characterize synthesized HEA-NP. This section is
concerned with the type of information gained from a specific technique. The theory of those

techniques will not be discussed in detail.

The definition of the structural composition of a HEA, especially in nanosized structures, is still subject
of debate. Therefore, in this thesis it was defined that a synthesized sample is considered a HEA if only
one apparent crystal phase is visible in the diffraction pattern (XRD) and the elements are distributed

throughout the entire sample determined by energy dispersive X-ray (EDX) analysis.

2.4.1 Powder X-ray diffraction (PXRD)

When performing PXRD, the analyzed sample is exposed to X-ray radiation. Part of the radiation
reaching the samples is diffracted by the atoms in the sample. In periodic structures, such as crystals,
positive interference is possible within periodic planes of the sample. Thereby, the crystal structure
can be determined from the specific interferences and the resulting diffraction pattern. The lattice
parameters can be obtained from the peak position, while peak broadness gives insight about
crystallite size and microstrain within the latticel®®. Due to the relatively larger wavelength (Cu Ka in
this thesis) of laboratory X-ray sources their use to perform PXRD to investigate HEA-NP is limited. The
presence of distinct crystal phases and their attribution to crystal structures is still possible based on
peak symmetry.

AgCuPdPt 30 wt% ond Ketjen Black 350 °C AuCuNiPdPt not supported; microwave based synthesis

a) b)

Intensity / a.u
Intensity / a.u

20 40 60 80 20 40 60 80
20/° 208/°

Figure 2.4.1: Exemplary diffractograms of multimetallic NP both exhibiting more than a single metallic
phase: a) AgCuPdPt 30 wt% on Ketjen Black EC-300 J synthesized via IWI; b) unsupported AuCuNiPdPt-
NP synthesized via a microwave approach. In a) too many reflections are observed while in b) the peaks
are split indicating the presence of multiple distinct fcc phases. The diffractograms were recorded on a

STOE StadiP diffractometer equipped with a MythenlK detector in Debye-Scherrer geometry.
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The diffractograms depicted in Figure 2.4.1 exemplary show multimetallic samples in which the
patterns do not match the pattern of one single space group indicating the presence of multiple
phases. In addition to the peak position, the peak width can also be determined in patterns obtained
from the in-house STOE StadiP diffractometer. However, the peak broadness is quite deceitful.
Additional lattice strain has to be expected in HEA NP% not only due to their nanoscopic size but also
their high-entropy state. This leads to an additional broadening of the peak resulting in
underestimation of the crystallite size for example when applying Scherrer’s equation®. An additional
challenge in the PXRD analysis of the synthesized HEA samples via incipient wetness impregnation
approach, outlined in section 2.5, is the presence of the amorphous carbon support. HEA samples
synthesized by the IWI approach with a loading below 40 wt% could not be analyzed likely due to the
presence of too much amorphous material (Figure 2.4.2 a)). In this instance, the additional strain, and
possibly also smaller crystallites, in HEA-NPs becomes apparent as a Pt/C sample with 30 wt% loading

is easily resolved in the in-house PXRD (Figure 2.4.2 b)).

IrPdPtRhRu 30 wt% on Ketjen Black 350 °C Pt 30 wt% on Ketjen Black 350 °C
a) b)

Intensity / a.u
Intensity / a.u.

20 40 60 80 20 40 60 80
20/° 20/°

Figure 2.4.2: Exemplary diffractograms of samples with 30 wt% metal loading on Ketjen Black: a) a
HEA sample containing IrPdPtRhRu; b) a monometallic sample containing only Pt. The red trace in b)
corresponds to a Pt-fcc reference'®. The diffractograms were recorded on a STOE StadiP diffractometer

equipped with a Mythen1K detector in Debye-Scherrer geometry.

PXRD data gathered at ESRF (synchrotron X-ray) could be analyzed by the Rietveld refinement
method%. All sample parameters extracted from refined patterns presented in this thesis were done
using GSAS-11.17 This refinement method fits a calculated profile to the experimentally acquired
diffractograms. Many parameters can be fit, including amongst others, lattice parameters, crystallite
size, strain, atomic fraction, and phase fraction in multiphase samples. Importantly, reasonable

assumptions must be made for the method to return physically feasible refined parameters. Here,
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covariance of certain parameters is an important factor. The refinement is simplified by limiting or not
refining certain parameters based on insight about the sample gained from other techniques. For
example, in-situ XANES and ex-situ EDX analysis were used to determine the atomic fraction in the

sample for the analysis of the PXRD of the PtFeCoNiPd synthesis (see appended manuscript Ill).

2.4.2 X-ray absorption near edge spectroscopy (XANES)

XANES exploits the absorption of X-ray photons in the core electrons of a material. The distinct core-
electron binding energies of different elements allow the elemental distinction and identification using
XANES %, Among a plethora of information, the edge structure gives insight into the oxidation state
of the investigated elements. Combining XANES and PXRD at ESRF is ideal to investigate the synthesis
of HEA-NP. Appended manuscript Ill utilizes this technique. Importantly, the analysis of the metal
oxidation state and the ratio of reduced and oxidized species was used as input in the Rietveld

refinements mention in section 2.4.1 on PXRD.

2.4.3 Energy dispersive X-ray spectroscopy (EDX)

For this technique, the analyzed sample is exposed to an electron beam. The sample dissipates a
portion of the absorbed energy by ejecting core-shell electrons. An electron of a higher energy level
fills the hole created by ejection. The difference in energy levels is released in the form of an X-ray
photon. Since the energy levels are element specific, EDX analysis can distinguish elements'®, In the
case of HEA analysis, the atomic fraction of elements and the elemental distribution throughout the

sample is the most important information to gain from EDX.
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2.5 Synthesis of HEA-NP by incipient wetness impregnation (IWI) method

To synthesize supported HEA-NP, an incipient wetness impregnation approach was pursued. The goal
was to synthesize particles with a single metallic phase of approximately 5 to 7 nm with a loading of
60 weight percent (wt%) on carbon black powder (Equation 2.5.1). For NPs of this size, the number of
formed crystal phases can still be analyzed adequately by powder diffraction using a laboratory X-ray
source, while also being interesting for catalysis applications. Additionally, the high loading ensures
that enough scattering material is present and that the amorphous carbon does not dominate the
diffraction measurement.

m(metals)

wt% =
% m(metals+support)

+ 100 (2.5.1)

Incipient wetness impregnation has the advantage of being a simple and straight-forward synthesis
approach. It has been used to synthesize a wide variety of different monometallic and multimetallic
nanoparticles on different support materials!'®!'!, The metal precursor is dissolved in a specific volume
of solvent which is calculated based on the pore volume of the utilized support. Then, the support is
impregnated with the precursor solution and subsequently left to rest. Afterwards, the impregnated
support is dried in an evacuatable muffle oven and finally reduced in a tube furnace under reducing
atmosphere. The individual steps are depicted schematically in Figure 2.5.1. Depending on the exact
synthesis recipe, the individual steps can vary, e.g., various solvents can be used, or the duration of
the steps can change. For the synthesis of the HEA-NP the recipe was adjusted to cater to the set goals.
First, the precursor salts were dissolved in the solvent which was ultrapure water. Chlorides were the
precursors of choice because of their relatively high solubility in water and the availability of platinum
group metal (PGM) chlorides. The volume of the solvent was calculated based on the carbon support’s
pore volume. Ketjen Black EC300-J was preferably employed over Vulcan XC 72R as support owing to
its higher specific pore volume. For catalyst loadings larger than 30 wt% the pore volume becomes
very small because less support is used in comparison to the amount of metal cursor. Therefore, an
increased solvent volume, as compared to the support pore volume, was used. Different solvent
volumes were tested to determine the specific volume employed in the different syntheses. It was
found experimentally that 210 % of the calculated pore volume is a good starting point. The limiting
factors of the solvent volume were the precursor solubility on one hand and the apparent wetness of
the support after impregnation on the other hand. In terms of solubility, all the precursor salts have to
be dissolved in the solvent without forming any precipitate. The impregnation was deemed successful
when all of the support clumped together and was visibly wet. A sample was considered too wet when
a support-slurry was formed resulting in recrystallization of precursor salt on the vial walls after drying
in the muffle oven. After impregnation, the samples were rested for 24 h in the absence of light to
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prevent any possible light-induced metal reduction. Then, the samples were dried in an evacuated (<
100 mbar) oven at 100 °C for another 24 h. Once dry, the samples were transferred into ceramic boats
in which they were reduced in a tube furnace. The standard temperature program included a ramp of
100 °C/h to a temperature of 350 °C where the samples were held for an additional hour. Finally, the
sample was left in the oven to cool down to approximately 50 °C. While in the tube furnace, the sample
was constantly flushed with 2.5 % H; in argon. For loadings larger than 40 wt%, the carbon supports
were impregnated twice, doubling the solvent volume again (e.g., two times 210 %). Therefor in a first
impregnation step only half of the precursor solution was impregnated onto the support. After resting
and drying as described above, the second impregnation step with the remaining half of the precursor
solution was performed. Subsequently, the sample was again rested, dried, and finally reduced in the
tube furnace. Particle size control was achieved by tuning the metal loading and the reduction
temperature. Larger particle sizes were reached with higher weight loadings (up to 70 wt%) or
increased reduction temperatures (500 °C), see appended manuscript Ill. The IWI synthesis approach
was chosen as a high-entropy state present in the precursor solution could be preserved during drying
of the solution. This, in theory, leads to a random distribution of the precursor metal salts on the

carbon support. In combination with the limited mobility of the immobilized salts during the reduction,

the formation of a high entropy alloy should be encouraged.

I

Impregnation st
7S

Reduction

Figure 2.5.1: Schematic illustration of the individual synthesis steps to form HEA-NP via an incipient

wetness impregnation approach. Each color represents a different element.

In terms of compositions, two HEA systems were successfully synthesized. First, an equimolar
PtFeCoNiPd alloy system comprised of precious and non-precious metals intended for the use in the
oxygen reduction reaction (ORR) was prepared (Figure 2.5.2 a)). The formation of this PtFeCoNiPd
alloy, as well as a bimetallic PtFe, trimetallic PtFeCo, and quaternary sample PtFeCoNi, was investigated
in-situ at the ESRF (see appended manuscript Ill). Second, a PGM system of IrPdPtRhRu was synthesized
(Figure 2.4.2 b)). Collaborators from Jan Rosmeissl’s group at the University of Copenhagen
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investigated IrPdPtRhRu as a model material by DFT calculationto be potentially used in ORR or HER.
In this alloy the elemental fractions can be deviated from equimolar conditions while still resulting in
a HEA. Here, the PXRD and EDX analysis for two samples of the mentioned compositions are briefly

discussed to outline the process of deduce the success of a synthesis.

PtFeCoNiPd 60 wt% on Ketjen Black 400 °C IrPdPtRhRu 60 wt®% on Ketjen Black 500 °C

a) —— PtFeCoNiPd 60 wt% b) IrPdPtRuURh 60 wt%
—— Pt-fcc reference —— Pt-fcc reference

Intensity / a.u.
Intensity / a.u

20 40 60 80
20/°

Figure 2.5.2: Exemplary diffractograms of the two equimolar single-phase HEA system synthesis via
IWI approach: a) PtFeCoNiPd 60wt% on Ketjen Black EC-300 J reduced at 400 °C; b) IrPdPtRhRu 60 wt%
on Ketjen Black EC-300 J reduced at 500 °C. The Pt-fcc reference'® (red line) illustrates the fcc-
fingerprint. The diffractograms were recorded on a STOE StadiP diffractometer equipped with a
Mythenl1K detector in Debye-Scherrer geometry. Exemplary TEM micrographs of sample PtFeCoNiPd
60wt%, c), and IrPdPtRhRu 60 wt%, d), underneath their respective diffractograms. The micrographs

were recorded on a Tecnai Spirit microscope using a tungsten filament operated at 80 kV.
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Statistic / atomic % Fe Co Ni Pd Pt
Max 26.94 25.69 12.37 21.85 20.81
Min 24.12 23.98 10.34 17.01 16.65
Average 25.72 24.83 11.43 19.84 18.18
Standard deviation 0.80 0.60 0.59 1.39 1.25

Table 2.5.1: EDX analysis corresponding to the PtFeCoNiPd 60wt% sample showing the average atomic
percentages and their standard deviations. The average contains data from 10 spectra recorded on the
sample. The EDX analysis was conducted on a Zeiss GeminiSEM 450 operated by SmartbSEM 6.05
software, and an EDS Photodetector Ultim max 65 from Oxford Instruments. Data analysis was

conducted by AZTec 5.0 software.

Analysis of the elemental composition by EDX reveals that for the synthesized PtFeCoNiPd 60 wt%
sample the elements are not present equimolarly, even though precursors were employed in
equimolar ratio. Fe and Co preponderate while Ni is underrepresented. Nonetheless, based on the
diffraction pattern shown in Figure 2.5.2 a), a HEA was still formed. And based on the standard
deviation of the EDX analysis, it can be concluded that the elements are distributed evenly. Therefore,
combing the PXRD and EDX analysis, the synthesis was deemed successful. Also, the elemental ratio in

the product can still be tuned by increasing the precursor ratio if deemed necessary.

A similar picture presents itself in the case of the IrPdPtRhRu 60 wt% where the elements are also not
present in an equimolar ratio (Table 2.5.2). In this case, Ru is overrepresented heavily while Pd is only
present at 5 atomic %. Still, because the PXRD shows one apparent phase and since the elements are

present throughout the entire sample, the synthesis was deemed successful.

Statistic / atomic % Ru Rh Pd Ir Pt
Max 33.49 22.93 6.53 23.61 30.51
Min 21.36 15.83 4.09 19.61 21.26
Average 28.51 20.44 4.99 21.55 24.52
Standard deviation 3.29 1.85 0.65 1.39 2.45

Table 2.5.2: EDX analysis corresponding to the IrPdPtRhRu 60wt% sample showing the average atomic
percentages and their standard deviations. The average contains data from 10 spectra recorded on the
sample. The EDX analysis was conducted on a Zeiss GeminiSEM 450 operated by SmartbSEM 6.05
software, and an EDS Photodetector Ultim max 65 from Oxford Instruments. Data analysis was

conducted by AZTec 5.0 software.
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Employed methods and method development

Synthesis of Au-containing HEA by IWI were also pursued as prospect catalysts for GOR. Even though
there are reports on gold particles formed through a simple IWI approach?!?, the synthesis of a HEA
via IWI approach with Au as a constituent element remained unsuccessful in this thesis. The Au was
found to reduce during the drying step leading to the formation of large gold crystallites prior to the
planned thermal reduction step (Figure 2.4.3 a)). After the thermal reduction, the Au was still
segregated in a solitary phase. In contrast the other metals apparently formed a multi-metallic phase

visible as the broad peak at 40 ° 26 (Figure 2.4.3 b)).

AulrPdPtRu 60 wt% not reduced AulrPdPtRu 60 wt% reduced
a) AulrPdPtRu 60 wt% b) AulrPdPtRu 60 wt%
Au-fcc reference Au-fcc reference
3 3
o ©
= 2
& £
= | =
2 2
£ £
L N
20 40 60 80 20 40 60 80
20/° 20/°

Figure 2.5.3: Diffractograms of IWI samples containing the constituent elements Au, Ir, Pd, Pt, and Ru
in equimolar amounts with 60 wt% loading on Ketjen Black EC-300 J: a) after the second drying step; b)

after the reduction under H,-atmosphere. The Au-fcc reference'™® suggests that the Au is segregated

forming a solitary phase.
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3 Discussion of appended manuscripts

This chapter discusses the manuscripts, that have been published or are in the process of being
published in peer reviewed journals, based on work done as part of this PhD thesis. The most relevant

findings are highlighted and my contribution to the work is outlined.

3.1 Manuscript I: On the electrooxidation of glucose on gold: Towards an

electrochemical glucaric acid production as value-added chemical

3.1.1 Abstract

The electrocatalytic oxidation of glucose to value-added chemicals, such as glucaric acid, has gathered
increased interest in recent years. Glucose oxidation is a promising process which has the potential to
contribute to establishing renewable resources as alternatives to fossil carbon sources. Herein, we
present rotating disk electrode (RDE) studies on polycrystalline gold surfaces and subsequent
Koutecky-Levich analysis as a benchmark to expand the understanding of reaction kinetics and
competition between glucose, reaction intermediates and OH- at the catalyst surface. Based on the
obtained results it follows that the glucose oxidation reaction (GOR) is predominately mass-transport
controlled. Combining electrochemical studies and Raman spectroscopy, it is shown that increasing
glucose concentrations lead to a delayed oxidation of the gold catalyst surface, presumably by

increased consumption rates of Au-hydroxide species.

3.1.2 Contribution to the work

For this publication | performed the entire experimental work including the electrochemical
measurements and the Raman spectroscopy. The data analysis was done by me with the support of
Gustav Wiberg and two developed extensions of his EC4™VIEW software. Matthias Arenz supervised

the work. Both Gustav Wiberg and Matthias Arenz amended and edited the manuscript draft | wrote.
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3.1.3 Most relevant findings

This study focuses on the influence of forced convection on the GOR. Therefore, cyclic voltammograms
were recorded with glucose or gluconic acid dissolved in the electrolyte. Varying rotation speeds were

applied to gain insight into the kinetics of the respective oxidation reactions.
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Figure 3.1.1: Cyclic voltammograms (50 mVs?) on an Au-disk at different rotation speeds recorded in
0.1 M NaOH and 0.1 NaSO: electrolyte containing a) 50 mM glucose and b) 50 mM gluconic acid.

Reprinted with permission of the authors of ref*°%.

Cyclic voltammograms of an Au-disk were recorded in electrolytes containing 50 mM of glucose (Figure
3.1.1 a)) or 50 mM of gluconic acid (Figure 3.1.1 b)). Based on the current response in Figure 3.1.1 a)
it was concluded that glucose oxidation on gold under the applied conditions is mixed kinetic mass-
transport controlled. Therefore, mass transport plays an important role in glucose oxidation. It follows
that for the design of future electrochemical setups mass-transport aspects must be taken into account
to enable efficient glucose oxidation to high-value products. Forced convection should be applied, e.g.,
in the form of electrolyte stirring or using a flow cell setup. In contrast, as seen in Figure 3.1.1 b), the
current response in the presence of gluconic acid does not change systematically with the applied
rotation speed. Hence, it was concluded that the oxidation of gluconic acid on gold Au is kinetically
limited. This conclusion has several implications for the product-oriented glucose oxidation. First, at
mild conditions (oxidation potentials lower than 0.7 Vgye) the oxidation of glucose can be expected to
stop at gluconic acid. Second, if glucaric acid is the target product of the glucose oxidation, the rate-
limiting step on an Au electrode will likely be the oxidation of gluconic acid. Catalyst and setup design

therefore should be focused on improving the efficiency of gluconic acid oxidation.

The performed RDE studies were analyzed in more detail by applying the Koutecky-Levich method
(briefly discussed in section 2.1). Key parameters which can be extracted from this analysis are the

number of transferred electrons and the kinetically limited current. The method could only be applied
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to the glucose oxidation because only here the current response changed as a function of rotation

speed.
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Figure 3.1.2: Koutecky-Levich analysis of RDE-measurement on an Au-disc in 0.1 M Na,SO, and 0.1 M
NaOH in different concentrations of glucose: a) numbers of transferred electrons; b) kinetically limited

current. Reprinted with permission of the authors of ref*°%.

The application of the Koutecky-Levich analysis, shown in Figure 3.1.2, indicates that the number of
electrons transferred during cycling depends on the applied potential as well as the glucose
concentration itself. In 0.1 M NaOH at electrode potentials below 0.8 Vrug, the number of transferred
electrons lies within the range (1-4 e’) where gluconic and glucaric acid are reasonable oxidation
products. At electrode potentials larger than 0.8 Vrue, the number of transferred electrons increases
drastically, especially at small glucose concentrations. If more than 6 e are transferred, the glucose
molecule is oxidized further than glucaric acid. An exception is the measurement conducted with a 500
mM glucose concentration where it seems that the number of transferred electrons is not influenced
by the applied potential. Hence, the ratio of OH to glucose molecules is an important factor to consider
when optimizing the reaction conditions during GOR: If the OH  concentration far exceeds the glucose
concentration, the glucose is oxidized too far. In contrast, if the glucose concentration exceeds the OH"

concentration, most molecules are not oxidized at all making the setup inefficient.

In terms of kinetically limited currents (Figure 3.1.2 b)), the analysis shows that the oxidation of glucose
is severely limited by mass-transport. Even at the highest applied rotation speed (pink line in Figure
3.1.1 a)) the measured currents are still considerably lower than the kinetic limit determined in Figure
3.1.2 b). Comparing the kinetically limited currents in 0.1 M NaOH and 10 mM or 50 mM glucose

concentration reveals glucose scarcity at the interface determines the kinetically limited current.
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Figure 3.1.3: a) 10-60 mM glucose concentration in 0.1 M NaOH and 0.1 M Na,SO,4 at 2500 rpm with
normalized currents [l/Jmax], arrows indicate the scan direction; b) averaged recorded intensities (400
cm™ to 890 cm™) as a function of potential (left y-axis) and corresponding CV recorded on Au-bead
(right y-axis); c) comparison of averaged intensities at different glucose concentrations, 0 mM to 70
mM. d) color map of Raman spectra continuously recorded during cyclic voltammetry (7 mV s) in the

absence of glucose. All measurements were recorded at room temperature. Reprinted with permission

of the authors of ref*™*.

Cyclic voltammograms recorded in electrolytes with different glucose concentrations show different
electrode potentials at which the surface becomes inactive towards glucose oxidation (Figure 3.1.3a)).
Importantly, the deactivation of the electrode coincides with the oxidation of the gold electrode!'*. To
test the hypothesis that the presence of glucose shifts the Au oxidation towards higher potential an in
situ Raman study was conducted. First, a blank experiment on the gold bead electrode in the absence
of glucose showed that the intensity of the Raman background indeed coincides with the oxidation of
the gold (Figure 3.1.3b)). During the scan in the negative direction the recorded background intensity
increased again upon the reduction of the gold surface (Figure 3.1.3d)). Then, cyclic voltammograms
in different glucose concentrations were recorded. The respective Raman intensities were plotted as
a function of the electrode potential (Figure 3.1.3c)). The plot reveals that the glucose concentration

influences the oxidation potential of the gold electrode. A likely explanation is that the GOR consumes
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OH- adsorbed on the gold. The larger the GOR rate, which is correlated to the glucose concentration,

the more OH,4s is consumed at the electrode, and thereby, the oxidation of gold is delayed.

3.2 Manuscript Il: Elucidating the reaction pathway of glucose electrooxidation to
its valuable products: the Influence of mass transport and electrode potential

on the product distribution

3.2.1 Abstract

Converting glucose electrochemically to its valuable derivatives, gluconic and glucaric acid, is an
increasingly promising process for the utilization of renewable carbon sources. Understanding the
reaction pathway to form glucaric acid from glucose is key in performing the process efficiently. In this
study, we investigate the influence of rotation and potential on the product distribution in glucose,
gluconic acid and glucuronic acid oxidation on a gold disk in an RDE-setup. We find glucose and
glucuronic acid to be easily oxidized, while the oxidation of gluconic acid is kinetically limited.
Combining DFT calculations and the experimental results, we show that, on gold, the oxidation of
aldehyde groups happens readily while the oxidation of hydroxyl groups is challenging and happens

almost indiscriminately on all positions in glucose, and its derivatives, molecules.

3.2.2 Contribution to the work

For this study, | performed all the experimental work and analysis, including the electrochemical
measurements as well as the product determination and quantification. Alexander Bagger provided
the DFT calculation on the system. The experimental design and methodology were developed in
collaboration with all co-authors. | wrote all the parts of the publication concerned with the discussion
of and conclusion on the glucose oxidation experiments, while Alexander Bagger contributed the
sections concerning the DFT calculations. Jan Rossmeisl and Matthias Arenz supervised the study.

Matthias Arenz was additionally involved in manuscript writing and editing.
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3.2.3 Most relevant findings

This study explores possible reaction pathways from glucose to glucaric acid. Additionally, the
influence of the oxidation potential and rotation speed as experimental parameters were investigated.

In-tandem with DFT calculation, a possible pathway from glucose to glucaric acid was rationalized.

10
b) > 112 c) » 416
100 4%~ 8 100_0-8 VRrHE 100_1-1 VrhE
412
75 - i - (8]
- 6 75+ 8 75 =z
° (]
w 48 2
oL 50 - 4 50 50 - j=
)
44
25 4 2 254 25 4 14
0 - 0 0- 0 0- 0
0 200 2500 0 900 2500 0 900 2500

Rotation speed /rpm [l GLUJl GLA » Charge
Figure 3.2.1: Product distribution in glucose oxidation at different oxidation potentials in 0.1 M NaOH
and 0.1 M NaClO4 with 10 mM glucose after 2h at a) 0.55 Vrue, b) 0.8 Vrue, and c) 1.1 Ve, Faradaic
efficiencies (FE) towards gluconic acid (GLU) and glucaric acid (GLA) depicted in blue and black,

respectively. The transferred charge is displayed on the right-hand y-axis of each graph.

When oxidizing glucose under forced convection, gluconic acid (GLU) was found to be the main
product. Glucaric acid (GLA) was formed in the absence of rotation. However, the transferred charge
in the absence of rotation is much smaller compared to experiments under forced convection (Figure
3.2.1). In short, the transferred charge is a function of the rotation speed. Therefore, the reaction rates
and the absolute GLA amounts formed in the absence of rotation were only minuscule. This finding
has two very different implications for the oxidation of glucose in the absence of rotation: i) The
formation rates are too small to be of interest for upscaling (even on a laboratory scale). ii) The product
analysis is subject to large uncertainties from the product analysis itself as well as aging processes
making the results unreliable. The application of milder oxidation potentials (0.55 Vrue and 0.8 Vrye)
coupled with milder rotation (900 rpm) leads to the most desirable product distribution at substantial
reaction rates. Further increasing the oxidation potential and the rotation speed leads to decreased FE
towards the desired products and increases the dissociation of the glucose molecule. HPIC confirms
the presence of more dissociation products under these conditions. The harsh conditions therefore

lead to the oxidation of glucose at undesired positions.

Importantly, independent of the applied oxidation potential and rotation speed, no glucuronic acid

was detected.
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Figure 3.2.2: Product distribution and Faradaic efficiencies (FE) towards glucaric acid in gluconic acid
oxidation experiments at different oxidation potentials in 0.1 M NaOH and 0.1 M NaClO4 with 10 mM
gluconic acid after 2h at a) 0.8 Vrue and b) 1.1 Vrue. The transferred charge is displayed on the right-

hand y-axis of each graph.

The same experiments were repeated with gluconic acid present in the electrolyte. At an oxidation
potential of 0.8 Vrue (Figure 3.2.2 a)) the transferred charge appeared to be less governed by the
applied rotation speed. This in contrast to the glucose oxidation experiments (Figure 3.2.1 a))
discussed above. Nonetheless, it seemed that the product distribution was influenced by the applied
rotation rate. A mild rotation (900 rpm) results in the highest FE towards GLA, while only marginal
reaction rates were reached. At 1.1 Vgye (Figure 3.2.2 b)) the rotation speed significantly influences the
transferred charge. However, the decreased FE towards GLA implies an increased gluconic acid

dissociation.

From these observations, it was concluded that the oxidation of gluconic acid to form glucaric acid is
kinetically limited at lower potential while at higher potentials gluconic acid seems oxidizable.
However, the oxidation happens indiscriminately on the molecule resulting in a low FE towards GLA
which is confirmed by the increased presence of dissociation products. This observation is also in
agreement with DFT calculations which indicate that terminal hydroxyl groups are only slightly easier
to oxidize than non-terminal groups. Once again, throughout the series of measurements, no

glucuronic acid has been detected.
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Figure 3.2.3: Product distribution and Faradaic efficiencies (FE) towards glucaric acid in glucuronic acid
oxidation at different oxidation potentials in 0.1 M NaOH and 0.1 M NaClO4 with 10 mM glucuronic
acid after 2h at a) 0.55 Vrug, b) 0.8 Vrug, and ¢) 1.1 Ve The transferred charge is displayed on the right-
hand y-axis of each graph.

The oxidation of glucuronic acid was very similar to the glucose oxidation. In Figure 3.2.3 a) and b),
high FEs towards GLA are observed. The FE towards GLA decreases at a larger overpotential. Even more
so when fast rotation speeds are applied. The increased concentrations of dissociation products

confirmed the lower FEs.

Combining the experimental data (Figure 3.2.1-3.2.3) and the insights gained from the DFT calculation,
it was concluded that the oxidation of the terminal aldehyde groups present in glucose and glucuronic
acid occurs selectively on gold surfaces. In contrast, the oxidation of a terminal hydroxyl group is
kinetically challenging. However, once the oxidation of the hydroxyl groups occurs, it is not limited to
the terminal groups but occurs indiscriminately at all hydroxyl groups in the molecule. For the absence
of glucuronic acid two probable explanation were discussed: i) On gold, the bonded oxygen and carbon
key intermediates are energetically close. Hence, glucaric acid could be formed through an R-*C-OH
intermediate. Therefore, glucuronic acid would be omitted as possible intermediated. ii) The oxidation
occurs via an R-CH,-*O intermediate. Glucuronic acid would be formed but then immediately be
oxidized further to glucaric acid as the aldehyde group is swiftly oxidized further. Hypothesis i) seems
however more likely as it is hard to imagine that the possibly formed glucuronic acid would be

completely converted immediately.
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3.3 Manuscript lll: Characterization of multimetallic PtFeCoNiPd-HEA samples by in
situ PXRD and XANES (in preparation)

3.3.1 Abstract

The formation of high-entropy alloy (HEA) nanoparticles at low temperatures (< 350 °C) is not yet fully
understood. Investigating the oxidation states of the constituent elements of PtFeCoNiPd samples in
situ by XANES during the synthesis while simultaneously also tracking the crystal phases by in situ PXRD
sheds light on the formation of the HEA phase. In this study, we present four different samples with
distinct numbers of constituent elements (two, three, four, and five elements) and compare their
reduction behavior. We find the precious metals to reduce in a narrow temperature window while the
non-precious metals reduce via an intermediate state over the span of a larger temperature range. In
all samples, first, the formation of an fcc phase is observed followed by a gradual transformation to a

tetragonal phase (P4/mmm) at elevated temperatures.

3.3.2 Contribution to the work

To this study | contributed the development of the incipient wetness approach-based synthesis that
was used to synthesize all investigated samples. Additionally, | recorded and analyzed the PXRD data
that was acquired in-house at University of Bern and at BM31 at ESRF in Grenoble. Together with
Stefanie Punke we envisioned the approach on how to combine the different analysis techniques to
maximize the obtained data. Stefanie Punke additionally analyzed the XANES data using a script
developed by Ulrik Friis-Jensen. Divyansh Gautam joined the beamtime experiments and Nicola
Ramseyer contributed to the PXRD data analysis. Etienne Berner conducted the EDX characterization
of the samples. Rebecca Pittkowski also joined the beamtime and designed the study alongside Kirsten

Jensen and Matthias Arenz.
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3.3.3 Most relevant findings

Samples containing different numbers of elements in equimolar ratios were synthesized by an incipient
wetness approach on Ketjen Black EC300J with a metal loading of 60 wt%: PtFe, PtFeCo, PtFeCoNi, and
PtFeCoNiPd. At ESRF in Grenoble, the samples were characterized in situ during the synthesis using
PXRD and XANES. The temperature program for the synthesis consisted of heating to 400°C at 100 °C
h? followed by more rapid heating to 750 °C at 350 °C h'l. Then the sample was set to cool down back

to ambient temperature. All the while, the sample was kept und a reducing H,>/Ar atmosphere.

PtFe 60 wt% on Ketjen Black PtFeCo 60 wt% on Ketjen Black
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Figure 3.3.1: Contour plots of PXRD diffractograms of a) a PtFe, b) a PtFeCo, c) PtFeCoNi, and d)
PtFeCoNiPd sample on Ketjen Black EC300-J with a metal loading of 60 wt% recorded during heating
to 400 °C. The green regions indicate high intensities while the blue regions indicate low intensities in

the diffractograms.

The contour plots in Figure 3.3.1 show that in all investigated samples from the metal salt precursors
a face-centered cubic (fcc) phase forms before 200 °C. In the HEA sample, PtFeCoNiPd (Figure 3.3.1

d)), this reduction occurs 25 °C earlier than in the other three samples (Figure 3.3.1 a)-c)).
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Figure 3.3.2: Crystallite size and cell parameter of the formed fcc phase obtained from sequential

Rietveld refinements using GSAS-Il of PtFe 60 wt%, a) and b), and PtFeCoNiPd 60 wt%, c) and d).

Mircostrain was kept constant during the sequential refinement.

Sequential Rietveld refinement of the individual diffractograms of the samples PtFe (Figure 3.3.2a))

and PtFeCoNiPd (Figure 3.3.2 c)) reveals that the crystallite size of the sample increases during heating.

Assuming the crystallite size to correspond to the particle size, it follows that the nanoparticles grow.

Simultaneously, the unit cell shrinks as shown in Figure 3.3.2 b) and d).
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Figure 3.3.3: Linear combination analysis (LCA) of XANES spectra recorded during the reduction of a
PtFeCoNiPd 60 wt% sample for Pd (a), Pt (b), and Fe (c). Precursors are indicated in black, intermediates
in red, and products in blue. The weight fractions determined by the LCA are normalized to the main
absorption edge. Note that Pt and Pd do not reduce via an apparent intermediate. The LCA for Co and

Ni is missing due to on-going complications with the autoXAS script.
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Figure 3.3.4: Linear combination analysis (LCA) of XANES spectra recorded during the reduction of a
PtFeCoNi 60 wt% sample for Co (a) and Ni (b). Precursors are indicated in black, intermediates in red,

and products in blue. The weight fractions determined by the LCA are normalized to the main
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absorption edge. We assume the redcution behaviour of these elements to be similar in the PtFeCoNiPd

sample. The shaded areas depict the standard deviation of the LCA.

LCA analysis of the XANES spectra recorded during the heat ramp to 400 °C unveils that the metals
show different reduction behavior. This is exemplary shown by the LCA of the PtFeCoNiPd sample in
Figure 3.3.3 and 3.3.4. However, it holds true for all samples. The metals can be broadly separated
into two groups, which correspond to their nobility. First, the noble metals, Pd an Pt (Figure 3.3.3a)
and b)), reduce within a narrow temperature window between 100 °C and 200 °C. They rapidly reduce
from their precursor to their final state (Pd** = Pd% Pt* - Pt%). The second group consists of Fe, Co,
Ni. These metals reduce via an intermediate state (e.g. Fe3* > Fe?* = Fe?). Notably, for Co and Ni no
oxidation state was found in the literature that matches the observed intermediate spectra. The onset
of reducing from the precursor to intermediate occurs as early as 75 °C. The reducing from the
intermediate to the final state slowly occurs up to 300 °C. The reduction temperature window is
therefore much broader than in the case of the noble metals. Interestingly, even though the reduction
temperatures differ greatly, only one apparent fcc metal phase is formed (Figure 3.3.1). The non-
precious elements exhibit smaller elemental unit cells than Pd and Pt. Therefore, a continuous
incorporation of Fe, Co, and Ni into a Pt- (and Pd-) rich phase can explain the observed shrinking of the
unit cell. Exactly how this incorporation occurs has to be investigated further until a conclusive answer

can be given.
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Figure 3.3.5: Contour plots of PXRD diffractograms of a) PtFe and a) PtFeCoNiPd samples on Ketjen
Black EC300-J with a metal loading of 60 wt% recorded during heating to 750 °C. The green regions
indicate high intensities while the blue regions indicate low intensities in the diffractograms. The red

arrows in the x-axis indicate the most intense peaks which emerge.

Upon heating the sample to higher temperatures, additional peaks start to emerge in the diffraction

patterns. The most intense peaks are indicated by the red arrows in Figure 3.3.5. A closer inspection
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of the contour plot of sample PtFe (Figure 3.3.1 a)) indicates that the transformation already
commences at 375 °C. This is not the case for PtFeCoNiPd (Figure 3.3.1 d)), and hence, the
transformation seems to commence at higher temperatures in the HEA sample. Matching the
emerging reflections to reference materials indicates that the peaks correspond a tetragonal phase of

space group P4/mmm (figure 3.3.6). The crystalline phase transforms from fcc to P4/mmm.

09 o
o
o !
OOO Q Heating OooO
‘OO O PtFe tetragonal (P4/mmm)

Face centered cubic (fcc) O ‘
PtFeCo tetragonal (P4/mmm)
Figure 3.3.6: lllustration of the phase transformation occurring from fcc to tetragonal P4/mmm when
heating the samples to 750 °C. The PtFe and PtFeCo lattices depicted are from structures available in

the open crystallographic database.

However, the diffractograms must be refined further using Rietveld’s method. Only then can insight
about important parameters be gained. The most interesting parameters to determine are the phase

fraction and the atom position within the lattice.
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3.4 Manuscript IV: Elucidating the Steady-State OER Activity of NiFeOOH Binary

Nanoparticles in As-prepared and Purified KOH Electrolyte Solutions

The work for this manuscript was conducted, as previously alluded to in section 2.1, in collaboration
with Kirsten Jensen’s group at the University of Copenhagen. This manuscript is not particularly
connected to the rest of the presented work in this thesis except that it is from the broad field of
electrocatalysis. The results of this work are however discussed for the purpose of knowledge transfer
and to deepen the collaboration within the Centre for High-entropy Alloy Catalysis (CHEAC), of which

both research groups are a part of.

3.4.1 Abstract

Replacing critical raw materials employed in water electrolysis applications as electrocatalysts with
earth-abundant materials is paramount for the future upscaling of these application to industrial
dimensions. In that regard, Ni and Ni-based multimetallic hydroxides, above all NiFe-hydroxides, have
shown promising performance towards the oxygen evolution reaction (OER) in alkaline conditions.
However, it has been shown that the extraordinary performance of these materials is owed at large to
Fe impurities found in commercial KOH from which electrolyte solutions are prepared. The mechanism
of action of these impurities is still not fully understood, and therefore, at the heart of on-going
discussions. In this study, we investigate the OER activity of different (Ni;«Fex)OOH samples and find
their activities to be influenced differently by the presence of the Fe impurities. From the gathered
data, we conclude that the presence of Fe impurities impacts gravely the structure sensitivity of the
OER. In the absence of the impurities — in purified electrolyte solutions — the OER appears to be a

structure-sensitive reaction while this seems no to be the case in the presence of said impurities.

3.4.2 Contribution to the work

| instructed and subsequently supervised Baiyu Wang in all questions regarding the experimental
performance of electrochemistry including the setup and sample preparation. Additionally, | helped
conceptualizing the manuscript and wrote the first draft of the manuscript. Baiyu Wang performed the
electrochemical measurements, parts of the structural characterization, and wrote the discussion of
these analyses for the manuscript. Olivia Aalling-Frederiksen synthesized and characterized the
samples. Kirsten Jensen (structural characterization) and Matthias Arenz (electrochemistry) supervised

the work in their fields of expertise, conceptualized the study and edited the paper.
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3.4.3 Most relevant findings

(Ni1xFex)OOH and (Ni1.«Cox)OOH samples were synthesized from nitrate precursors via a solvothermal
approach at varying synthesis times. The main discussion of the study is focused on (NipsFeos)OOH
while the other samples serve to verify observed trends. The effect of Fe-impurities present in
commercial KOH on OER activity was investigated by comparing activities determined in as-prepared

and purified electrolyte solutions.
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Figure 3.4.1: a) PXRD patterns of the same two as-synthesized (NigsFeos)OOH samples collected at the
synchrotron DESY, P21.1, with a wavelength of 0.21 A. PXRD patterns collected with Bruker D8 are in
the range 0.6-4 A. Samples were named by the metal precursor ratio used in synthesis and the
synthesis time. b-c) Exemplary TEM images of the two (NiosFeos)OOH samples: (b) Nil:Fel-2h and (c)
Nil:Fel-6h.

Two (NigsFeos)OOH samples with varying synthesis time, hereafter called Nil:Fel-2h and Nil:Fel-6h,
were characterized by PXRD (Figure 3.4.1 a)), TEM (Figure 3.4.1 b) and c)), and pair distribution
function (PDF) analysis from total scattering experiments. The termini of the sample names, “2h” and
“6h”, correspond the respective synthesis time — specifically 2 hours and 6 hours. Comparing the
samples’ diffraction patterns to references (Figure 3.4.1 a)), the coexistence of a layered double
hydroxide phase (LDH) and a spinel phase was confirmed in the two samples. Both structures are
visible in the TEM images presented in Figure 3.4.1 b) and c). Based on peak position, after two hours
of synthesis time an a-polymorph LDH was observed, whereas after 6h the samples diffraction pattern

confirmed a y-polymorph LDH. Additionally, the synthesis time affected the crystallite size of the
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phases as well as the phase ratio of LDH:spinel. This insight is qualitatively observed in the diffraction
patterns due to Nil:Fe1-6h exhibiting sharper peaks than Nil:Fel-2h (Scherrer’s equation® relates full
width at half maximum to crystallite size). PDF analysis was used to quantitively characterize the
sample. In the case of sample Nil:Fel-2h a LDH:spinel ratio of 70:30 was confirmed, while in the
sample Nil:Fel-6h the ratio was shifted to 80:20 LDH:spinel. The spherical diameters of the LDH
crystallites increased from 19 A in Nil:Fel-2h to 51 A in Nil:Fel-6h and the unit cell parameter “c”,
which corresponds to the stacking direction of the LDH, increased from 21.79 A to 22.74 A with
increased synthesis time, respectively. Therefore, the increased synthesis time induces crystallite
growth and the transformation of spinel to LDH phase. From the physical characterization it was

concluded that, of the two samples, Nil:Fel-2h exhibits a larger surface area.
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Figure 3.4.2: Steady-state OER activities of the two (Niop.sFeos)O0H samples in a) as-prepared and b)
purified 0.1 M KOH electrolyte measured at 2500 rpm. The activities shown are normalized to the
geometric surface area of the RDE tip. The error bars indicate the standard deviation from measuring

three different RDE tips.

Thin film electrodes of the two samples were prepared by drop casting catalyst inks onto polished
glassy carbon disk electrodes. For both samples, a loading of 50 pg cm? was targeted. The disk
electrodes were tested in an RDE setup. Their respective steady-state OER activities were determined
in as-prepared and purified electrolyte by applying a potential step protocol with step width of 25 mV.
KOH electrolyte solutions were purified by precipitated bulk Ni(OH), which absorbs the Fe impurities.

In as-prepared 0.1 M KOH electrolyte solution (Figure 3.4.2 a)), sample Nil:Fel-2h outperformed
sample Nil:Fel-6h in terms OER activity and corresponding Tafel-slope (Table 3.4.1). Hence, the

sample with a larger physical surface area was more active towards the OER.
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Table 3.4.1: Activities at 1.6 Vrueand calculated Tafel slopes of synthesized samples during the first
set of potential steps (2500 rpm).

As-prepared KOH Purified KOH
Sample Current density Tafel slope Current density Tafel slope
@1.6 Vrie (MA/cm?) | (mV/dec) @1.6 Vrue (mV/dec)
(mA/cm?)
Nil:Fel-2h 241 +41.07 63 37 +4.58 160
Nil:Fel-6h 115 + 24.69 83 37+17.55 100

In purified KOH electrolyte solution, the OER activities were severely decreased (Figure 3.4.2 b), Table

3.4.1). This observation is in agreement with reports in the literature. However, the samples now

exhibit very similar OER activities, whereas before they were different. Because the samples exhibit

features of different sizes, and by extensions different surface areas, we conclude that, in purified

electrolyte, the OER is a structure-sensitive reaction. In contrast, the difference in activities measured

in as-prepared electrolyte can be explained by the difference in surface area. The same trend is

observed in the reference samples presented in the Sl. Therefore, the structural features are of less

importance as the enhancement effect towards OER activity resulting from Fe-impurities corresponds

to the exposed surface area at the interface. To obtain more insights into the interaction between the

Fe and the samples operando studies including total scattering experiments are necessary where the

catalyst structure can be investigated.
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4 Conclusion & Outlook

4.1 Conclusion

In this thesis, the GOR towards glucaric acid was investigated on a Au-disk electrode in a RDE setup.
Additionally, a straight-forward and robust synthesis method to achieve HEA of different compositions

was developed.

The GOR was investigated with different electrochemical techniques. By oxidizing the reaction
intermediate gluconic acid and the closely related glucuronic acid, insight into the kinetics of the
individual reaction steps was gained. Cyclic voltammetry experiments showed that glucose oxidation
is mixed kinetic mass-transport controlled. Hence, reaction rates, observed as current responses, are
influenced substantially by applied forced convection. The same was found for glucuronic acid
oxidation. In contrast, gluconic acid oxidation was found to be kinetically limited on the employed gold
electrode. A key aspect for the analysis of the GOR was the development of a suitable product analysis
technique which unlocked investigations into the influence of experimental parameters on the product
selectivity and distribution. The developed HPIC method can quantify the products of interest as well
as a portion of the formed dissociation products. The influence of rotation speed and oxidation
potential was subsequently studied, and it was found that both parameters influence the product
selectivity. Importantly in glucose and glucuronic acid oxidation, milder conditions, both in terms of
applied potential and rotation speed, lead to the selective removal of two proton-electron pairs from
the aldehyde group resulting in gluconic and glucaric acid, respectively. The oxidation of gluconic acid
appears very challenging on a polycrystalline Au-electrode with very low reaction rates. Seemingly the
terminal hydroxyl group cannot be oxidized selectively. At larger oxidation potentials, the dissociation
of glucose is promoted indicating indiscriminate oxidation along the molecule. The plethora of possible
cleavage products due to the many different oxidation sites in the molecules exemplifies the
complexity of the GOR. From these results it became apparent that novel catalyst materials must be

developed to perform the GOR towards glucaric acid efficiently and selectively.

HEA might be a promising class of materials, also as catalysts in the GOR, due to manifold active sites.
To that end, an IWI-method was developed which yielded multi-elemental, one-phase nanoparticles
supported on carbon black. Unfortunately, gold could not be incorporated into the alloy via the chosen
approach yet. However, a PtFeCoNiPd alloy was synthesized successfully, which might be an
interesting ORR catalyst. The IWI-approach allows for the control of particle size by tuning synthesis
parameters, i.e., metal loading and reduction temperature. The successful synthesis of the samples
enabled the investigation by a combination of in-situ XANES and in-situ PXRD. This study gave valuable

insight into the formation of the crystallographic phases and the transition of an fcc-phase to a
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tetragonal phase containing all elements. Interestingly, only a single phase was observed in the PXRD
even though from XANES it was apparent that the metals do not reduce at the same reduction

temperature.

4.2 Outlook

4.2.1 Combining GOR and HEA synthesis

The most obvious next step is the combination of the two major aspects of this thesis by employing a
HEA-catalyst in GOR experiments. First, the successful incorporation of gold into the HEA is necessary.
Varying the synthesis parameters, such as changes to the solvent, the metal loading, or the metal
precursors, is paramount to preventing the gold from reducing during the drying step. Once
successfully incorporating gold into a HEA, the performance and product selectivity would give insights
into the catalytic processes taking place under GOR conditions. It will be very interesting to explore
the effect of HEA-catalysts in a reaction involving intermediate species such as GOR. For example, it
could be investigated if the kinetics of reacting terminal hydroxyl groups, i.e., the limiting step in
gluconic acid oxidation, are improved or if dissociation might be favored due to the presence of
catalytic cites facilitating these processes. In general, it seems worth to expand the IWI approach for
the HEA synthesis by identifying sets of parameters that allow to freely choose the desired elemental
composition. This kind of on-demand synthesis resulting in a wide variety of HEA systems for different
electrochemical processes would enable the rapid experimental verification of theoretical studies and

calculations.

4.2.2 Development of a flow-cell setup for GOR

Since this thesis has shown the importance of mass transport limitations in the GOR, moving away
from the batch-reactor employed so far to a flow-cell setup is a logical step. First experiments with the
help of Gustav Wiberg and one of his cell designs were successful in circulating the glucose containing
electrolyte. Tuning this system and conducting long-term experiments in which all the glucose is
converted would not only be of interest in regards of upscaling but could also answer the question

about the molecular stability of glucaric acid under prolonged exposure to reaction conditions.
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The electrocatalytic oxidation of glucose to value-added chemicals, such as glucaric acid, has gathered increased
interest in recent years. Glucose oxidation is a promising process which has the potential to contribute to
establishing renewable resources as alternatives to fossil carbon sources. Herein, we present rotating disk elec-
trode (RDE) studies on polycrystalline gold surfaces and subsequent Koutecky-Levich analysis as a benchmark to
expand the understanding of reaction kinetics and competition between glucose, reaction intermediates and OH

at the catalyst surface. Based on the obtained results it follows that the glucose oxidation reaction (GOR) is
predominately mass-transport controlled. Combining electrochemical studies and Raman spectroscopy, it is
shown that increasing glucose concentrations lead to a delayed oxidation of the gold catalyst surface, presumably
by increased consumption rates of Au-hydroxide species.

1. Introduction

Gluconic and glucaric acids, both Glucose derivatives, have received
increased attention after being labelled top value-added chemicals by
the U.S Department of Energy [1]. Gluconic acid finds its main appli-
cation in the food industry, while also being used in pharmaceutical and
hygienic products [2]. Glucaric acid is a precursor of adipic acid, an
immensely important commodity chemical, renowned for being a
building block for Nylon [3]. In the future, these glucose derivatives
could be introduced as an alternative carbon source in the chemical
industry, thereby contributing to the development of a closed anthro-
pogenic carbon-cycle and the independence from fossil resources.

Historically, synthesis methods for gluconic and glucaric acid require
harsh conditions demanding high temperatures, strong oxidants (NaBr
and NaOCl [4,5]) and struggle with product selectivity. Alternatively, an
electrochemical conversion approach can promise milder reaction con-
ditions for the oxidation and can potentially make use of peak surplus
renewable electricity. Furthermore, when the oxidation is done elec-
trochemically, the product distribution is a function of the applied
overpotential. Other key parameters for the product selectivity include
the nature of the catalytic electrode and ad-atoms there on as well as the
availability of hydroxide ions [6-8]. The most promising catalyst ma-
terials to date have been found to be Gold [9-14] and Platinum [15-18],
which readily oxidize glucose in alkaline medium.

* Corresponding author.
E-mail address: matthias.arenz@unibe.ch (M. Arenz).
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The electrochemical glucose oxidation typically generates a host of
products. For example, Kokoh et al. [15] detected small carboxylic
species, formed by breaking C—C bonds in the glucose, showing that
gluconic acid is not the final oxidation product. Moggia et al. [19]
recently reported that gold is able, in a two-step oxidation, to convert
glucose to glucaric acid, with the reaction intermediate being gluconic
acid. This makes gold an even more desirable catalyst material.

The general reaction mechanism of the glucose oxidation has been at
the heart of a number of investigations [20-24]. A key step in the
oxidation mechanism of glucose on gold catalysts is the formation of an
OH-ad-atoms species and the availability of OH™ at the catalytic inter-
face in general [25]. Hence, alkaline conditions have long been
considered optimal. Rotating disk electrode (RDE) studies on poly-
crystalline gold electrodes by Larew and Johnson [12] found that the
surface oxide formation caused deactivation of the gold electrode. To
complicate the matter, the deactivation also depended on the glucose
concentration. More specifically, with increasing glucose concentration
the gold oxidation was shifted to more positive overpotentials. The au-
thors have ascribed this phenomenon to adsorbed glucose molecules
blocking the gold surface.

The behaviour of glucose oxidation on metal electrodes has proven to
be complex. Oscillatory behaviour has been observed [26-28], similar to
other small organic molecules such as methanol [29], ethylene glycol
[30] and formic acid [31]. These oscillations suggest temporary surface
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poisoning either by oxygenated species or glucose residue. Implications
arise from this behaviour for the design of more efficient electrocatalysts
as they should have a high tolerance for these poisoning species and be
able to catalyse more than just one of the reaction steps if glucaric acid is
the desired product.

Hence, more insight on these results is still required for the design of
an efficient reactor as finding stable electrolysis conditions turns out to
be challenging. Potential programs involving three steps have been
discussed: First, at low potential, the glucose adsorbs on the catalyst
surface. In a second step, the glucose is then oxidized and later, in the
third step at very high potentials, the surface is cleaned from all
adsorbed species. This stepped program is then repeated for the duration
of the operation [32]. Future more elegant solutions are expected to be
helpful to increase the catalyst’s overall efficiency.

This present work seeks to expand and advance the understanding of
the reaction kinetics of the glucose oxidation reaction on gold, especially
in the potential region close to the deactivation through gold oxidation.
RDE setup using cyclic voltammetry and galvanostatic electrolysis pro-
vide the bulk of the experimental data. An RDE approach was chosen as
it became obvious that mass transport limitations are reached easily in
the glucose oxidation reaction. Operation under mass transport limita-
tions would have meant the loss of valuable insight that influences the
design of prospective catalysts and electrolysis setups. With the gathered
insight we deem to identify several key aspects for an efficient electro-
chemical conversion setup.

2. Experimental
2.1. Chemicals & reagents

Ultra-pure water (MiliQ-systems, 2.7 ppb TOC, 18.2 MQ) was used
for all cleaning purposes and to prepare the supporting electrolyte
adding sodium hydroxide monohydrate (>99.99%, suprapur, Merck)
and sodium sulfate (>99.0% Sigma Aldrich). p-glucose (>99.5%) and
the p-gluconic acid sodium salt (>99.0%) were also obtained from
Sigma Aldrich. Argon gas (>99.99%, PanGas) was used to purge the
electrolyte before experiments and to create slight overpressure in the
headspace during operation. The Argon was also used to dry electrode
tips and cell parts. Sodium sulfate was added to the electrolyte to yield a
final concentration of 0.1 M with the purpose of ensuring sufficient
electrolyte conductivity, thereby minimising internal resistances in the
electrochemical setup.

2.2. Electrochemical setup

A polycrystalline gold-disc (geometric surface area of 0.196 cm?)
embedded in Teflon served as the working electrode for the RDE studies.
The working electrode was polished in an alumina slurry (0.3 my
MicroPolish, Buehler) on a polishing cloth (MicroCloth, Buehler) fol-
lowed by sonicating two times in high-purity water for 3 min each. Then,
the Teflon tips were mounted onto a EDI101 rotating disk electrode
assembly (Hach-Lange), which was controlled by a CTV101 speed con-
trol unit (Radiometer analytical) that was connected to the potentiostat
software via plug-in. Furthermore, gold mesh was used as counter
electrode. Then the reference electrode, a trapped hydrogen electrode,
was produced in-situ by applying —8.00 mA to a dedicated Pt-wire,
which was situated in a glass tube.

All RDE experiments were performed in a custom-built one-
compartment glass cell (Figure S1). For cleaning, the cell was boiled in
25% HNOj3 followed by boiling twice in ultra-pure water. Between in-
dividual experiments the cell was thoroughly rinsed and boiled with
ultra-pure water. After filling the electrolyte into the cell, it was purged
with Argon gas for 25 min. Potential and electrical current were
controlled with an ECi-210 potentiostat using the software EC4 DAQ 4.2,
(both Nordic Electrochemistry ApS). Thereafter, the reactant was
introduced to the cell, followed by 15 min continued purging with Argon
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gas. The galvanostatic experiments were conducted in the same setup,
which was treated identically in terms of preparation, by applying ab-
solute integer currents to the working electrode. The resulting geometric
current densities (mA cmgezo) were determined by multiplying the elec-
trode area of 0.196 cm? with the applied current.

In order to minimize the potential error due to the iR-drop, before
starting the experiments, the solution resistance of the setup was
determined by electrochemical impedance spectroscopy (EIS) and sub-
sequently compensated for by following a standardised protocol. First,
the working electrode potential was held at 0.3 Vgyg, in the double layer
region of gold. An AC perturbation of 5 kHz and an amplitude of 10 mV
was applied in order to measure the effective solution resistance online.
An analogue feedback scheme of the potentiostat was applied, and the
feedback increased until the control system was almost rendered un-
stable, as indicated by noise spikes in the frequency analysis of the
measured signal. EIS was subsequently performed within a frequency
range of 1 kHz to 50 kHz and an amplitude of 10 mV. From this mea-
surement the apparent solution resistance was determined to be less
than 3 Q.

2.3. Raman spectroscopy

The Raman spectroscopy experiments were conducted with a Lab-
RAM HR800 confocal Raman microscope (Horiba Jobin Yvon) and a
custom-built polychlorotrifluoroethylene Kel-F cell (Figure S2) used
previously [33]. The excitation laser wavelength was 633 nm, typically
operating with a power of 17 mW. A 10x magnification
long-working-distance objective (10.5 mm) was used to focus the laser
onto the sample and to collect the scattered light in a backscattering
geometry. The collection time of the Raman spectra was typically 1
second. The WE, a polycrystalline gold bead electrode was aligned
parallel to the quartz-window (EMATAG AG). A coiled Pt-wire was used
as counter electrode, a leakless micro Ag/AgCl (ET069-1, eDAQ)
reference electrode was used, and the potential was controlled using an
ECi-100 potentiostat (Nordic Electrochemistry ApS). Working electrode
and electrolyte were treated identically as in the RDE experiments, the
only alteration was that the Ar purging took place in an external bubbler
from which the electrolyte then was pumped into the electrochemical
cell.

3. Results and discussion

We start the discussion of the results with the cyclic voltammograms
(CV) of a polycrystalline gold disc-electrode in the base electrolyte, i.e.,
the 0.1 M NaOH + 0.1 M NaySO4 aqueous electrolyte without glucose,
see Fig. 2a. The CVs serve as reference for the interaction of Au with the
base electrolyte, knowledge that is important for the discussion of the
reaction pathway of the glucose oxidation. In the positive going scan,
between 0.3 and 1.2 Vgyg the typical double layer region of Au is

0

“ COOH COOH
H——OH H——OH H——OH

HO—+—H HO—+—H HO——H
H——OH H——OH H——OH
H——OH H—+—OH H—+—OH

COOH

“oH “oH
D-Glucose D-Gluconic acid D-Glucaric acid

Fig. 1. Proposed two step oxidation from glucose to glucaric acid via glu-
conic acid.
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Fig. 2. Cyclic voltammograms recorded with a scan rate of 50 mV s™! on a

polycrystalline Au-RDE in 0.1 M NaOH and 0.1 M NaySOy; a) without glucose;
b) 50 mM glucose; ¢) 50 mM gluconic acid. All measurements were recorded at
room temperature. The arrows indicate the scan direction.

observed followed by a distinct peak after ca. 1.25 Vgyg, which can be
attributed to the formation of gold hydroxide-species [34]. At potentials
> 1.8 Vyyg overlap of oxygen evolution (OER) and gold oxide (AuO2)
formation is observed. Reversing the scan direction, the oxidized
Au-electrode reduces to metallic gold at ca. 1.1 Vyyg after which once
more the double layer region is observed. The hysteresis between the
formation and reduction of gold points towards an irreversible and
rather sluggish process. In the absence of glucose (see Fig. 2a) different
rotation rates do not significantly influence the features of the voltam-
mograms. Only slight deviations in current density are seen in the po-
tential region of the OER. Furthermore, if the Au electrode is not rotated
a small additional peak occurs after the Au reduction peak, i.e., at ca.
0.85 Vgryg, which is assigned the oxygen reduction reaction from the
oxygen evolved at high potentials. If the electrode is rotated this oxygen
in solution is efficiently transported away from the Au surface. This
interpretation is in agreement with the concomitant “bending” of the CV
after the additional peak in the absence of rotation.

When glucose is introduced to the cell, Fig. 2b, two distinct new
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peaks are observed in the forward going scan. The maximum of the first
peak is observed at 0.8 Vgyyg, whereas the maximum of the second is
peak observed between 1.3 and 1.35 Vgyg. The two peaks are followed
by the deactivation of the Au surface towards the glucose oxidation
reaction (GOR). During the negative going backward scan a rather
“abrupt” re-activation towards GOR at 1.1 Vgyg is observed. After the
reactivation the currents observed during forward and backward scan
are identical. Comparing the CV recorded in the base electrolyte to the
CV recorded in the presence of glucose it becomes apparent that the
oxidation state of the Au surface drastically influences its activity to-
wards the GOR. The observed surface deactivation in the presence of
glucose coincides with the formation of surface oxides in the base
electrolyte at 1.25 Vgyg. Similarly, the surface re-activation overlaps
with the observed reductive current in the base electrolyte at 1.1 Vgyg.
Hence, the reduction of the surface leads to its re-activation and once
again the GOR sets in.

Concentrating on the two peaks that indicate glucose oxidation, as
shown in Fig. 2b, the magnitude of the peak currents depends on the
rotation rate, but no clear-cut current plateau regions are present. This
indicates that the oxidation glucose process at this concentration range
is at a mixed kinetic-mass transport limited. The dependence of the peak
current on the rotation rate strongly suggests that in contrast to most
published work, investigating the reaction with forced convection is
preferable in order to distinguish between kinetic and mass-transport
limited processes. In previous work, the potential of the peak at 0.8
Vryg was linked to the oxidation of glucose to gluconic acid, whilst the
potential of the second peak seems to be related to the gluconic acid
oxidation, possibly yielding glucaric acid [19]. To re-assess this hy-
pothesis, we recorded CVs in the presence of gluconic acid instead of
glucose, Fig. 2c. The results support the hypothesis in so far that only the
peak at 1.3 Vgyg is observed. It can be noticed that the oxidation cur-
rents of gluconic acid do not depend on the rotation rate. Instead, they
even seem to slightly decrease with increasing rotation rate. These ob-
servations lead us to the conclusion that the gluconic acid oxidation
process is purely kinetically controlled under the investigated experi-
mental conditions. Additionally, a comparison between the current
densities of glucose oxidation in Fig. 2b and gluconic acid oxidation in
Fig. 2c implies that if the GOR proceeds via the “gluconic acid pathway”,
the second peak in the CV is indeed due a parallel or competitive
oxidation process of glucose and gluconic acid, respectively, as well as
potential additional reaction intermediates. That is, in this potential
region most likely both processes compete for active sites on the catalyst
surface.

Next, we investigate the GOR in a lower hydroxide concentration. In
Fig. 3 CVs (only the forward scans are shown) recorded at different
rotational rates with different glucose concentration in a 0.02 M NaOH
(Figure S3 depicts rotation series for the individual glucose concentra-
tions) and 0.1 M Na,SO4 base electrolyte are compared. In Fig. 3a, where
400 rpm are applied, an oxidative current is observed, setting in after 0.4
Vrye. For lower glucose concentrations (black and red line) a distinct
second peak is observed after 1.2 Vgyyg. For higher glucose concentra-
tions (30 - 50 mM) a current plateau is observed after reaching the
respective maximum current at 0.7 Vgyyg, which indicates that the pre-
dominant process is mass transport limited. At 30 mM glucose concen-
tration (blue line) a small indentation (local minimum) can be seen at
0.9 Vgryg- Then, depending on the glucose concentration, a deactivation
of the surface towards GOR occurs between 1.3 and 1.5 Vryg. Interest-
ingly, the maximum current density is inversely correlated to the reac-
tant concentration as the highest and lowest maximum current density
are recorded at 10 mM and 50 mM glucose, respectively.

Increasing the rotation rate to 900 rpm in Fig. 3b increased current
densities are measured, while the general shapes of the CVs closely
resemble the CVs in Fig. 3a. These observations match the ones from
Fig. 2. The indentation in the CVs recorded with 30 mM glucose con-
centration (blue line) has become more pronounced, also a small
indentation can be observed at 40 mM glucose (green line). However,
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Fig. 3. Cyclic voltammograms recorded with a scan rate of 50 mV s™! on a

polycrystalline Au-RDE (only forward scans are shown) in 0.02 M NaOH and
0.1 M NaySO4 with 10 mM - 50 mM glucose added. a) 400 rpm; b) 900 rpm; c)
1600 rpm. All measurements were recorded at room temperature. The arrows
indicate the scan direction.

the maximum current density is notably different and is now observed at
a glucose concentration of 20 mM (red line). At 1600 rpm (Fig. 3c) no
current plateaus are visible anymore, even the current density at 50 mM
glucose concentration (magenta line) is slightly indent which means that
no mass transport limitations are reached. The shapes of the CVs
recorded with 10 to 30 mM glucose concentration do not change
significantly as compared to Fig. 2b and two distinct peaks attributed to
the GOR are recorded.

We suggest that the observed CVs can be explained by a “three-way
interaction” between OH™, glucose and reaction intermediates (e.g.
gluconic acid) at the surface. Because of the low hydroxide concentra-
tion of only 0.02 M in the electrolyte, OH™ at the solid-liquid interface is
quickly depleted by the ongoing GOR. This hypothesis would explain the
current plateaus observed for higher glucose concentration at lower
rotational speed (Fig. 3a) as the rate of mass transport to the surface is
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smaller than the rate of OH™ consumption thereat. Meanwhile, higher
glucose availability at the interface, through higher starting concentra-
tions, leads to higher rates of formation of reaction intermediates, pre-
sumably gluconic acid. The formed intermediates then compete with
glucose for active sites on the gold surface. It was suggested that the
peak at 1.2 Vgryg is an overlap of glucose and gluconic acid oxidation.
However, our data show that these processes are controlled differently.
Glucose oxidation is mixed kinetic-mass transport limited whereas the
oxidation of gluconic acid is shown to be kinetically controlled. The ratio
between glucose and gluconic acid at the interface therefore influences
the overall observed current. A comparison of the CVs recorded with 10
mM glucose concentration (black line) and with 50 mM glucose con-
centration (magenta line) from Fig. 3a illustrates this point. The lower
observed current density at 10 mM glucose concentration between 0.4
and 0.9 Vgyg indicates a lower rate of reaction intermediate (e.g. glu-
conic acid) formation than at 50 mM glucose concentration. Therefore,
there is less competition for active sites at higher potentials which
manifests itself in the higher current density at 10 mM glucose con-
centration. Shifting the mass transport limitations by increasing the
rotation rate allows for higher maximum current densities at higher
glucose concentrations (red CVs in Fig. 3b, c).

Working with an RDE setup opens the possibility of deconvoluting
kinetic and mass-transport processes. Using the Koutecky-Levich anal-
ysis [35] (Figure S4), we analysed the data at every 5 mV from the
recorded voltammograms by first plotting the data in a Koutecky-Levich
plot at each specific potential as previously done by Zana et al. [36].
From the slope and y-axis-intersect we determined the so called Levich
constant as well as the kinetically limiting current in the limit of infinite
mass transport. Here we assume that the measured current is limited by
the diffusion of glucose. From the Levich constant we calculated the
numbers of transferred electrons using 6.7 x 10~1% m?/s as the diffusion
coefficient for glucose and 1.203x107% m2/s '2as the viscosity of the
electrolyte solution. The results are shown in Fig. 4. Alternatively, the
number of transferred electrons can be determined by
potential-controlled coulometry (see Figure S5 in the supporting infor-
mation). However, a clear advantage of employing the RDE-technique
over coulometry is the substantially lower time required for the exper-
iment. One exhaustive coulometry measurement at a certain potential
requires more than 20 h during which processes like fouling might take
place. Also, the obtained data must be fitted, which in term is a possible
source of error. On the other hand, a single RDE-measurement delivers
the number of transferred electrons as a function of potential for the
entire scan range within one hour.

For GOR the analysis shows that the number of transferred electrons
depends on the applied voltage for both 0.1 M and 0.02 M NaOH con-
centration (Fig. 4a and c). At glucose concentrations of 0.5 mM, 5 mM,
10 mM, and 50 mM in 0.1 M NaOH (Fig. 4a), as well as 10 mM and 20
mM in 0.02 M NaOH (Fig. 4c), the number of transferred electrons is
close to two at potentials between 0.4 Vgyg and 0.6 Vgyg. Then an in-
crease in transferred electrons is observed reaching its maximum at 1.2
Vrue. At higher glucose concentration, specifically 500 mM in 0.1 M
NaOH as well as 40 mM and 50 mM in 0.02 M NaOH the number of
transferred electrons stays constant as a function of potential. Crucially,
less than one electron is transferred per molecule of glucose.

To oxidize glucose to gluconic acid two electrons are required, to
react gluconic to glucaric acid an additional four electrons must be
transferred. Hence, to oxidize glucose to glucaric acid requires six
electrons in total. It follows that glucaric acid is not the final oxidation
product whenever more than six electrons are transferred. This can
occur via the breaking of the carbon chain [15] and oxidising glucose
fully to CO3 requires 24 electrons [28]. As previously mentioned, the
obtained data shows the number of transferred electrons changes as a
function of potential (Fig. 4a and c), which indicates the occurrence of
different oxidation processes at the gold surface: At small applied po-
tentials, when only two electrons are transferred, gluconic acid is a likely
product. When the applied overpotential is increased the number of
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Fig. 4. Koutecky-Levich analysis of RDE-measurement on an Au-disc in 0.1 M Na,SO, and in different concentrations of glucose: a) numbers of transferred electrons
in 0.1 M NaOH; b) kinetically limited current in 0.1 M NaOH; c) numbers of transferred electrons in 0.02 M NaOH; d) kinetically limited current in 0.02 M NaOH.

transferred electrons drastically changes. In the case of 50 mM glucose
concentration in 0.1 M NaOH (Fig. 4a) approximately four electrons are
transferred between 1.0 Vyyg and 1.2 Vgyg. Possible products include
glucuronic acid, or glucaric acid from gluconic acid. At lower glucose
concentrations (0.5 mM to 10 mM) in 0.1 M NaOH (Fig. 4a) more than
ten electrons are transferred. Possible products in these cases probably
include small organic acids and CO2. At 0.02 M NaOH a similar trend is
observed: At 10 mM glucose concentration the transfer of more than ten
electrons signifies the oxidation past glucaric acid. 20 mM and 30 mM
glucose concentrations lead to the partial oxidation to a desired product.
In case of higher glucose concentrations, the number of transferred
electrons is smaller than one. These observations can be explained by
OH" scarcity at the catalyst surface which results in a fraction of glucose
molecules arriving at the surface and leaving it again unreacted. The
same is the case for a glucose concentration of 500 mM in 0.1 M NaOH.
The ratio of glucose concentration and hydroxide concentration is
therefore an important measure for the glucose oxidation process as a
delicate balance between OH and glucose concentration must be
reached for the oxidation process to yield desired products: Sufficient
OH™ has to be present at the surface for every reactant to react but OH™
must not be over-abundant for the reactant to become oxidized past
glucaric acid.

In Fig. 4b and d the apparent kinetically limited currents are shown
for 10 mM and 50 mM concentration of glucose in 0.1 M NaOH and 0.02
M NaOH respectively. In both cases local maxima for the kinetically
limited currents can be found. The first at approximately 0.7 Vgyg in the
case of 0.1 M NaOH (Fig. 4b) and at 0.8 Vryg in the case of 0.02 M NaOH
concentration. The second maximum is observed 1.2 Vgryg. In both cases,
the obtainable current density correlates with the concentration of
glucose: Higher glucose concentration leads to larger kinetically limited
current densities. Interestingly, we calculated larger limiting current
densities for 0.02 M NaOH concentration (1 A/cm?) than at 0.1 M NaOH
concentration (250 mA/cm?). One would intuitively assume that higher
OH™ availability would increase the achievable maximum current
densities, however that does not seem to be the case.

Comparing the experimentally recorded current densities (Figs. 2
and 3) to the maximum current densities calculated by means of the
Koutecky-Levich analysis, the data indicate that under all experimental

conditions the reaction is governed by mass transport limitations, even
at high rotation speeds. This observation further supports the need for
reaction application that make use of force convection. Also, if one
wants to gather a deepened understanding of the underlying reaction
mechanisms the effect of mass transport has to be considered and
accounted for.

The importance of OH™ availability at the catalyst surface is further
illustrated by RDE-experiments on the Au-disc at glucose concentrations
of 10 mM to 60 mM (Fig. 5a). With increasing glucose concentration, the
peak potential shifts from 1.23 Vgyg towards 1.5 Vgyg. Accordingly, the
deactivation of the gold surface is also shifted towards larger over-
potentials. Similar observations have been made by Larew and Johnson
[12]. They suggested that this phenomenon is caused by surface
blockage of adsorbed glucose. If this was the case, the current would not
increase as a function of rotation but would be independent from it.
However, as shown in Fig. 2b, a clear dependence of the current on the
rotation speed is observed. We suggest therefore, that the observed shift
is caused by continuous consumption of adsorbed OH .45 which is a
crucial species for the ongoing GOR. When increasing the glucose con-
centration, more reactant is transported to the catalyst surface leading to
increased consumption of already formed hydroxide species, thereby
delaying the oxidation of gold. Upon further increase of the over-
potential the driving force for the surface oxidation increases until the
rate of oxide formation surpasses the rate of consumption. Finally, gold
is oxidized and the surface becomes inactive. One concern with testing
this hypothesis is the compensation of internal resistance in the elec-
trochemical setup (iR drop). Insufficient or wrong compensation would
lead to same observed shift in peak maximum. However, Fig. 3a shows
that the shift does not follow the current density but rather the glucose
concentration. The highest maximum current density is recorded at a
glucose concentration of 10 mM added to the base electrolyte, but the
largest deactivation potential is observed at glucose concentration of 50
mM. Thus, the internal cell resistance can be ruled out as the primary
cause for the shift in oxidation potential. The experiments performed at
glucose concentrations of 20 to 40 mM confirm this trend: Higher
glucose concentrations in the base electrolyte lead to larger deactivation
potentials but smaller peak maxima.

Discussions of reaction mechanisms based on CVs are always limited.
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Therefore, Raman spectroscopy was used to follow the catalyst surface
under reaction conditions and thus gaining spectroscopic insight about
the surface state. In-situ measurements during cyclic voltammetry were
conducted. Glucose at the interface proved to be difficult to detect due to
its low normal Raman scattering (NRS) cross section [37], however, it
was noticed that the oxidation state of the gold surface can be tracked,
similar to what Pérez-Martinéz et al. have reported for glycerol oxida-
tion on gold using visible reflectance and ATR-SEIRAS [38]. Raman
spectra were continuously recorded in the range of 200 cm™! to 1300
cm~! while cycling a gold bead electrode between 0.57 and 1.67 V at 7
mV s 1. At 981 cm ! a characteristic sulphate peak (symmetric
stretching) [39] stemming from the base electrolyte can be observed
during the entire CVs, i.e., in the whole covered potential region. The
surface reflectance, which we consider to be the background of the
spectra, changes as the CVs progress. Fig. 5d shows a colour map of the
continuously recorded spectra during a CV. The reflectance dips into a
well (blue part of the colour map) and returns to the initial intensity
during the backwards scan. In the range of 400 cm™! and 890 cm?,
where no peaks are detected, the intensities were averaged to minimize
the influence of spike signals. Then the averaged intensity was plotted
against the recorded CV, see Fig. 5b, where an Au-bead electrode was
cycled in the base electrolyte in the absence of glucose. In a first
approximation the surface can be considered oxidized at the peak
maximum at 1.35 Vgugg>*. Accordingly, the averaged background
reflectance has decreased. We therefore conclude that the observed
change in reflectance is connected to the oxidation state of the gold
surface: gold hydroxide exhibits a significantly lower reflectance than
metallic gold. It follows that the reflectance can be used to observe the
oxidation state of the gold electrode.

The experiment was repeated in the presence of different glucose
concentrations (Fig. 5c). The trend of delayed oxidation is observed
through the reflectance in comparison to glucose free electrolyte (black
line). A gradual shift towards higher oxidation potentials is visible from

10 mM (red), 30 mM (blue) to 70 mM (magenta) glucose. The spectra
recorded in 50 mM (green) glucose do not match this trend (yet they are
reproducible) with the reason being unclear to us. Nonetheless, the
observed overall trend spectroscopically supports the electrochemical
observation of delayed gold oxidation as a function of glucose concen-
tration as the reactant temporarily hinders the formation of gold oxide

The complex nature of the glucose oxidation mechanism is show-
cased by Fig. 6 and Fig. 7. Galvanostatic electrolysis RDE-experiments
on Au-discs were conducted where we observed three distinct poten-
tial regions at which the electrolysis takes place. This is depicted
exemplary in Fig. 6a. Three potential plateaus can be discerned labelled
as (1—3)1 (1) 0.75 VRHE -0.88 VRHE, (2) 1.1 VRHE -1.3 VRHE and (3)
>2.45 Vgyyg. When the electrolysis takes place within the potential range
of one of the observed plateaus, a very slow but steady increase in po-
tential is observed. Upon reaching a potential threshold the electrolysis
potential “jumps” abruptly to the next potential plateau with the pro-
gression in potential always going from the potential region (1) to (2)
and finally plateau (3). The potential gradient ramping towards a
threshold changes as a function of glucose concentration, applied cur-
rent densities and rotation rates. Potential region 3 can be ruled out as a
GOR-active potential because the gold surface is oxidized and therefore
inactive towards glucose oxidation, as observed in Figs. 2 and 3.
Therefore it can be assumed that the recorded current is mainly due to
the OER proceeding on the gold oxide surface. The potential ranges of
(1) and (2) match the potentials of the peaks observed in the CVs as
visualized in Fig. 6b where the recorded electrolysis potential (black
line) is plotted against a CV recorded with 2500 rpm (red line, right y-
axis). It is clearly seen that the transition between potential plateaus
coincides with the changes in the oxidation state of the gold surface.
Thus, the electrolysis potential will never change back to a lower po-
tential region because no “reducing potential” is applied to the catalyst
surface. The introduction of rotation to the galvanostatic electrolysis
increases the time before the catalyst becomes inactive towards the GOR
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whereas without rotation the surface oxidizes almost immediately due
to mass transport limitations. Based on these observations and the pre-
viously shown RDE experiments (Fig. 2 and 3) electrolysis systems that
enhance mass transport seem to be the most suitable candidates for the
product-orientated oxidation of glucose.

Under galvanostatic conditions potential oscillations (Figs. 6b, 7a,
7b) have been observed, in both potential regimes (1) and (2). The po-
tential oscillations indicate temporary poisoning/blocking of the cata-
lyst surface, followed by surface cleaning [26,28]. From Fig. 6b it
becomes clear that these oscillations fluctuate around the peak poten-
tials of the depicted CV, which coincide with glucose oxidation events as
shown in Fig. 1. Similar to Fig. 6a, upon reaching a potential threshold, a
transition to the next potential regime occurs.

Fig. 6 and 7 show a selection of galvanostatic measurements con-
ducted under different conditions. From the measurements we found the
potential oscillations to be reproducible but not precisely controllable
on the polycrystalline gold surface, indicating their structure sensitive
nature. Frequency and amplitude are subject of change, also their
manifestation in general underlined by the different conditions they
occurred at in Fig. 6. Fig. 7 further serves to further illustrate this point:
Figs. 7a and 7b show individual experiments conducted under identical
conditions. Yet, in Fig. 7a the electrolysis takes place in the regime (1)
for more than 1000s, recording one major potential oscillation before
transitioning to regime (2). In Fig. 7b, regime (1) is “skipped entirely”
reaching (2) after a mere 4 s. The potential gradually increases for 270 s

and allows for significant current densities (25 mA cm_2) to be applied,

before the potential starts to oscillate. For the next 500 s these oscilla-
tions continue, their amplitude being constant but their frequency
increasing. After 800 s of electrolysis, the system transfers to regime (3)
when a sudden increase in potential leads to the oxidation of the surface,
thereby becoming inactive towards the GOR. In contrast to the GOR, no
oscillations have been observed when electrolyzing gluconic acid. It
follows that the glucose itself is an important part of these oscillations.
However, since two oscillatory regimes were identified, one can also
conclude that there exists more than one feedback mechanism and that
these mechanisms are either dependant on potential or that the feedback
loop in (2) depends also on the surface oxidation state. Furthermore,
albeit no systematic study of the oscillations’ dependence on the rota-
tion rate has been conducted, it has been observed that mass transport is
crucial for the occurrence of oscillations at different current densities:
Higher rotation rates allow for oscillations to occur at larger applied
currents. In other words, if the mass transport is insufficient, i.e., limited
by diffusion, oxide species form on the gold surface, making it inactive
towards glucose oxidation and hence no oscillations are observed.

Last but not least, a potentiodynamic electrolysis approach for a
technical, product-orientated GOR-process could be an interesting
alternative to the often used three-step potential programs first intro-
duced by Belgsir et al. [32]. Like the stepped potential programs, where
the applied potential influences the product selectivity, the application
of different current densities or rotation rates could be used to achieve
similar effects. Allowing the potential to fluctuate during electrolysis
could prove useful as the oscillations present a possible self-regenerating
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step for the catalyst surface, thereby increasing the catalyst’s efficiency.
4. Conclusion

We can derive from our studies several key aspects for future glucose
oxidation catalysts and electrolysis setups. From RDE studies, supported
by Koutecky-Levich analysis, it becomes apparent that the oxidation of
glucose is partially limited by mass transport, hence electrolysis setups
with increased mass transport, such as flow-cells, need to be employed in
future applications. Moreover, the RDE studies revealed that the second
oxidation step, correlating to the oxidation of gluconic acid, is kineti-
cally limited on gold surfaces. Consequently, if gluconic acid is a key
intermediate in the glucose oxidation reaction, catalyst design for the
reaction needs to focus also on gluconic acid oxidation. To be efficient,
catalysts need to shift the gluconic acid oxidation potential towards
lower overpotentials. This could be achieved by incorporating different
materials to the gold catalyst. Platinum is a reasonable candidate ma-
terial in that regard as it is active towards gluconic acid oxidation
several hundred millivolts earlier than gold [8,40]. Alloying [41-44] or
preparing nanocomposites [45] of different metals, such as the already
widely used gold and platinum, promises a combination of desirable
material properties also in regards to product selectivity and distribu-
tion.. The experimental evidence that the presence of glucose at the
interface shifts the gold oxidation towards higher potentials by
competing for available OH™ with the gold surface might be key to
improve the catalyst. Shifting the formation of adsorbed OH-species on
the catalyst to lower potentials might help creating highly efficient
catalysts for the GOR. On the other hand, both gold and platinum are
precious metals and therefore expensive. While Pt is considered a critical
raw material by the European Union, this is not the case for Au [46]. To
account for the precious metal price, high mass activities are crucial if
one is to use these metals. Alternatively, the development of
non-precious metal catalysts circumvents the issue elegantly. An
example for this, is the work Liu et al. where nickel-iron catalysts were
used to produce glucaric acid [47]

Finally, using operando Raman spectroscopy to follow the oxidation
state of the catalyst surface, we show a dependence of glucose concen-
tration on the gold oxidation potential. This spectroscopic insight sup-
ports the hypothesis that glucose consumes adsorbed OH-species.
Hence, increased glucose supply at the interface leads to increased
consumption of these species, resulting in the observed oxidation po-
tential shift.
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Figure S1: Electrochemical setup consisting of the custom-built glass cell, the prepared trapped H,-
bubble (reference electrode), the gold mesh (counter electrode), and the gold disc (working electrode)
mounted onto the rotor head.
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Figure S2: Kel-F cell designed for in-situ Raman studies. Depicted are the individual cell parts,
which are the leakless Ag/AgCl electrode (reference electrode), the contact for the Pt-coil
(counter electrode), the gold bead (working electrode), and the quartz glass window. The
window is located beneath the objective lens which is used to focus the laser.
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Figure S3: Cyclic voltammograms of an Au-disc in an RDE-setup in 0.02 M NaOH and different
glucose concentrations: a) 10 mM; b) 20 mM; c) 30 mM, d) 40 mM and e) 50 mM glucose,
respectively.



a) Levich equation I, = 0201 s n* Fx A« D3 x w2 xv Ve x C

With the number of transferred electrons n, Faraday constant F [C/mol], electrode area A
[cm?], diffusion coefficient D [cm?/s], electrode’s angular rotation rate w [rpm], kinematic
viscosity v [cm?/s], and the reactant concentration C [mol/cm3]

The Levich equation models flow conditions at an RDE correlates them to measured currents.

In the equation the Levich constant B is commonly defined as [, = B * w/?
b) Koutecky-Levich equation: N 21 T
3 lK lc 13:¢ 0.62*n*F*A*D /3*w /2*17 /6*(,'

Where ik represents the kinetically limited current, the current in the absence of any mass-
transport effect. ix can be determined from a Koutecky-Levich where it is equivalent to the
inverse of the y-intersect. An exemplary plot is shown here:
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Figure S4: Short explanation of a) Levich-equation and b) Koutecky-Levich analysis.
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Figure S5: Tri-hold electrolysis measurement conducted at a glucose concentration of 20 mM
in 100 ml 0.1 M NaOH and 0.1 M NaClO4 at a rotation speed of 2500 rom. Measurement time
was set to 20 hours. Additional data points where extrapolated by fitting an exponential
decay function.

100 ml of a 20 mM glucose solution was subjected to fixed potential coulometry on a Au-disk
in a RDE configuration at 2500 rpm rotation speed. Similar to Belgsir et al.! a tri-hold potential
program was applied during electrolysis: 30 s 0.8 Vgue, 2 S 1.5 Vgue, and last 2 s at 0.05 Vgye.
The measurement was conducted for 20 h. The current decays exponentially, assuming a
reaction of first order. To determine the absolute charge required to exhaust the reactant an
exponential decay function was employed to extrapolate data points. As a necessary condition
the fit’s y-offset was set to 0 and the cut-off current was set to be 0.1 % of the initial current.
The current boundary was reached after 469986 s. Integrating the area under the curve yields
the total charge transferred during the experiment, amounting to 228 C. Using Faraday’s
constant, the charge can be translated to moles of electrons transferred. Which in this case is
0.0023 mol (2.3 mmol). As 2 mmol of glucose were present when the experiment commenced,
1.15 electrons were transferred per glucose molecule. This value deviates from the values
obtained from the Koutecky-Levich analysis at 0.8 Vrpe, see Figure 4. However, the results are
not definitive, as 1.15 electrons do not indicate clearly what process, or processes, take place.
In addition, the method has clear limitations with regards to the fitting as a reaction order
needs to be assumed and the decay in concentration takes very long. Most likely different
processes overlap which however cannot be deconvoluted by coulometry.
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Abstract

Converting glucose electrochemically to its valuable derivatives, gluconic and glucaric acid, is a
promising process for the utilization of renewable carbon sources. Understanding the reaction
pathway to form glucaric acid from glucose is key in performing the process efficiently. In this study
we investigate the influence of mass transport as well as electrode potential on the product
distribution in glucose, gluconic acid and glucuronic acid oxidation on a gold disk in an RDE-setup. We
find glucose and glucuronic acid to be easily oxidized, while the oxidation of gluconic acid is kinetically
limited. Combining DFT calculations and the experimental results, we show that on gold, the oxidation
of aldehyde groups proceeds readily while the oxidation of hydroxyl groups is challenging and occurs
indiscriminately on C-atoms in glucose and its derivatives. Additionally, the DFT calculation present a

reaction pathway which can explain the absence of glucuronic acid in the conducted experiments.

Keywords

Glucose oxidation reaction; Gold electrode; glucaric acid; gluconic acid; value-added chemical

production



Introduction

Glucose derivatives, namely gluconic and glucaric acid, have been labelled building block chemicals by
the U.S. department of energy in 2004%, which led to an increased interest in the conversion of glucose.
Gluconic acid finds its main applications in the food and pharmaceutical industries and is also found in
hygiene products?. Glucaric acid is a possible precursor of adipic acid, which itself is a building block of
Nylon3. Therefore, these glucose derivatives serve as alternative carbon sources for the chemical
industry which presently relies on fossil carbon sources. Carbon sourced from the biosphere by this

means helps in closing the anthropogenic carbon cycle and de-fossilising the chemical industry.

Among glucose conversion methods, an electrochemical approach offers milder conditions than
historically employed approaches which rely on strong oxidants (NaOCI and NaBr*®). Additionally, an
electrochemical approach can directly use electricity from renewable sources which helps with and
benefits from a de-fossilised economy. When pursuing an electrochemical approach, it has been
shown that the applied overpotential can be used to tune product selectivity®. Other important
parameters that can be used to achieve similar effects is the nature of the electrode, the abundance
of hydroxide ions’, and ad-atoms on the catalytic electrode®. When it comes to electrode materials,
gold®* and platinum®>~” have been found to be the most promising. Recently, composite materials

of different noble metals®2*

as well as non-precious metal catalyst>>% have been reported for the
electrooxidation of glucose. The latter also alleviating the need for precious, rare materials. This is

interesting as abundance will not be a limiting factor during potential future scale-up.

In terms of product distribution, glucose can be oxidised to different degrees resulting in a wide variety
of decomposition products. The application of glucose oxidation then dictates the conditions and
extent of the oxidation. Full oxidation to CO; requires the removal of 24 proton-electron-pairs and
follows the reaction CsH1206 + 6 H,O = 6 CO, + 24 (H* + e7). This process is interesting for a glucose
fuel cell approach as the maximum amount of stored energy becomes available. Other products

include a whole range of small organic acids which have been reported by Kokoh et al.>® by oxidising



glucose over a Pt surface in alkaline electrolyte. However, similar to the full oxidation, their formation
still presupposes cleaving the C-chain in glucose. For purposes of converting glucose into its saccharic
acid derivatives, the valuable gluconic and glucaric acid, glucose must only be oxidised on its C; and Cs
(see D-Glucose molecule in Figure 1) positions. Mild conditions must therefore be chosen to avoid
further oxidation and dissociation of the carbon chain. Gold has been found to readily oxidise glucose
to gluconic acid and the reaction mechanism has been explored to a wide extent!”3¥37, Moggia et al.>®
reported further oxidation to glucaric acid. First the aldehyde group at the C;-position is oxidized by
removing two proton-electron pairs (Equation 1). Then, supposedly, the formed gluconic acid’s Ce-
position is oxidised by removing four additional proton-electron pairs to form the second carboxylic

group (Equation 4).

o Ho_ O HO._ 0
i i i
H OH H——CH H——0H
Ho H -2 (H"+eno——n -4 (H*+e) HO——H
H o — L oy S— H——CH
H OH H——OH H——OCH
T Eon eﬂ/‘,g 28 0 o
. \@JHO 0.2 o
D-Glucose D-Gluconic acid 3 D- Glucaric acid
H——OH
HO—1+—H
H——OH
H—1—0OH
Blay,

¢]

D-Glucuronic acid

Figure 1: Sketch of proposed pathway to form glucaric acid from glucose on an Au-disc in either a two-
step process or with glucuronic acid as a second reaction intermediate. The blue labels in the glucose

molecule indicate the Ci- and Ce- positions respectively.

Glucose =2 gluconic acid CoHi206+20H™ —» CcH 1,0, + H,0 + 2e~ (1)
Gluconic acid = glucuronic acid CeH1,07, +20H™ —» CoH1907 + 2 H,0 + 2e™ (2)
Glucuronic acid = glucaric acid CeH1907 + 2 0H™ —» CoH190g + H,0 + 2e~  (3)
Gluconic acid 2 glucaric acid CeH207, +4 0OH™ - C4H,g0g + 3 H,0 + 4e™ (4)



Figure 1 can also be expressed as individual reaction Equations 1-4. Notably, Equation 4 is the sum of
Equations 2 and 3. This accounts for the two-step oxidation from glucose to glucaric acid only via

gluconic acid.

On Pt-surfaces®® and NiFe-oxides?® glucuronic acid has been reported as an oxidation product and an
intermediate towards glucaric acid, respectively. A pathway including glucuronic acid divides the
oxidation of glucose to glucaric acid into three 2 proton-electron pair steps. On gold-based caesium-
promoted catalysts?®, glucuronic acid has been observed as the final reaction product. However, this
study did not pursue an electrochemical approach but rather a conventional heterogenous one. To the
best of our knowledge, on gold using an electrocatalytic approach, glucuronic acid has not been
reported as a significant intermediate or reaction product. Therefore, the question of how glucaric acid

is formed from gluconic acid remains still unanswered.

The electrochemical studies show that the product distribution depend on the operational parameters.
Moggia et al.® reported gluconic acid to be the main reaction product of glucose oxidation on a gold
electrode at 0.55 Vrue, While glucaric acid is only observed at oxidation potentials as larger as 1.34 Vggye.
On platinum, Kokoh et al. have found glucuronic acid to form instead of glucaric acid*.To
commercialise glucose oxidation, another limiting factor is the rate of oxidation itself. For example, in
the aforementioned study of Moggia et al.5, the conversion took 65 h. In our previous work conducted
in an RDE-setup*!, we showed that glucose oxidation on a gold disk is mixed kinetic-mass transport
controlled. Hence, forced convection immensely increases the current response and therefore the
reaction rate. Also, the number of transferred electrons per glucose molecule changes with the applied
oxidation potential. This observation agrees with the product distribution changing as a function of
potential. On the other hand, we also showed the oxidation of gluconic acid to be mainly kinetically
controlled. The current response is therefore unaffected by the applied rotation speed. When
publishing these results, we lacked a method to reliably identify and quantify the produced products.

Therefore, we could not study the influence convection has on the product distribution. In the



meantime, we were able to develop a high-performance ion chromatography (HPIC) method which

satisfies our demand in terms of reproducibility and unambiguity in product separation.

In the presented work, we investigate the rotation speed’s effect on product distribution at different
oxidation potentials and compare these results to computational simulations. As glucaric acid is the
most desired product, we studied glucose oxidation and the intermediate oxidation along the path to
glucaric acid: gluconic acid and glucuronic acid oxidation. We seek to determine optimised oxidation
parameters to increase the efficiency of glucaric acid production. Employing density functional theory
simulations, we try to improve the understanding of the formation mechanism of glucaric acid on gold

in an electrochemical setup.

Experimental

Chemicals and reagents

All electrolytes used for electrochemical measurements were made using ultra-pure water (MiliQ-
systems, 2.7 ppb TOC, 18.2 MQ). Therein, sodium hydroxide monohydrate (299.99 %, suprapur, Merck)
and sodium perchlorate (anhydrous, ACS grade, 98 % -102 %, Alfa Aesar) were dissolved to reach a
final concentration of 0.1 M each. Sodium perchlorate was added to improve electrolyte conductivity.
Also, the perchlorate anion does not interfere with the product analysis. D-glucose (>99.5 %, Sigma-
Aldrich), D-gluconic acid sodium salt (>99 %, Sigma-Aldrich), and D-glucuronic acid (>98 %, Sigma
Aldrich) were used to prepare the starting electrolytes and Ar-gas ( >99.99 %, PanGas) was used to

purge the electrolytes . Additionally, drying of electrode tips and cell parts was done with Ar-gas.

The eluent for the PAD detection was produced form sodium acetate (anhydrous, >99%, Sigma-Aldrich)
and sodium hydroxide solution (49-51% in water, Supelco, Merck). Sodium carbonate (99%, Merck)
was used to prepare the eluent for the product analysis done by the conductivity detector. The
standard compounds, glycolic acid (99 %), formic acid (98 %), and tartaric acid (99 %) were all

purchased from Sigma-Aldrich.



Electrochemical setup and measurements

The electrochemical measurements were conducted in a custom-build two-compartment glass cell
(Figure S1). Before measurements, the cell was disassembled, and the parts were boiled in 25 % HNO;
followed by boiling in ultra-pure water. The cell was reassembled after rinsing with ultra-pure water
and cooling down. Between single experiments the cell was boiled in and rinsed with ultra-pure water.
After cleaning, the cell was filled with 100 ml of supporting electrolyte which was then purged with Ar-
gas for 25 min while stirring using a magnetic stirrer and an external stirring plate. The stirring bar was

cleaned identically to the cell itself.

A polycrystalline gold-disk (diameter of 5 mm) embedded in a PTFE-RDE-tip was used as a working
electrode. Before experiments, the disk was polished using an alumina slurry (0.3 um, MicroPolish
Suspension, Buehler) on a polishing cloth (MicroCloth, Buehler) for 2 min. The polished disk was then
rinsed for 30 s, sonicated in water for 5 min, and rinsed again for 30 s before being dried using an Ar-
jet. The tip was mounted on a EDI101 rotating disk electrode assembly (Radiometer analytical).
Rotation was achieved through a CVT101 speed control unit (Radiometer analytical) controlled by the
ECi-210 potentiostat, using EC4 DAQ 4.2 software (both Nordic Electrochemistry ApS), through a
software plug-in. A gold mesh served as the counter electrode and a Pt-wire in a glass tube as the
reference electrode. The trapped hydrogen electrode was prepared in-situ by applying -9.00 mA
between the Pt-wire and the gold mesh in the purged supporting electrolyte. Then, the reactants were

introduced into the cell and the electrolyte was purged for another 10 min in Ar.

To minimise the error in potential due to the iR-drop, the solution resistance was determined by
electrochemical impedance spectroscopy (EIS). Therefore, the working electrode was held at 0.3 Vgy,
in the double layer region of gold. Using a 5 kHz AC perturbation and an amplitude of 10 mV the
effective solution resistance was determined. Applying an analogue feedback scheme of the
potentiostat, the feedback was increased until the signal was almost unstable. Signal stability was

determined through frequency analysis of the measured signal. Finally, EIS was performed again in the



range of 1 kHz to 50 kHz and an amplitude of 10 mV. From these measurements, the solution resistance

was determined to be < 1.5 Q.

Product analysis

After an experiment, 1 ml of electrolyte was transferred into a 15 ml falcon tube where it was diluted
with 9 ml of ultra-pure water. The tube was stored in a fridge at 4 °C. Both the dilution and the cooling

served to slow down aging processes. Samples were stored maximally for 24 h before product analysis.

Product analysis was conducted on a 940 Professional IC Vario | (Metrohm). Samples were
automatically injected from a cooled 889 IC Sample Center (Metrohm). Two detectors were used: a
pulsed amperometric detector (PAD) (wall-jet cell and Au-working electrode) and a suppressed
conductivity detector (CD). Each detector was set up on a separate line. The PAD line was fit with a
Metrosep Carb 2 (250/4.0, Metrohm) column and a 0.1 M sodium acetate and 0.11 M sodium
hydroxide containing mobile phase (0.5 ml/min) was used, while the CD line was fit with a Metrosep A
Supp 7 — (250/4.0, Metrohm) column using a 3 mM sodium carbonate eluent (0.7 ml/min). The PAD
line was used to quantify gluconic and glucuronic acid. Conductivity detection was used to quantify
glucaric acid. Additionally, it was used to check for the presence of the potential side products formic
acid, tartaric acid, and glycolic acid. Calibration curves for all components and exemplary

chromatograms are shown in the supporting information (Figures S2 and S3).

Density functional theory simulations

The molecule, Au(111) metal slab structure, and the reaction intermediate on Au(111) structures were
created in ASE*2. For the structures, the electronic calculations were carried out with the projector
augmented wave method together with the BEEF-vdW functional® in the GPAW software**. We apply
a grid-spacing of 0.18, a vacuum of minimum 10 Ang and all the structures are relaxed to a force below
0.05 eV/Ang. The Au(111) metal structures were created by a 111 surface slab of FCC 3 x 3 x 3 unit cell,

where the two bottom layers were fixed and a (3x3x1) k-point sampling was used.



As glucose can exist in 3 different types, we calculated the energies of these three configurations in
Figure S4. Using D-glucose as reference (set to zero) in this analysis it is observed that b-glucose is
the most stable configuration. Hence for calculating the energetics of key reaction intermediates b-

glucose, water (H,0) and hydrogen (Hz) is used as energetic reference following the equation:
AE = Eqqs. — Ev — Eb—glucose + nEHZ - mEHZO

Where Eggs. is Au(111) with the intermediate, E, is Au(111), E},_ giycose is the glucose reference and
n and m have different values depending on the key reaction intermediate E ;.. Directly comparing
energetics of key reaction intermediates is sufficient, and Gibbs free energy corrections are not

calculated as this is cumbersome for large compounds.

Results and Discussion
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Figure 2: Steady-state cyclic voltammograms of glucose (a), gluconic acid (b), and glucuronic acid (c)
on an Au-disk: 0.05 M analyte concentration in 0.1 M NaOH and 0.1 M NaClO, electrolyte. Data of a)

and b) taken from Schlegel et al.**

To determine suitable oxidation potentials as well as to demonstrate the influence of convection, cyclic
voltammograms of solutions containing glucose (Figure 2a), gluconic acid (Figure 2b), and glucuronic
acid (Figure 2c) were recorded in an RDE-configuration using an Au-disk as the working electrode. An
in-depth discussion of Figure 2a & 2b can be found in our previous work*!. Comparing the CVs of an

Au-disk recorded in a glucose containing and a glucuronic acid containing electrolyte without rotation
8



(black lines in Figure 2a & c) similarities are observed. In the positive going scan, an anodic current
response is observed starting at around 0.4 Vryg, with a current maximum at around 0.55 Vgye, and
followed by a current plateau up to 1.0 Vrue. An increase in oxidative current is then observed at 1.25
Vrue With a subsequent deactivation of the catalytic surface towards glucose and glucuronic acid
oxidation, respectively. The latter can be ascribed to the oxidation of the Au electrode surface. During
the negative going scan, a sudden reactivation of the surface occurs at 1.2 Vrue — where Au-oxide
reduction occurs® - and thereafter forward and backward scan are identical until 0.6 Vrue, where the
previously mentioned peak current does not occur in the negative scan direction. With the application
of rotation in the case of a glucuronic acid containing electrolyte (red and blue lines in Figure 2c) the
current response at 0.4 Vgue is significantly increased. The slope of the current response becomes
flatter as the positive scan progresses. The current response again culminates at 1.25 Vgue Which is
then followed by an abrupt decrease in current response. During the negative scan, a reactivation of
the surface is observed, identical to the CV without rotation. Then, for the rest of the CV, forward and
backward scan are identical. Therefore, in the case of a glucuronic acid containing electrolyte, similar
to a glucose containing electrolyte (Figure 2a), we conclude that glucuronic acid oxidation is mixed

mass transport-kinetically controlled as well.

In contrast, the current response and CV shape when cycling in a gluconic acid containing electrolyte
is independent of the applied rotation. The oxidation of gluconic acid seems to be purely kinetically
controlled on the Au-disk. Also, there is no oxidative current recorded before 0.8 Vrue. TO gain an
understanding of the possible reaction pathways in glucose oxidation reaction, we investigated the
different steps as well as the different reaction intermediates with the help of DFT calculations. As
glucose is large complex molecule, we keep the analysis as simple as possible only focusing on the
energetics of key intermediates. The oxidation reaction from glucose to glucaric acid requires 6 proton-
electron pairs, which includes both oxidation of glucose but also the addition of oxygen from oxidation
of water. To gain insights into the multiple proton-electron transfer process through intermediate

species we investigated the energetic aspects of the reactions by constructing an energy diagram of



the reactions as shown in Figure 3. The figure shows reaction compounds (black), compound oxidation

steps i.e., removal of hydrogen to form intermediates (red) and water oxidation step (blue).
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Figure 3: Energy diagram of the suggested reaction path from glucose to glucaric acid on Au(111),
including the intermediate species Gluconic acid and Glucuronic acid and suggested key reaction

intermediates.

Figure 3 shows that oxidation of an aldehyde group (R-CH=0) to carboxylic acid (R-COOH) requires first
an initiation by the first proton removal to (R-*C=0, where * indicate a bound intermediate to the Au
surface) followed by the addition of *OH by a water oxidation step to (R-*C=0 + *OH). From here we
believe a chemical step occurs to combine the two species. This process is identical from glucose to
gluconic acid and from glucuronic acid to glucaric acid, which corresponds well with the observed
similarities in the current responses in experiments shown in Figure 2a and c. Interestingly, when
oxidizing water (adsorbing *OH) in the presence of an activated glucose or glucuronic acid molecule
*OH is stabilized significantly compared to direct water oxidation (see Figure S7). We investigate this,
as it seems that the OH groups from the glucose compounds help with stabilizing OH" allowing for this

oxidation to happen at low potentials.
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The oxidation of gluconic acid to glucaric acid, which requires the oxidation on the terminal alcohol
group, is fundamentally more challenging to understand from such analysis. The challenge on Au is
that the carbon and oxygen bonded key intermediates are energetically close*®. Here it is found that
hydrogen removal is slightly favoured from the oxygen atom of the OH-group. However, such an
oxidation creates an R-CH,-*O compound on the surface (see Figure S5). Notable, oxidation could in
principle happen everywhere on the glucose derived intermediate compounds, both on the -OH groups
but also on the carbon atoms. The question whether the oxygen or the carbon atom of an alcohol
group are bound to the metal surface has also been investigated for glycerol dehydrogenation?’. A
process which we expect to behave similarly to glucose and gluconic acid oxidation. To investigate
this, a randomly chosen hydrogen atom, located in the middle of the Cs-chain, was also tested for
oxidation, which is found to be energetically favourable (see Figure S5). This challenges how gluconic
acid is oxidized and particularly how the preferential oxidation of the terminal group can be optimised.
Noticeable, this matches the experimental observations of gluconic acid oxidation being challenging.
Highest in energy is the oxidation of the carbon hydrogen (R-*CH-OH) on the end group. Beyond the
first proton-electro oxidation there are again multiple possibilities which is shown in Figure S6. Here,
glucuronic acid is most stable on Au(111) while double oxidation on the end group to (R-*C-OH) is
second most stable. Carrying out the oxidation on a carbon atom, other than C;, seems more
energetically challenging, possibly due to steric effects of the intermediate now bound to two sites on
the surface. From this DFT energetic viewpoint one can learn that preferential oxidation of gluconic
acid on the terminal OH™-group is significantly challenging. This potentially explains why reaction
turnover to gluconic acid is observed but further gluconic acid oxidation does not happen at a large
rate (Figure 2b). One can speculate that none-preferential oxidations at larger overpotentials

eventually leads to dissociative oxidation of the gluconic acid compounds which block the surface.

To combine and discuss the theoretical calculations and the experimental data, it is paramount to
identify the reaction products formed during the oxidation experiments. The identification and

guantification of these products helps to verify or dismiss the mechanistic interpretation of the glucose
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oxidation pathway. Based on the obtained CVs in Figure 2, three different oxidation potentials were
chosen to be investigated by the product analysis using HPIC: i) 0.55 Vgrue because of the observed
current peak without rotation in Figure 2a&c; ii) 0.8 Vrue because of the observed current peak in
Figure 2a when rotation is applied; iii) 1.1 Vrue because it is close to the second peak current but still
distant from the surface deactivation. However, one-step potentiostatic protocols fail due to a rapid
deactivation of the catalytic surface. Therefore, based on previous studies®***, in the measurements a
potential sequence including three distinct potential steps was chosen (Figure 4). The upper (1.5 Vrye)
and lower (0.05 Vgrue) potentials serve to completely oxidize and reduce the Au electrode. Thereby the

III

electrode surface is regenerated. The “middle potential” is considered the oxidation potential for the

product analysis.
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Figure 4: Potential program for the electrochemical oxidation of glucose, gluconic acid, and glucuronic

acid. After two hours samples of the electrolyte were taken and analysed by HPIC for product analysis.
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Figure 5: Product distribution in glucose oxidation at different oxidation potentials in 0.1 M NaOH and
0.1 M NaClO, with 10 mM glucose after 2h at: a) 0.55 V, b) 0.8 V, and c) 1.1 V. Faradaic efficiencies
towards gluconic acid (GLU) and glucaric acid (GLA) depicted in blue and black, respectively. The

transferred charge is displayed on the right-hand y-axis of each graph.

The thus defined three-step potential program was consecutively run for two hours at each of the
oxidation potentials determined from the recorded CVs (Figure 2), i.e., 0.55 V, 0.8 Vrueg, and 1.1 Vgeye.
In Figure 5, the Faradaic efficiencies (FE) towards gluconic acid (GLU) and glucaric acid (GLA) are
depicted in the left-hand y-axis, while the transferred charge is depicted in the right-hand y-axis. The
transferred charge is used to compare the reaction rates at different oxidation potentials and/or
rotation speeds. Note, that without rotation, the transferred charges and thus the reaction rates for
all reactions were very small, inflicting a high uncertainty on the related FEs. Thus, these values have
to be treated with caution in the discussion and serve more for the observation of trends. Furthermore,
the low reaction rates mean, that at 0 rpm seemingly high FEs cannot be exploited in a technical
process. To determine the transferred charge, the measured currents were integrated. Since all
capacitive currents from stepping through the potential program cancel each other out, the integration
determines only the charge transferred at the applied oxidation potential of 0.55, 0.8 or 1.1 Vgue
(Figure S8 shows exemplary the current response in an experiment). The product analysis concentrates

on gluconic, glucuronic and glucaric acid as they are the main interest in this study. Cleavage products
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are checked for and shown in the supporting information (Table ST1). They appear in multiple
measurements but for the most part at miniscule concentrations and are discussed in the relevant

cases.

In Figure 5a the product distributions of measurements conducted in a 10 mM glucose containing
electrolyte at 0.55 Vrye at different rotation speeds are shown. Independent of rotation speed, of the
desired products only gluconic and glucaric acid are detected during product analysis. Glucuronic acid
was not detected. Without rotation, the FEs of gluconic and glucaric acid add up to 50 %, see above
discussion concerning the low reaction rates at O rpm. Gluconic acid accounts for 22 %, while glucaric
acid accounts for 28 %. With the application of 900 rpm of rotation the reaction rates increase
substantially (transferred charge increases by a factor of 35) and a shift in product distribution is
observed. GLU and GLA account for all the transferred charge. However, after 2h FEga is just 1 % while
FEGLu is 110%. If the rotation is further increased to 2500 rpm no GLA is detected anymore and FEgLy
drops to 64 %. Obviously, a Faradaic efficiency above 100 % is unusual and theoretically impossible if
only electrochemically produced products are considered. Nevertheless, we report the “as
determined” FEs. Their value is attributed to the error in calibration and uncertainties in the product
analysis. Other, non-electrochemical pathways could also lead to nominal FEs above 100 %. For
example, there is the possibility of aging in the sample where the oxidation of glucose takes place
between the measurement and the product analysis. To investigate the effect of aging, two-month-
old blank glucose, gluconic acid and glucuronic acid solutions in 0.1 M NaOH electrolyte were tested
and analysed for oxidation products. In short, gluconic acid and glucaric acid were found in very small
amounts (Figure ST3). However, cleavage products have been found in larger quantities. Specifically
glycolic acid and tartaric acid were identified in the blank, aged samples. Therefore, to minimise the
influence of aging processes, product analysis was run as soon as possible after finishing an
experiment. Other, charge-free processes might occur in the presence of the biased Au surface;

however, these were not investigated further.
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As mentioned above, when 900 rpm of rotation is applied, the amount of charge transferred increases
by a factor of 35 compared to the experiments at O rpom. Based on the current response in the CV in
Fig 2a, this is expected. However, at 2500 rpm the transferred charge is slightly decreased. This
observation is in contradiction with the cyclic voltammogram where the current scales with the applied
rotation. A key difference between the measurements, however, is that the oxidation experiments are
much less dynamic than the cyclic voltammograms. The current response can therefore differ. Also,
the increase in rotation speed not only means an increased flux of glucose at the electrode but also a
decrease in the time the glucose molecules reside at the surface. Therefore, the glucose molecules
might not have ample time to be oxidised at the catalytic interface. This can also explain the lowered
FE towards the two detected products. Instead, glucose might be transformed into keto-species, such
as 2- or 5-keto-glucose, or glucose dialdehyde®® which we did not quantify in the product analysis.
Other reaction products include cleavage products like tartaric or glycolic acid®. Indeed, both acids are
detected by product analysis at 2500 rpm indicating higher concentrations of cleavage products than
at 900 and 0 rpm. However, it is not possible to determine the Faradaic efficiency towards glycolic acid
because the other corresponding cleavage products are unknown. Hence, only the quantities of
detected glycolic acid at different experimental conditions can be compared. Quantified

concentrations can be found in the supporting information (Figure ST1).

A similar picture arises when 0.8 Ve is chosen as the oxidation potential (Figure 5b). In the absence
of rotation, FEgia of 85 % is reached and accordingly an FEgLy of 6 % is observed. At 900 rpm, gluconic
acid is the main oxidation product being formed at an FE of 110 % and glucaric acid at an FE of 1 %,
again. At the high rotation speed of 2500 rpm, the total FE towards detected products plummets to 25
% (FEgLu: 23 %, FEgia: 2 %). The transferred charge is increased with increased rotation speed, as is
expected from the cyclic voltammogram. The decline in FE towards the saccharic acids indicates
increased rates of formation of side and cleavage products which is confirmed by the detection of

larger quantities of cleavage products (Figure ST1 and ST2).
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Finally, in a 10 mM glucose containing solution at an oxidation potential of 1.1 V (Figure 5c), at O rpm
glucaric acid is formed at a Faradaic efficiency of 40 %, while gluconic acid is the main product at 56 %
FE. Applying 900 rpm rotation leads to an increase in FEgy to 69 % while FEga decreases to 6 %.
Therefore, the sum of detected products is lowered compared to the measurement at O rpm. This
decrease in combined FE is more pronounced at 2500 rpm, where gluconic and glucaric acid account
for less than 20 % of the transferred charge. The absolute amount of charge is once again increasing
with the applied rotation speed and is also higher than at 0.8 Vrue. Therefore, more undesired side

products are formed. Accordingly, more glycolic acid is detected in the product analysis.

Concluding the observation from the 10 mM glucose containing starting electrolyte, the Faradaic
efficiency towards glucaric acid is the highest in the absence of rotation at all oxidation potentials.
However, the reaction rate is very low. Gluconic acid is the main product if a rotation of 900 rpm is
applied, reaching almost fully selective formation at 0.55 Vrue and 0.8 grue. If one considers the
competition of different species at the interface, this observation can be rationalized. When no
rotation is applied, reaction intermediates, such as gluconic acid, stay in proximity of the catalytic
interface. Hence, the probability of the intermediates being oxidised further is high. Additionally, only
through diffusion can intermediates be removed from the interface and glucose molecules arrive
thereat. This explains the higher selectivity towards glucaric acid in the absence of rotation. On the
other hand, when rotation is applied, the residing time of the intermediate molecules is shortened as
they are removed from the interface through forced convection. On top of that, the flux of glucose
molecules, and thereby also the competition for active sites on the catalyst, is increased when rotation
is applied. These two effects can explain why gluconic acid is formed at increased rates and with
increased selectivity with the application of rotation. While the oxidation currents are highest at 1.1
Vrue, the FEs towards the gluconic and glucaric acid are decreased. This trend is amplified when
rotation is applied, making the combination of 1.1 Vgye and 2500 rpm an unfavourable condition for
the selective glucose oxidation towards GLU and GLA in the series (Figure 5c). It appears that side

products are formed preferably under these conditions. The more oxidative potential seems to enable

16



the oxidation not only on the C; and Cs positions but also elsewhere. Breaking the C-C chain can yield
small organic acids as has been reported on Pt*. Indeed, the small organic acid glycolic acid has been
detected in the analytes of the experiments at 2500 rpm. The Faradaic efficiency towards glycolic acid
can however not be determined as previously mentioned. Therefore, the number of transferred
electrons is also unknown. However, the glycolic acid contents can be compared quantitatively. And
indeed, the amount of glycolic and tartaric acid detected in the analyte increases as a function of
rotation speed and oxidation potential (Figure ST1 and ST2). Thereby confirming the hypothesis that

glucose cleavage is increased under strong rotation and high oxidation potential.

For glucose oxidation, the transferred charge is heavily dependent on the applied rotation. Comparing
0 rpm and 900 rpm at the three potentials, 30 times more charge is transferred when rotation is
applied. As mentioned above, this means that the high FEs.a in the absence of rotation cannot be fully
exploited as the rate of formation is very low rendering it uninteresting for potential upscaling. Finally,
the conditions leading to the most efficient and selective oxidation of glucose are found to be at

moderate rotation of 900 rpm and lower overpotentials of 0.55 Vgye and 0.8 Vgye (Figure 5b&c).
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Figure 6: Product distribution in gluconic acid oxidation experiments at different oxidation potentials
in 0.1 M NaOH and 0.1 M NaClO4 with 10 mM gluconic acid after 2h: a) 0.8 Vrxe and b) 1.1 Vrpe. The

transferred charge is displayed on the right-hand y-axis of each graph.
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In Figure 6, gluconic acid oxidation has been investigated by running the same experiments replacing
the glucose in the electrolyte with gluconic acid at a concentration of 10 mM. Due to the low current
response at 0.55 Vgrue, also seen in the respective cyclic voltammograms in Figure 2b, no product
analysis could be reliably conducted for these experiments. Again, no glucuronic acid has been

detected in any of the experiments.

At an oxidation potential of 0.8 Vgye (Figure 6a) the selectivity towards glucaric acid changes with the
applied rotation speed. Without rotation, FEgia is 18 %. When rotation is applied an increase in FEga is
observed: 107 % and 73 % at 900 rpm and 2500 rpm, respectively. While an increase in the transferred
charge is observed, rotation does not have the same effect on the reaction rates as observed in glucose
oxidation (Figure 4). The transferred charge is increased from 0.34 C at O rpm to 0.63 C at 2500 rpm
which is an increase of only 85 %, however, it is important to note that the current is 10x lower than
for glucose oxidation at similar potential and rotation conditions. Kinetic limitations in gluconic acid
oxidation are therefore also present under a less dynamic regime. In comparison, when applying an
oxidation potential of 1.1 Ve, the oxidation rate does depend more on the applied rotation speed and
comparable currents to glucose oxidation are measured. However, the product distribution and the
FEsLa are negatively affected by the more oxidative potential. Without rotation a Faradaic efficiency
towards glucaric acid of 46 % is reached. When rotation is applied, either 900 rpm or 2500 rpm, the FE
decreases to 15 % and 18 %, respectively. Comparing Figures 6a and 6b it is clearly visible that the FEgia
and the transferred charge are controlled more by the applied potential rather than the rotation.
Specifically, in the absence of rotation the application of the larger overpotential of 1.1 Vgye increases
the efficiency towards glucaric acid but a decrease in efficiency towards glucaric acid is observed when
rotation is applied. The transferred charge depends mainly on the applied potential as it is significantly
higher for all the measurements conducted at 1.1 Vgue. The charge which is not accounted for in the
FEcia likely ends up in side products. Considerable amounts of glycolic and tartaric acid have been
detected when oxidising gluconic acid at 1.1 Vgye (Figure ST1 and ST2). Mechanistically, this shows

that an alcohol group is more difficult to oxidise than the aldehyde group. Noticeably, once the alcohol

18



group can be oxidized, more dissociation products are formed showing that there seems no
preferentially selective oxidation of the -OH groups on the glucose. In principle all OH-groups can be
oxidized similarly when high potential is present. This hypothesis is also supported by the DFT
calculations presented in this study, from which it was predicted that the terminal OH-group is

energetically favoured only slightly, probably by steric effects, over non-terminal groups.

The categoric absence of glucuronic acid poses the question whether it is formed at all. It is possible
that on a gold catalyst a pathway from gluconic acid to glucaric acid exists where no glucuronic acid is
formed. Based on the energy diagram (Figure3) of the intermediates on gold, glucuronic acid would
be a valid intermediate at the chosen potentials. However, the removal of the proton-electron pairs of
the O and the Cis energetically close on Au. If the removal of the O-proton is kinetically hindered, it is
possible to deprotonate Cs and thereby circumventing glucuronic acid as an intermediate. Another
indication for the circumvention of glucuronic acid is the increased formation of tartaric and glycolic
acid at larger overpotentials at 1.1 Vgue. This indicates that the carbon atoms in the Ce-chain might be
oxidised more easily under these reaction conditions. Alternatively, the formed glucuronic acid might
be immediately converted to glucaric acid under the chosen reaction parameters. Supporting this
hypothesis is the nature of glucuronic acid oxidation. It is very similar to the oxidation of glucose to
gluconic acid: It requires the oxidation of an aldehyde group to a carboxyl group. Figure 5 (glucose

oxidation to gluconic acid) shows that this step readily happens at 0.8 Vgpe.
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Figure 7: Product distribution in glucuronic acid oxidation at different oxidation potentials in 0.1 M
NaOH and 0.1 M NaClO4 with 10 mM glucuronic acid after 2h: a) 0.55 V, b) 0.8 V and c) 1.1 V. The

transferred charge is displayed on the right-hand y-axis of each graph.

Glucuronic acid oxidation, as a potential reaction intermediate, has been investigated in Figure 7 by
running the three-step potential program in electrolytes containing 10 mM of glucuronic acid. At 0.55
Vrue glucaric acid is formed with a FE of 83 % at O rpm rotation, 92 % at 900 rpm, and 90% at 2500 rpm.
Increasing the oxidation potential to 0.8 Vrue, FEga remains high at 81 % without rotation, and 102 %
and 105 % at 900 rpm and 2500 rpm respectively. At 1.1 Vrue, the Faradaic efficiency towards glucaric
acid decreases with the speed of the applied rotation. In the absence of rotation, a FEga of 83 % is
observed. At 900 rpm the selectivity drops to 61 % and is decreased to 54 % at 2500 rpm. The
transferred charge depends on the rotation speed at all oxidation potential. Faster rotation speeds
lead to more charge transferred. However, there is no significant difference in the amount of
transferred charge comparing the measurements at 0.8 Vgrue and 1.1 Veye. Analysing Figures 7a - ¢, it
becomes apparent that the Faradaic efficiency towards glucaric acid is independent of the applied
potential at 0 rpm. The charge transferred and thus the reaction rate, is however much lower in the
absence of rotation compared to the measurements conducted at 900 or 2500 rpm rotation. With
applied rotation, the selectivity towards glucaric acid is superior at 0.8 Vgye compared to 0.55 Vgye and

1.1 Vgrue. Glucaric acid is formed seemingly exclusively. Increasing the oxidation potential to 1.1 Vgue
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has no beneficial effect. In contrary, FEgia drops while the transferred charge remains identical. The
rate of glucaric acid formation is therefore higher at 0.8 Vgrue. Overall, glucuronic acid oxidation is
similar to glucose oxidation reaction, which fits our mechanistic understanding from the DFT
simulations, where oxidizing an aldehyde group is similar in glucuronic acid and glucose at 0.8 Vgye.
Furthermore, at potentials as high as 1.1 Vgrue both glucose, glucuronic acid and possibly glucaric acid
become susceptible to oxidation and cleavage. Supporting this hypothesis is the higher abundance of
tartaric and glycolic acid in the electrolyte of experiments at 1.1 Vgue than at 0.8 Vgrue. These
observations imply, that when starting in a glucose containing electrolyte, once glucuronic acid would

be formed at 0.8 Vzug, it likely will be converted to glucaric acid.
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Conclusion

The interplay of mass transport and oxidation potential in the oxidation of glucose, gluconic and
glucuronic acid have been investigated. The applied rotation influences the rate of formation, product
distribution and overall faradaic efficiency towards the desired products gluconic and glucaric acid. We
find the introduction of moderate rotation, 900 rpm in this series of measurements, to be beneficial
for the rate and selectivity towards gluconic and glucaric acid. The application of a higher rotation
speed, i.e., 2500 rpm, however, decreases the selectivity towards desired products in all cases. We
propose that at higher rotation speed the reactants do not reside long enough at the interface for the
desired oxidation steps to take place. Rather, side products are preferably formed under these
conditions. Furthermore, we find the application of a moderate oxidation potential of 0.8 Vgye to lead
to better catalytic performance in terms of product selectivity towards gluconic acid and minor FE
towards glucaric acid. At the larger overpotential of 1.1 Vgue, the increased charge transfer is
accompanied by a loss of selectivity towards gluconic or glucaric acid, respectively. The detection of
glycolic acid, as well as tartaric acid in the case of gluconic acid oxidation, supports this hypothesis. The
amount of cleavage products increases with increasing applied oxidation potential. Additionally, in the
case of gluconic acid oxidation, the application of 2500 rpm rotation increases the abundance of

cleavage products in the analyte.

Applying rotation in experiments, where glucose or glucuronic acid are used as reactants, we found
the reaction rates to be greatly increased compared to experiments without applied rotation.
Simultaneously, in glucose containing electrolytes the FEgy was increased while FEga was decreased
under applied rotation. At 0.8 Vrxe and 900 rpm gluconic acid is almost selectively formed. At 0.8 Vgue
and 0 rpm the main reaction product is glucaric acid which is produced with a FE of 70 %. Due to the
very low charge transferred under these conditions, it is however much more interesting to first

transform glucose into gluonic acid and then transform it to glucaric acid.
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The rate of gluconic acid oxidation has been found to be less influenced by the rotation rate. The
product distribution, however, is influenced. We found gluconic acid to be seemingly selectively
oxidised to glucaric acid at moderate rotation of 900 rpm but at very low rates. The low reaction rates
indicate that oxidation of an alcohol group is difficult on gold. When oxidising glucuronic acid, the best
performing parameters have also been found to be at 0.8 Vrue and 900 rpm. The application of forced
convection also increases the transferred charge tremendously, similar to what is observed in glucose
oxidation. It appears that the oxidation of an aldehyde group to a carboxylic group is easily achieved
on gold. Hence, other studies have already reported the selective formation of gluconic acid from
glucose oxidation on gold. Also, this observation suggests that upon formation of glucuronic acid as a
reaction intermediate, the transfer of the last two electrons to form glucaric acid might could occur
easily. From our set of experiments, we however cannot definitively conclude if glucuronic acid is an
intermediate in the pathway from glucose to glucaric acid as it was not detected in the product
analysis. Based on the DFT calculations, a pathway circumventing glucuronic acid is energetically
feasible and supported by the increased abundance of cleavage products in gluconic acid oxidation. In
this alternative pathway the carbon instead of the oxygen becomes deprotonated resulting in a

pathway where no glucuronic acid is formed.

Independent of glucuronic acid formation, the oxidation of gluconic acid is a clear bottle neck in the
conversion of glucose to glucaric acid. Improving the reaction kinetics of this step is the key towards
efficient, fast, and selective conversion of glucose to glucaric acid. One possibility is to modify the Au-
electrode. For further investigations, it might be interesting to combine the approach of Wojcieszak et
al.®%, which reported the selective oxidation of glucose to glucuronic acid on a caesium-doped Au
catalyst, with an electrochemical approach. From there, the final oxidation step to form glucaric acid

should be straight forward.
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Figure S1: Electrochemical setup used for all experiments. It contains the gold mesh (counter electrode),
the in-situ prepared trapped hydrogen electrode (reference electrode) and the PTFE-embedded Au-disk

(working electrode).Picture taken from ref* with permission from the authors.
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Figure S2: Calibration curves for the dissociation products: a) formic acid, b) tartaric acid, c) glycolic
acid. Calibration curves for the saccharic acids: d) gluconic acid, e) glucaric acid, f) glucuronic acid. The
calibration window ranges from 0.1 ppm and 100 ppm for tartaric acid, gluconic acid, glucuronic acid,
and glucaric acid. The calibration windows of glycolic acid and formic acid range from 1 to 100 ppm. R?

values and relative standard deviation values are shown in the respective graphs.
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Figure $3: Exemplary chromatograms recorded through the PAD line (a) and the conductivity line (b).
Experimental conditions for the chromatograms: a) 10 mM glucose, 1.1 Vrye, 2500 rpm; b) 10 mM
glucuronic acid, 0.8 Vrue, 2500 rpm. The indices label glucose (1), fructose (2), gluconic acid (3),

glucuronic acid (4), formic acid (5), glucaric acid (6), tartaric acid (7), glycolic acid (8).

The presence of fructose (2) in experiments containing glucose as the starting compound is explained
by both the purity of the glucose precursor and the isomerization of glucose to fructose occurring in
aqueous, alkaline media®. Not that, using the PAD detector, glucuronic acid would also be detectable
(RT=32 min) but none was formed in the experiments, seemingly. Conductivity detection was not used
to quantify glucuronic acid because there was peak overlap with gluconic acid. Quantifying only a
selection of C-C dissociation products serves to validate the product analysis method and to confirm

that the missing charge is used to cleave the reactant molecules.
The faradaic efficiencies towards compound i is calculated using the following equation:

i m;*Z*V*F
Qi 1002 PP™

FE; =
' Qtot Qror * 103 * M;

Where Q; is the partial charge of the compound, Q;,; the total charge transferred during the
experiment, ppm;the concentration of compound i determined by HPIC, Z the number of electrons
involved in the electrode reaction, V the volume of the electrolyte, F Faraday’s constant, and M; the

molar mass of compound i.



DFT calculations
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Figure S$4: DFT investigations of the energetics of the different glucose configurations with reference to

D-glucose.
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Figure S5: DFT investigations of oxidizing the first proton-electron from gluconic acid.
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Figure S6: DFT investigations of oxidizing the second proton-electron from gluconic acid.
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Figure S7: DFT investigations of water oxidation on Au(111).



10 mM glucose 0.8 Vg, 900 rpm
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Figure S8: Excerpt of the current response of a 2 h potential step program: 10 mM glucose starting
concentration at an oxidation potential of 0.8 Vgue at 900 rpm in 0.1 M NaOH and 0.1 M NaClO4

supporting electrolyte (left y-axis). Applied potential steps depicted in red (right hand y-axis).



10 mM glucose concentration

glycolic acid in ppm 0.55 Vrue | 0.8 Veue | 1.1 Veue
Orpm 0.8 ND ND

900 rpm ND 0.1 0.5
2500 rpm 0.87 ND 4

10 mM gluconic acid concentration

glycolic acid in ppm 0.8 Veue | 1.1 VRrue
Orpm ND 0.32
900 rpm 0.08 0.161
2500 rpm 0.34 1.36

10 mM glucuronic acid concentration

glycolic acid in ppm 0.55Vrue | 0.8 Veue | 1.1 Veue
0rpm 0.31 0.206 0.429
900 rpm 0.44 0.36 3.6
2500 rpm ND 0.67 0.87

Table ST1: Concentrations of glycolic acid in electrolytes after 2h of oxidation time. ND indicating “not
detected”. Note that glycolic acid might still be present in these electrolytes but at a concentration

below the limit of detection.



10 mM glucose concentration

tartaric acid in ppm 0.55 Veue | 0.8 Veue | 1.1 Vgue
Orpm 3.2 0.01 0.66
900 rpm ND ND 0.5
2500 rpm 3.57 2.99 4

10 mM gluconic acid concentration

tartaric acid in ppm 0.8 Veue | 1.1 Vgee
Orpm ND 1.17
900 rpm 0.08 0.15
2500 rpm 0.41 11.1

10 mM glucuronic acid concentration

tartaric acid in ppm 0.55Vrue | 0.8 Veue | 1.1 Veue
O rpm ND ND ND

900 rpm 0.236 0.16 0.8
2500 rpm 0.59 0.51 0.93

Table ST2: Concentrations of tartaric acid in electrolytes after 2h of oxidation time. ND indicating “not
detected”. Nota that tartaric acid might still be in these electrolytes but at a concentration below the

limit of detection.

Since the number of electrons involved in the formation of glycolic and tartaric acid is not known only
their absolute concentrations can be compared. Two rough trends for the concentrations are
observed: with increasing potential and/or rotation also the concentration of these two dissociation
products increases. It is worth mentioning that the list of dissociation products we tracked is not
exhaustive. There are other small organic acids and different oxidation products that might be formed.
The focus of this work lies on gluconic, glucuronic, and glucaric acid. The detection of the chosen

dissociation products suggests, however, that cleavage of the C-C chains occurs.



Product analysis in blank samples

10 mM | 10 mM gluconic | 10 mM glucuronic
2 months blank in 0.1 M NaOH glucose acid acid
gluconic acid [ppm] 33 - -
glucuronic acid [ppm] ND ND -
glucaric acid [ppm] ND ND 33
glycolic acid [ppm] ND ND 142.6
tartaric acid [ppm] ND ND 475.2
formic acid [ppm] ND ND ND

Table ST3: Concentrations of saccharic acids and cleavage products in 2-month-old 0.1 M NaOH and

0.1 M NaClO, solution with the starting concentrations of 10 mM glucose, 10 mM gluconic acid or 10

mM glucuronic acid, respectively.

The concentrations of tartaric and glycolic acid detected in the aged electrolyte containing glucuronic

acid are outside their respective calibration windows. In this case, the accuracy of the quantification is

not paramount. The results still show well enough that considerable degradation takes place,

especially in the case of glucuronic acid oxidation.
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Introduction

Synthesis of high-entropy alloy nanoparticles (HEA-NP) via various synthesis routes has
become more prevalent in the last years due to increased application of HEA-NP in catalysis.
Formation mechanism to obtain single-phase HEA-NP at lower temperature (< 750°C) is not
yet fully understood.

In the presented study, we investigate precursor samples containing different combinations of
elements including both precious and non-precious metals (PtFe, PtFeCo, PtFeCoNi, and
PtFeCoNiPd)

We follow the reduction of the metals (via XANES) and the formation of crystal phases (via
PXRD) to investigate the impact of the number of elements on the formation of and transition

between metal phases.

Experimental

Synthesis/preparation of multimetallic samples for synchrotron measurements

The PtFe, PtFeCo, PtFeCoNi & PtFeCoNiPd samples were synthesized by an incipient wetness
impregnation approach on Ketjen Black EC-300J carbon with target loadings of 60 and 70 wt%.
The synthesis was interrupted before the reduction step. Therefore, it resulted in precursor

salts dried onto the carbon support which were then reduced at ESRF.

In situ sample characterization by tandem X-ray absorption (XAS) and powder X-ray diffraction (PXRD)

At BM31 at ESRF in Grenoble, the samples were filled into quartz capillaries and placed in the
experimental setup that consists of a blow furnace and provides a reducing H,/Ar-atmosphere
(see Image 1).

Temperature program: 100 °C h* to 400 °C, followed by 350 °C h to 750 °C and cooling to

ambient temperatures.



e Up to 400 °C, the analysis included recording first the absorption edge (XAS) of each metal in
increasing X-ray absorption edge energy followed by the PXRD measurements. This protocol
led to a temperature resolution of 25 °C between the individual spectra and diffractograms.

Then, up to 750°C and during cooling only PXRD was recorded.

- '4—.7. X-ray beam

- = B 4 & .
Image 1: Filled capillary mounted over blow furnace before the reduction starts.



Results & Discussion

Heating to 400 °C
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Figure 1: Contour plots of PXRD diffractograms of a) a PtFe, b) a PtFeCo, c) PtFeCoNi, and d) PtFeCoNiPd

sample on Ketjen Black EC300-J with a metal loading of 60 wt% recorded during heating to 400 °C. The

green regions indicate high intensities while the blue regions indicate low intensities in the

diffractograms.

The formation of a face-centered cubic (fcc) phase from metal precursor phases is observed in
all samples. Based on this analysis the PtFeCoNiPd can be considered a HEA.

In all samples, the phase formation occurs rapidly which is indicated by the drastic changes in
the contour plots, Figure 1 a)-d), at 200 °C.

The temperature of fcc formation is found to be approximately 200 °C for the PtFe, PtFeCo,
and PtFeCoNi samples (Figure 1 a)-c)) and 175 °C in the PtFeCoNiPd sample (Figure 1d)). The
HEA sample seemingly reduces earlier.

The tilt of the interferences towards larger 2 8 angles with increasing reduction temperature

indicates shrinking of the unit cell.
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Figure 2: Crystallite size and cell parameter of the formed fcc phases obtained from sequential Rietveld
refinements using GSAS-II* of PtFe 60 wt%, a) and b), and PtFeCoNiPd 60 wt%, c) and d). Mircostrain

was kept constant during the sequential refinement.

e Crystallite growth is observed in both samples with increasing temperature. In PtFe 60 wt%,
the crystallites grow from 3 nm to 5.3 nm (Figure 2a)), while the crystallites in PtFeCoNiPd 60
wt% grow from 3.6 nm to 6.7 nm (Figure 2c)) during the heating process. This indicates that
the formed NP, therefore, grow as well.

e The growth of the phase is accompanied with a shrinking of the unit cell. In PtFe 60 wt%, the
fcc cell parameter “a” decreases from 3.91 A to 3.86 A (Figure 2b)). In the HEA sample
PtFeCoNiPd, the cell parameter “a” shrinks from 3.89 A to 3.82 A (Figure 2d)). The shrinking
unit cell parameters concur with the shift of the peaks observed in the contour plots (Figure

1a) and d))



e The difference in unit cell size can be rationalized by the fact that PtFe, as compared to
PtFeCoNiPd, contains more Pt, which is the constituent element with the largest unit cell.

Therefore, the resulting unit cell is larger in the two-elemental sample.
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Figure 3: XANES spectra of Fe (a) and Pt (b) in the PtFe 60wt%. The measurement numbers in the legend
indicate the increasing temperature during the synthesis. Measurement 1 was recorded at 45 °C and

measurement 16 at 400 °C.

e The absorption spectra in Figure 3 show the different reduction behaviors of Fe (3a)) and Pt
(3b)). Pt reduces from its precursor form (Pt*) to the final state (Pt°) within the temperature
range of approximately 50 °C without an obvious intermediate state. However, the absence of
an intermediate state cannot be concluded on as it might be present only for very brief periods
of time and therefore be missed by the individual scans. Fe reduces from its precursor form
(Fe*) via an intermediate step (Fe?*) before reaching its final state (Fe®). The process of
reduction occurs over a larger temperature window.

e The spectra are used to perform linear combination analysis (LCA) (Figure 4). LCA give insight

into the ratio of precursor to final state of a metal. It also can show intermediate states.
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Figure 4: Linear combination analysis (LCA) of XANES spectra recorded during the reduction of a PtFe
60 wt% sample for Fe (a) and Pt (b). Precursors are indicated in black, intermediates in red, and products
in blue. The weight fractions determined by the LCA are normalized to the main absorption edge. Note

that Pt does not reduce via an apparent intermediate. T

e LCA of the XANES spectra depicted in Figure 4 indicate that Fe starts to reduce to from an
intermediate state already at 100 °C. The intermediate is reached at 200 °C which concurs with
the reduction of the Pt.

e The majority of Fe is only reduced upon reaching 300 °C. Therefore, the temperature window
of Fe reduction spans from 100 °C to 300 °C. The reduction window of Pt is much narrower and
is found between 150 °C and 200 °C.

e Combining the information from Figure 1 a) and Figure 4 confirms that the formation of the
initial fcc phase coincides with the reduction of Pt. Interestingly, even though the metals
exhibit different reduction temperatures only one apparent crystal phase is formed.

e Possibly, the Fe gets continuously reduced and also continuously incorporated into the existing

fcc phase.
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Figure 6: Linear combination analysis (LCA) of XANES spectra recorded during the reduction of a
PtFeCoNi 60 wt% sample for Co (a) and Ni (b). Precursors are indicated in black, intermediates in red,

and products in blue. The weight fractions determined by the LCA are normalized to the main



absorption edge. We assume the redcution behaviour of these elements to be similar in the PtFeCoNiPd

sample.

e The LCAs in Figures 5 & 6 depict the reduction behaviors of the individual elements in
PtFeCoNiPd 60 wt%. Note, that the LCA of Co and Ni (Figure 6) are taken from the sample
PtFeNiCo and serve as placeholders until technical complication with autoXAS are resolved.
The addition of Pd to the analysis, for some unknown reason, disrupts the analysis of Co and
Ni. Until then, we assume the reduction behavior of Ni Co to be similar in PtFeCoNi and
PtFeCoNiPd.

e The noble metals, Pd (Pd** = Pd°) and Pt (Pt** = Pt?), reduce without forming an apparent
intermediate. Both are nearly fully reduced at 175 °C. The non-precious metals, Fe (Fe3* = Fe?*
- Fe?), Co, and Ni, all reduce via an intermediate step. Similar to Fe in the sample PtFe 60 wt%
(Figure 4a). However, for Co and Ni no clear oxidation can be assigned to the intermediate
state. Comparing the XANES spectra to literature indicates that the precursor and final states
correspond to oxidation states 2+ and 0, respectively.

e Independent of the differences in reduction temperatures, only one fcc phase seems to form

at first.



Heating to 780 °C
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Figure 7: Contour plots of PXRD diffractograms of a) PtFe and a) PtFeCoNiPd samples on Ketjen Black

EC300-J with a metal loading of 60 wt% recorded during heating to 750 °C. The green regions indicate

high intensities while the blue regions indicate low intensities in the diffractograms.

In addition to the characteristic fcc diffraction pattern observed in the contour plots in Figure
1a) & d), further peaks are observed in the contour plots depicted in Figure 7. For both
investigated samples, peaks appear at 5 20 and 7 26. The additional peaks already faintly
appear before 400 °C in the case of PtFe (Figure 1a) & 7a)) and also start to form in the
PtFeCoNiPd sample after reaching 400 °C (Figure 7b)). Therefore, the phase transformation
apparently commences at lower temperatures in the bimetallic sample.

The individual interferences of the diffraction patterns match well with a tetragonal phase
(space group P4/mmm). Overlapping the diffraction patterns of PtFe (Figure 8a)) and
PtFeCoNiPd (Figure 8b)) recorded at 780 °C with the reference phases supports this
hypothesis.

The peaks become more intense as the heating commences, likely indicating growth of this
newly formed phase as well as the continuous phase transformation from fcc to tetragonal

P4/mmm.
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Figure 8: Diffractograms of a PtFe (a) sample and a PtFeCoNiPd (b) sample, each with a loading of 60

wt%. The diffractograms were recorded after heating to 750 °C. The blue trace depicts the recorded

diffractogram while the red trace depicts two references. The reference in a) corresponds to a PtFe

phase? of space group P4/mmm and the reference in b) corresponds to a PtFeysCoos phase® of space

group P4/mmm. The unit cells of both references shown in the graphs were drawn using VESTA*.

The reference diffractograms match well with the recorded diffractograms. However, Rietveld
refinement is necessary to determine if a full transformation from fcc to P4/mmm has taken
place or if both phases coexist.

The diffractogram of the PtFe sample (Figure 8a) exhibits much sharper peaks than the
PtFeCoNiPd sample (Figure 8b). Two parameters are mainly responsible for peak width. First,
crystallite size and, second, strain within the particle. Likely, a combination of the two
responsible for the observed differences. Hence, PtFe grows to form larger particle with less

strain.



Conclusion

e From XANES it became apparent that the precious metals, Pt and Pd, and non-precious metals,
Fe, Co, and Ni, show distinctly different reduction behaviors. The precious metals reduce in a
narrower temperature window than the non-precious metals. No intermediate reduction state
can be resolved, whereas a clear intermediate state is seen during the reduction of the non-
precious metals.

e Inallinvestigated sample, at first, an fcc phase is formed. Refining the acquired diffractograms
reveals a crystallite growth and unit cell shrinking during heating to 400 °C.

e Upon heating to 750 °C, an at least partial phase transformation from the fcc to a tetragonal
P4/mmm is observed. Based on the diffractograms, the transformation commences at a lower

temperature in the PtFe sample than in the HEA PtFeCoNiPd sample.
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Abstract

Replacing critical raw materials employed in water electrolysis applications as
electrocatalysts with earth-abundant materials is paramount for the future upscaling to
industrial dimensions. In that regard, Ni and Ni-based multimetallic hydroxides, above all
NiFe-hydroxides, have shown promising performance towards the oxygen evolution
reaction (OER) in alkaline conditions. However, it has been shown that the extraordinary
performance of these materials is owed largely to Fe impurities found in commercial KOH
from which electrolyte solutions are prepared. The mechanism of action of these
impurities is still not fully understood, and therefore, at the heart of ongoing discussions.
In this study, we investigate the OER activity of different nanostrcutured (Nii1-xFex)OOH
samples and find their activities to be influenced differently by the presence of Fe
impurities in the electrolyte. From the gathered data, we conclude that the presence of Fe
impurities impacts gravely the structure sensitivity of the OER. In purified electrolyte
solutions the OER appears to be a structure-sensitive reaction while this seems not to be

the case in the presence of said impurities.
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1. Introduction

To reduce society’s dependence on fossil resources, renewable primary energy sources
must be expanded. Furthermore, new methods of storing energy must be explored and
developed. Electrochemical water splitting to form hydrogen and oxygen is among the
most promising and well-established approaches to achieve this goal.l3 In water
electrolyzers the two half-cell reactions involved are the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER).% In practice, water electrolyzers can be
operated in acidic or alkaline conditions.> In both, alkaline and acidic conditions, the
anodic oxygen evolution reaction requires large overpotentials to achieve the high
current densities demanded in commercial applications.6 Additionally, in acidic media,
the state-of-the-art OER catalyst materials are IrOz, RuOz, and composite Ir-Ru-oxides.* 7-
9 Both metals are labelled critical raw materials by the European Union? and, therefore,
suboptimal choices concerning upscaling. In alkaline media, Ni-based hydroxides
(NiOOH), more specifically layered double hydroxides (LDH), have proven to be viable
catalysts that also circumvent the problem of scarcity previously mentioned.6 11-13
Combinations of Ni with other transition metals are amongst the most active OER
catalysts in alkaline media.® 14 15 While Ni-M-LDH (M =Ce, Al, Co) have shown interesting
behavior, NiFe-LDHs have been found to be the most promising earth abundant catalysts
for the OER.16

Although the OER performance of (Nii-xFex)OOH-materials is studied extensively, the
activity-promoting effect of Fe on the Ni-structures is still at the heart of ongoing debates.
Corrigan et al.1” first reported that incorporating metal ions in NiOOH thin films increases
substantially the OER activities of the films. They put forth that the inclusion of Fe in the
NiOOH-structure during synthesis and aging increases their conductivity which in turn
increases their OER activity. Trotochaud et al.18 were able to show that NiOOH is a poor
OER catalyst after the removal of the Fe-impurities from the commercially available KOH
electrolyte. They also showed that the increase of conductivity proposed by Corrigan et
al.17 does not account for the observed increase in OER activity in the presence of Fe-
impurities. Since then, several studies have confirmed these observations.19-21 However,
there is no common agreement on the mechanism of action of the Fe-impurities to
improve the OER. Klaus et al.1? and Trotochaud et al.18 argued that the incorporation and

absorption of Fe from the electrolyte, and not from the synthesis, into NiOOH structures
2



is the reason for the activation towards OER. They proposed that the Fe-sites formed on
the Ni-surface become the active sites for OER. Spanos et al.20 showed that the
concentration of Fe in the electrolyte decreased during polarization of the Ni-surface,.
Hence, they concluded that the Fe adsorbs on or incorporates into the catalyst structure
upon application of a potential. Other studies??-2# argue that incorporation of Fe-
impurities leads to the formation of active Fe edge-sites and clusters, rather than single
sites, that are the active component of the catalysts.

Independent of the specific mechanism of action of the Fe-impurities, structure-activity
relationships can be established to maximize the enhancement effect of the Fe. In this
work, we investigate the steady-state OER activities of structurally distinct (Ni1-xFex) OOH
catalysts in both as-prepared - iron-containing- and purified - “iron-free” - electrolytes

to investigate and potentially identify these relationships.

2. Experimental Details

2.1 Synthesis of (Nii1-xFex) OOH and NiCoOOH samples

For the (NiosFeo.s)OOH and (NiosFeo.2)OOH samples, Fe(NO3)3-9H20 (Sigma-Aldrich, ACS

reagent, >98 %)and Ni(NO3)2:6H20 (Sigma-Aldrich, purum p.a., crystallized, >97.0 %)

were used as precursors. The total concentration of the two precursors was 0.028 M. The

precursors were dissolved in water, and urea (CO(NHz2)2) (Alfa Aesar, ACS, 99.0 - 100.5 %)
was added (0.16 M). The solutions were added to autoclaves and heated at 140 °C for 2-

24 hours. The reaction mixtures were cooled down, and the precipitates were washed

and centrifuged in ethanol three times at 4500 rpm to obtain the final products.

For the NiCoOOH sample, Ni(NO3)2:6H20 and Co(NO3)2:6H20 (Sigma-Aldrich, reagent

grade, 98 %) were used as the precursors. The total concentration of the two precursors

was 0.5 M. The precursors were dissolved in absolute ethanol (VWR), and urea (CO(NH2)2)
was added (3.35 M). The reaction mixtures were transferred to autoclaves and heated at

120 °C for 3 hours. The reaction mixtures were cooled down, and the precipitates were

washed and centrifuged in ethanol three times at 4500 rpm to obtain the final products.
2.2 Powder X-ray diffraction
Synchrotron powder diffraction patterns were collected at the P02.1 beamline at DESY in

Hamburg. The samples were loaded into Kapton capillaries with an inner diameter of



1.00 mm and data were measured with a wavelength of 0.207 A and a VAREX 4343CT
detector. The sample-to-detector distance was 1700 mm.

2.3 Data acquisition for total scattering experiments and pair function distribution
analysis

Total scattering data were collected at the P02.1 beamline at DESY in Hamburg. The
samples were loaded into borosilicate glass capillaries with an inner diameter of 1.00 mm
and data were measured using the rapid acquisitions PDF setup?> with a wavelength of
0.207 A and a VAREX 4343CT detector. The sample-to-detector distance was 290 mm.
The 2D patterns were integrated using the Dioptas 5.0 software2¢ and the 1D patterns
Fourier transformed with xPDFsuite2” to obtain the PDFs with the following parameters
being used: Qmin = 0.6 A1, Qmax = 18 A1, rpoy = 1.0 A. The PDFs were modeled using
PDFgui.28

2.4 Transmission electron microscopy and scanning electron microscopy-energy
dispersive X-ray spectroscopy

Transmission electron microscopy (TEM) images were collected on a Tecnai T20 G2
200kV TEM. The TEM samples were prepared by drop-casting an ethanol suspension of
the prepared catalyst powders on lacey carbon TEM grids. The images were processed
with the FIJI software.2?

Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS)
measurements were performed with a Zeiss GeminiSEM 450 operated by SmartbSEM
6.05 software, and an EDS Photodetector Ultim max 65 from Oxford Instruments. Data
analysis was derived by AZTec 5.0 software. EDS maps were recorded at a working
distance (WD) of 8.5 mm, and the acceleration voltage was set to 15 kV. The probe current
applied was 500 pA. For the mapping, the resolution was set to 1024 x 768 pixels. A pixel
dwell time of 15 ps leads to a measuring time of ~ 12 s per frame and ~ 5 cps / eV of the
measured Ka peaks of Ni and Fe, respectively, for 50:50 distributions. For the elemental
distribution, only K-series peaks were evaluated. For the measurement area, two spots at
two magnifications each were evaluated per sample - a total of 4 spots per sample (100 x
and 500 x magnifications; 1.1 x 0.85 mm?= 0.94 mm?and 228 x 171 pm?= 0.039 mm?).
2.5 Inductively coupled plasma mass spectrometry

Quantification of the Fe amount in the electrolyte was evaluated by ICP-MS (PerkinElmer,

NexION 2000 ICP-Mass). The ICP-MS was equipped with a cyclonic spray chamber and a

4



PFA-nebulizer. The RF power for the plasma was held at 1300 W with a gas flow of 15
L/min. Due to the interference of 56Fe and #9Ar1¢0+, 57Fe was used to calibrate the Fe
contents of samples and standards. Calibration standards were employed to prepare
diluted calibration solutions with four points (5 ppb, 10 ppb, 20 ppb, and 50 ppb). A 50
ppb concentration of Yttrium was used as an internal standard. 0.1M KOH (both as-
prepared and purified) was neutralized and diluted by 0.2 M nitric acid (HNO3) for the

measurements.

2.6 KOH electrolyte purification

The purification approach used in this work was taken from refl8. KOH pellets (EMSURE,
Merck) were purchased from Sigma-Aldrich. For “iron-free” measurements, the 0.1 M
KOH electrolyte was purified by the following procedures: To a 50 mL polypropylene
centrifuge tube, cleaned by H2S04 in advance, 2 g of Ni(NOs),-6H,0 (98.5 %, Sigma-
Aldrich) were dissolved in 4 mL ultrapure water (MiliQ-systems, 18.2 MQ-cm, 2.7 ppb
TOC). To precipitate high-purity Ni(OH)2, 20mL of 0.1 M KOH was added. The mixture
was then shaken and centrifuged at 4000 rpm. Afterward, the supernatant was removed.
The precipitated Ni(OH)2 was washed three times by the same procedure: 20 mL of
ultrapure H,0 and 2 mL of 0.1 M KOH were added to the tube to redisperse the solid, the

suspension was centrifuged at 4000 rpm, and the supernatant was removed. Finally, 50
mL of 0.1 M KOH was added to the tube for purification. The solid was redispersed and
sonicated for at least 10 min, followed by overnight resting. The next day, the mixture
was centrifuged, and the purified KOH supernatant was transferred into an H,SO,-
cleaned polypropylene bottle for future use. ICP-MS measurements were carried out to
investigate the Fe content in both as-prepared and purified KOH solutions, presented in
Table 1. The Ni content was investigated as well since the purification method relies on
precipitating bulk Ni(OH)2 to adsorb the Fe impurities and, thereby, introduces excess Ni
to the KOH electrolyte. As seen in Table 2, the Fe content decreased from 28 ppb to 14
ppb after purification. However, it is necessary to point out that the Ni content increased
significantly after the purification, from 496 ppb to 907 ppb showing the limitations of
the purification process. However, since the calibration window was between 5 and 50
ppb, these determinations are not extremely accurate. Nonetheless, we note that the Ni
contents increase upon the purification from Fe. As the purification method relies on

precipitating bulk Ni(OH)2 to remove the Fe impurities from the electrolyte, it can lead to
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an increase in the Ni2* concentration in the electrolyte. The effect of excess NiZ* ions on
the reaction system remains unclear. Possibly, the Ni2* ions have a negative or zero

influence on the activity as well.

Table 1: Fe and Ni content in as-prepared and purified KOH measured by ICP-MS.

Fe content (ppb) Ni content (ppb)
As-prepared KOH 28 496
Purified KOH 14 907

2.7 Catalyst ink and film preparation

The catalyst inks for the RDE measurements were prepared by dispersing the respective
dried catalyst powder in ethanol absolute (VWR, 99.8%). The ink solution was
homogenized by using a sonication bath (VWR) and a horn sonicator (Qaonica sonicator,
Q500) until a homogeneous ink was obtained. The inks were cooled in ice baths during
sonication to prevent solvent evaporation. The resulting homogeneous catalyst ink had a

total (Ni1-xFex)OOH or (Nio.5C005)OOH concentration of 0.5 mgg,ppie/ L

The glassy carbon disk electrodes were mechanically polished with an alumina slurry
(0.3 my MicroPolish, Buehler) on a polishing cloth (MicroCloth, Buehler) for 2 minutes.
Then, the electrode tips were rinsed with ultrapure water, sonicated in a bath sonicator
for 3 minutes, and finally rinsed again with ultrapure water.

Thin catalyst films were prepared by pipetting 19.6 pL (0.5 mgg,,,/L) of each catalyst
ink onto a freshly polished glassy carbon (GC) disk of 5 mm diameter. The disk was then
dried in an Ar gas stream humidified with IPA and H,0. The disk was kept stationary in
the drying step. The resulting films had a catalyst loading of 50 ug/cm? and were stored

in an ambient atmosphere before the electrochemical measurements.

2.8 Rotating disk electrode (RDE) measurements

A custom-built, three-compartment Teflon cell3? was used to conduct all electrochemical
measurements. The cell was cleaned by first boiling in 25 % HNOs3, followed by boiling in
ultrapure (MilliQ-systems, 2.7 ppb TOC, 18.2 M(1) H20. Finally, the cell was thoroughly
rinsed using ultrapure water. All RDE electrochemical measurements were performed at
room temperature with a computer-controlled potentiostat (ECi 200, Nordic

Electrochemistry ApS). The prepared sample tips (glassy carbon disks, 5 mm diameter)
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were mounted onto an EDI101 rotating disk electrode assembly (Radiometer analytical)
and served as working electrodes (WE). Rotation was controlled by a CTV101 speed
control unit (Radiometer analytical) during the experiments. An Au wire served as the
counter electrode (CE) and a saturated calomel electrode (SCE) in a glass sleeve fit with
a ceramic frit, connected to the WE compartment by a Luggin capillary, served as the
reference electrode (RE). An aqueous 0.1 M KOH electrolyte was used, which was
saturated with Ar for 20 minutes before the measurements, if not mentioned otherwise.
The solution resistance was determined with a superimposed AC signal (5 mV amplitude
and 5 kHz frequency) and was compensated down to < 2  using an active feedback
scheme.31

To determine the RE’s shift versus the reversible hydrogen electrode (RHE), before
measuring each sample, a Pt-disk electrode (treated identically to the GC-tips described
above) served as a WE and the shift versus RHE was determined following Inaba et al.’s
protocol.32 In short, the KOH electrolyte was first saturated with H2. Then, two
consecutive cyclic voltammograms (CV) from -1.075Vsce to 0.05Vsce, were recorded with
a scan rate of 0.050 V/s. From the measurement, the onsets of the hydrogen evolution
and hydrogen oxidation currents (HER/HOR) were determined. Thereby, O Vrue versus
the SCE RE was established as the potential where the HER/HOR currents canceled each
other out.

To establish the electrocatalytic performance of the different (Nii1xFex)OOH and
(Nio.5C00.5)OO0H thin catalyst films with respect to the OER (oxygen evolution reaction),
three catalyst films were tested for each catalyst. The schematical illustration of the
measurement protocol is shown in Figure S1. The electrocatalytic testing included the
following steps: Ar saturation of the electrolyte, recording of cyclic voltammograms (CVs),
determining the OER activity under steady-state conditions, and recording a final CV. The

CV scans were conducted between 1.2 Vpyg and 1.8 Vg (2 cycles in total) with a scan rate
of 5 mV/s. Afterwards, the electrode potential was stepwise increased between 1.55 Vg
and 1.8 Vg with a step interval of 0.025 V and a hold time of 60 s per step. The steady-

state OER activity was established by averaging the current of the last 10 s of the
respective potential step. These steady-state measurements were conducted at two
rotation speeds, i.e.,, 2500 rpm and 4900 rpm. Furthermore, CVs were recorded that

indicate a (qualitative) value for the electrochemical surface area (ECSA) of the individual



samples, see SI. For this, the capacitive current at 1.40 Vrae was determined for each
sample. Using capacitive currents for determining the ECSA of (Ni1xFex)OOH materials
has been used previously!3 33, however, it should be noted that the ECSA determined by
this method can only be used to compare the individual samples to one another. A more

quantitative determination of the ECSA is not possible through this approach.

3. Results and Discussion

3.1 Characterization of (Nio.sFeo.s)OOH samples

To obtain structural information on the prepared samples, powder x-ray diffraction
(PXRD) was performed. Figure 1la shows the PXRD patterns of the two different
(Nio.sFeo.s)OOH samples. We show data collected with synchrotron radiation (wavelength
0.207 A). Transmission electron microscopy (TEM) images are shown in Figure 1b-c.
Here, samples were named by the metal precursor ratio used in the synthesis and the
synthesis time, i.e., Nix:Fey-th means the sample was synthesized with a metal precursor
ratio Ni:Fe x:y for t hours. The two samples for which PXRD patterns are shown below

were synthesized with a Ni:Fe ratio of 1:1 for 2 h and 6 h.

a)
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:(003) : : (006) Ni1:Fe1-2h
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E l vl A i ‘
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Figure 1: a) PXRD patterns of the same two as-synthesized (NiosFeos)OOH samples
collected at synchrotron DESY, P02.1, with a wavelength of 0.21 A. Samples were named by

the metal precursor ratio used in synthesis and the synthesis time. CIF files for a-NiFe-LDH
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and y-NiFe-LDH are from ref3*. b-c) Exemplary TEM images of the two (Nio.sFeo.s)OOH
samples: (b) Nil:Fel-2h and (c) Nil:Fel-6h.

As seen in Figure 1a, both samples show broad, weak diffraction peaks, indicating
nanostructured samples. The two first peaks at low Q-values can be assigned to the (003)
and (006) reflections of the LDH structure respectively. Comparing Nil:Fel-2h with
Nil:Fel-6h, we observe a shift of these two peaks to lower Q-values when changing the
heating time from 2 to 6 hours. The interlayer distance of the LDH structure thus
increases from 7.2 A to 7.8 A, i.e., about 8 % (see discussion below), when the heating
time is increased. The interlayer distance in LDHs relates to the nature of ions
intercalated into the structure as well as structural disorder, such as faults in the stacking
of layers and layer tilting.

Several different LDHs have been reported, and calculated patterns of the y- and the a-
NiFe-LDH34 are shown in Figure 1a. A structure with an interlayer structure similar to the
y-NiFe-LDH is thus initially obtained in the synthesis. With prolonged synthesis time, a
structure closer to the a-NiFe-LDH polymorph forms. However, the broad diffraction
peaks indicate both small nanoparticles, as well as disordered samples, and assigning a
single structural model from the PXRD data is challenging.

To estimate the crystallite size of the LDH particles, we conducted single peak fitting of
the (003) reflection at 0.87 A1 for Nil:Fe1-2h, and 0.81 A-! for Nil:Fe1-6h. The fits are
shown in Figure S2-3. The (003) peak originates from distances in the stacking direction.
Using the Scherrer equation3® the crystallite size in the stacking direction of the two
samples is estimated to be ca. 49 nm and 37 nm. We note, however, that crystallite size
estimation for the highly disordered samples contains very large uncertainties, e.g.,
stacking disorder and the presence of additional layer distances within the samples are
not considered.

The data furthermore show diffraction peaks indicating the formation of an additional
phase, a spinel structure (space group Fd-3m), in the both samples, assigned in Figure 1a.
The reflections of the spinel structure in the Nil:Fel-2h sample are very broad cannot

not be assigned unambiguously

As observed in the TEM image of sample Nil:Fel-6h, Figure 1c (Figure S4), two

morphologies are dominating the particles formed: large sheets and small, close-to-
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spherical particles. For sample Nil:Fel-2h, TEM in Figure 1b, it is challenging to assign
the morphology of the very agglomerating nanoparticles. We suggest that the sheet-like
structure observed can be attributed to the LDH-phase while the smaller more spherical
particles likely represent the spinel phase36.37. The larger sheets observed in the Nil:Fel-
6h sample suggest that with the increased synthesis time, as the layer distance increases,
the LDH structure grows in size as well. However, the broad size distribution and a high
degree of agglomeration make it challenging to give a more accurate size estimate.

Scanning electron microscopy - energy dispersive spectroscopy (SEM-EDS) was used to
determine the atomic metal ratios in the sample, see Table 2. For the two (NiosFeos)OOH
samples the determined Ni:Fe ratio matches with the metal ratio used in the synthesis

(within the error range of EDS as an analysis technique).

Table 2: Metal ratio (at. %) of the two (Nio.sFeos)OOH samples from SEM-EDS.

Sample Ni (at. %) Error (at. %) Fe (at. %) Error (at. %)
Nil:Fel-2h 46 1.4 54 1.4
Nil:Fel-6h 47 1.3 53 1.3

Further structural characterization was done using X-ray total scattering with Pair
Distribution Function (PDF) analysis, which is well suited for the structural analysis of
nanomaterials.38 The PDFs from the two samples are shown in Figure 2. To extract
quantitative structural information, we performed PDF modelling, where a structural
model is fitted to the experimental data. We used the Ni(OH)2-LDH3° (space group R-3m)
structure as the starting model for the LDH-phase. The calculated PDFs from Ni(OH)2-
LDH, a-NiFe-LDH, and y-NiFe-LDH are shown in Figure S5, from which it is observed that
the PDFs are quite similar locally. We, therefore, used the simplest structure, Ni(OH)2-
LDH, for the modelling. As shown from the refinements presented in Figure S6 and Table
S2, the LDH model alone does not give a complete description of the data. On the other
hand, the calculated PDF from the spinel structure, which was also identified from

diffraction data, shows high similarity with the difference curves in the fits. We, therefore,
10



use the Ni(OH)2-LDH and spinel structure in a two-phase refinement, shown in Figure 2.
The refined parameters can be found in Table S3. The model gives a relatively good
description of the local structure (low r-range). However, the features at high r are not
fitted. The misfit likely arises from the anisotropic nature of the LDH particles. For
simplicity, we use a spherical particle model for both phases. While this is likely a good
approximation for the spinel phase, it is not a good description of the LDH morphology.
This misfit limits the amount of information that can be extracted from the refinements,
and the fit results should therefore be seen more as trends than absolute values.

The PDF refinement reveals that after 2 hours of synthesis, the sample consists of
approximately 70 wt.% LDH and 30 wt.% spinel. After 6 hours of synthesis, the phase
fraction of LDH has increased to 80 wt.%. The PDF refinements furthermore confirm that
the interlayer distance increases with synthesis time. The refined unit cell parameter, c,
for the Ni(OH)2-LDH structure in the stacking direction is refined to 21.79 A and 22.74 A
for Nil:Fel-2h and Nil:Fel-6h, respectively.

The refinements also show a high degree of structural disorder in the layering. In the PDF
fit shown in Figure 2, we have refined anisotropic atomic displacement (ADP) values for
Ni in the Ni(OH)2-LDH structure. The ADP in the stacking direction (c) is significantly
larger than in the a and b directions (Table S3). This anisotropic ADP value indicates a
high degree of stacking disorder in the LDH structure.#? For comparison, the refinement
using isotropic ADP values is shown in Figure S7 and Table S4.

In the PDF analysis, we also refine a crystallite domain size. The refined spherical
diameter of the Ni(OH)2-LDH structure refine to 51 A and 19 A for the Nil:Fe1-6h with
Nil: Fel-2h respectively. The misfit at high r-values in the PDF refinement means that
these numbers should not be considered absolute. However, they indicate that either the
particle size or the order in the crystal structure increases with synthesis time. In the TEM
micrographs, an increase in particle size is qualitatively confirmed.

Two other (Nii-xFex)OOH samples with different Fe content and one (Nii-xCox)OOH
sample were characterized as well, see SI (Figure $S8-9, Table S5). These samples mainly
serve for the discussion of the influence of iron (in the samples as well as in the electrolyte)

on the electrocatalytic performance of the samples.
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Figure 2: PDF refinements of products synthesized with Ni:Fe 1:1 ratio for a) Zh and b) 6h.
The fits were based on a two-phase model using Ni(OH)2-LDH3? and spinel#! structures. The
blue circles show the experimental PDFs, the red lines are simulated PDFs, and the green

lines are the difference curves of the two. Refined parameters are given in Table S3.
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3.2 Electrochemical measurements
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Figure 3: Steady-state OER activities of the two (NiosFeo5)O0H samples in a) as-prepared
and b) purified 0.1 M KOH electrolyte measured at 2500 rpm. The activities shown are
normalized to the geometric surface area of the RDE tip. The error bars indicate the

standard deviation from measuring three different RDE tips.

To compare the OER performance of the two different (Nio.sFeo.s)OOH samples, as well as
to investigate the effect of iron impurities on the measurements, their activities were
determined in as-prepared and purified 0.1 M KOH electrolyte. Figure 3 shows the first
steady-state measurements (at 2500 rpm) of the two samples in (a) as-prepared and (b)
purified KOH electrolyte. The activities are normalized to the geometric surface area of
the working electrode. As the catalyst loading on the GC tips of the RDE was fixed, these
activity values directly translate to the mass activity of the samples. In the as-prepared
electrolyte (Figure 3a) the activity trends of the (NiosFeos)OOH samples can be separated
into two potential ranges with different behavior. In the first potential range, a linear
Tafel behavior is observed (between 1.55 Vrue and 1.68 Vrug), while it deviates from the
linear behavior above 1.68 Vrue. The “bending” of the Tafel slope in the second potential
range (1.68 Vrue and 1.8 Vrue) indicates mass transport limitations. This is a typical
observation for OER measurements recorded with an RDE and indicates that at higher
currents, parts of the catalyst surface are covered by bubbles of evolved oxygen that are
not removed quickly enough from the catalyst surface. Nil:Fel-2h exhibits this slope

“bending” behavior clearly, while in the other (NiosFeos)OOH -sample the change in slope
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is more subtle. Note that Nil:Fel-2h is also the more active sample, as will be discussed
further below. Hence, this observation supports the hypothesis of mass transport
limitations: as more oxygen is evolved at the more active sample, the surface blocking is
subsequently enhanced resulting in the strongest “bending” of the slope.

Figure 3b depicts the determined activities of the samples in purified KOH electrolyte.
Substantial differences between the two sets of determinations are observed. In the
purified KOH electrolyte, the measured current densities of both samples are
substantially lower (up to a factor of ten times lower OER currents) than the ones
determined in as-prepared KOH at the corresponding potentials. However, the different
(NiosFeos)OOH samples are affected by the Fe-impurities to different extents. A dedicated
graph depicting the difference in current densities can be found in Figure S10. The lower
activities are expected and consistent with previous studies. It is well known that Fe-
impurities in the electrolyte have an enhancing effect on the catalytic performance and
this effect has been discussed intensely.18-20. 42-45 However, it is noteworthy that the
reported purification process by no means was able to remove Fe completely from the
electrolyte.18 Furthermore, it is observed that the reported purification process leads to
an increase in the Ni concentration in the electrolyte, see ICP-MS results of the electrolyte

in the experimental section.

Table 3: Activities at 1.6 Vrue and calculated Tafel slopes of synthesized samples during the
first set of potential steps (2500 rpm).

As-prepared KOH Purified KOH

Sample Current density | Tafel slope | Current density | Tafel slope
@1.6 Vrue | (mV/dec) @1.6 Vrue | (mV/dec)
(mA/cm?) (mA/cm?)

Nil:Fel-2h 241 £ 41.07 63 37 +£4.58 160

Nil:Fel-6h 115 + 24.69 83 37 +17.55 100

Table 3 quantifies the general observations about the impact of Fe-impurities on the
samples. The table shows the activities at 1.6 Vrue and Tafel slopes of both samples from

the first measurement at 2500 rpm in as-prepared and purified KOH.
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3.2.1 OER activities in as-prepared electrolyte

We first compare the performance of the two samples in as-prepared KOH. Here, Nil:Fel-
2h performs substantially better than Nil:Fel-6h, exhibiting a steady-state current
density of 241 mA/cm? at 1.6 Vrue with a Tafel slope of 63 mV/dec, see Table 3. This
performance is comparable to those of other (Nii-xFex)OOH-based catalysts reported in
other studies recorded under transient conditions (potential scans).#6-50 Its steady-state
current density is roughly twice as high as the determined steady-state current density
of Nil:Fel-6h. Additionally, Nil:Fel-2h exhibits a less steep Tafel slope. Therefore, in
terms of mass activity, the sample with a shorter synthesis time outperforms the sample
with a longer synthesis time. Based on the structural characterization discussed above,
the prolonged synthesis time results in several changes in the sample, including increased
basal spacing and crystallite size. Furthermore, a slightly higher phase fraction of LDH
was seen with increased synthesis time. Especially the smaller crystallite size likely
affects the absolute performance towards the OER positively because smaller structures
exhibit a larger surface-to-volume ratio. It could be assumed that part of the decreased
performance of Nil:Fel-6h (as compared to Nil:Fel-2h) is due to a decrease in active
surface area. Interestingly, Dionigi et al. observed in in situ PXRD measurements of NiFe-
LDH, a contraction of the lattice spacing by ca. 8 % upon the onset of the OER.3* This
contraction is in the same value as the observed expansion of the lattice spacing upon
increased heating time, see discussion of PXRD results. Therefore, in addition to the loss
in active surface area, the observed increase in lattice spacing during heating might be in

part responsible for the decreased performance of Nil:Fel-6h.

3.2.2 OER activities in purified electrolyte

However, the in situ measurements of Dionigi et al. were performed in purified KOH
electrolyte. When comparing our samples in the purified electrolyte, they both exhibit
identical activities of 37 mA/cm? at 1.6 Vrue within the accuracy of the measurements.
This means that the OER activities and accompanying Tafel slopes recorded in purified
electrolyte have severely deteriorated as compared to the activities in as-prepared
electrolytes, see Table 3. The activity deterioration in purified electrolyte is well known, 18
and, our results show that the differences in structural parameters, i.e., lattice spacing,
particle size, and slightly higher phase fraction of LDH only seem to have a strong

influence on the OER mass activity in as-prepared electrolyte.
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3.2.3 Investigating the structure sensitivity of the OER on NiFe-LDHs

In catalysis, one distinguishes between structure-sensitive and structure-insensitive
reactions. This distinction has been regarded as “one of the most successful classifications
of catalytic reactions”>! and is used for more than 50 years52 in catalysis and surface
science. To unravel structure sensitivity, typically the specific activity (or turnover
frequency) needs to be determined.>3 Structure-insensitive reactions exhibit a specific
activity independent of the particle size/active surface area. Or in other words, for
structure-insensitive reactions, the mass activity scales with the active surface area.
Determining the specific activity requires a method for measuring the active surface area
of the catalysts. To that end, several strategies can be employed. Structural
characterization relies on knowing the particle size distribution and applying geometric
models to calculate the surface area. Alternatively, the Brunauer-Emmett-Teller (BET)
theory can be employed to determine the surface through gas adsorption. Importantly,
these structural and physical methods do not determine the density or number of active
sites in the sample which can be a major issue. On the other hand, electrochemical
methods can determine the number of electrochemically available sites and thereby
generally give a good estimate of the electrochemically active surface area (ECSA). In the
absence of techniques that rely on the adsorption of molecules or atoms,>* the ECSA can
be determined through capacitance measurements.>> Determining the ECSA of (Nii-
xFex) OOH materials using capacitive currents has been reported previously!3 33, however,
for LDHs, these determinations are complicated due to the material’s response to the
application of a potential. A main concern is the dependence of the electrical conductivity
on the applied potential.>¢ Also, LDH materials exhibit limited potential windows of
purely capacitive currents. A determination approach based on capacitance, already
controversial for LDH structures34, becomes even more complicated when the samples
do not have smooth surfaces,>” as is the case in the presented study. Recently, the
capacitance of adsorbed OER intermediates calculated through electrochemical
impedance spectroscopy (EIS) has been used to compare the ECSA of different LDH
structures.16 58 This approach, while presumably more accurate and circumventing parts
of the problems capacitance measurements exhibit on LDHs surfaces, does not solve the
problem of the required smooth electrode surface. The EIS analysis and fitting might also
not be straightforward. Hence, as of now, there exists no simple and reliable way of

determining the ECSA of transition metal LDH structures.
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In the case of the presented samples, it appears that structure sensitivity is better
discussed by data acquired through structural characterization. The combination of
insights gained from PDF, PXRD, and TEM suggests that Nil:Fel-2h contains smaller
crystallites and particles than Nil:Fel-6h. From this, it follows that Nil:Fe1-2h exhibits a
larger surface area than Nil:Fel-6h. Interestingly, the larger surface area does not lead
to a higher OER mass activity in purified electrolyte. This means that the OER is a
structure-sensitive reaction. The larger surface area does not lead to more active sites.
However, in as-prepared electrolyte the reactivity becomes mainly governed by the Fe-
impurities in the electrolyte. The larger surface area of Nil:Fel-2h leads to a higher mass
activity. In other words, the larger the surface area exposed at the interface between
catalyst and electrolyte, the stronger the enhancing effect of the Fe-impurities on samples
that perform similarly in purified electrolyte. Due to the lack of an of absolute values of
the electrochemically accessible surface areas, we cannot determine if there is a linear
relationship between mass activity and surface area (i.e., that the OER becomes a
structure-insensitive reaction). However, our results suggest that the structure
sensitivity observed in purified electrolyte is strongly reduced in as-prepared electrolyte.
To assure that the observed behavior originates from the Fe-impurities and not from
different factors, another pair of (Ni1-xFex)OOH samples with different Fe content and a
(Nio.sC005)O0H sample were investigated well. The determined mass activities and
corresponding Tafel slopes can be found in Figure S11. The additional (Ni1xFex)OOH
samples have a Ni: Fe ratio of 4:1 with different synthesis times to investigate the effect
of Fe-content in the sample. The (Nio.5C00.5)O0H sample contains no Fe, hence it can be
suggested that the Fe impurities originate from the electrolyte and not the electrode itself.
Both reference systems affirm the observed trends for the Nil:Fel samples: Of the
Ni4:Fel-samples, the sample with shorter synthesis time, and smaller crystallites,
performs better in as-prepared electrolyte. After purification, the samples’ activities are
substantially reduced and the sample with longer synthesis time even performs slightly
better. In the case of the (Nio.sCoo05)OOH sample, a decreased steady-state OER activity is
observed in purified electrolyte as compared to the activity determined in as-prepared
KOH electrolyte. This confirms that the Fe-impurities in the electrolyte are causing the
activation.

In this context, it should be mentioned that structure sensitivity is mostly discussed for

precious metal-based catalysts. The (Niix(M)x)JOOH materials employed in alkaline
17



electrolysis are non-precious and as a result comparatively cheap. Therefore, the
utilization of the material - the density of active sites - is less important than in platinum
group or other precious metal catalysts. A more important factor to optimize in alkaline
OER is the volumetric power density. This means that high geometric current densities

are desirable as are achieved here.

3.2.4 The influence of electrolysis time on the OER activity

In addition to the discussed effects, it was observed that the measured OER activities
change with measurement time. Figure 4 displays the steady-state activities of the two
(Nio.sFeos)OOH samples recorded in chronological order. The electrolysis protocol
involves four consecutive sets of potential steps starting at 2500 rpm, followed by 4900
rpm, 2500 rpm-2n4, and 4900 rpm-2nd to investigate the effect of electrolysis time on OER
activity. For the measurements conducted in purified KOH, the order of the measurement
was kept the same except there is no repetition for 4900 rpm. The different rotation
speeds were applied to remove evolved oxygen from the working electrode while
simultaneously investigating possible mass-transport effects. In as-prepared KOH, both
samples (Figures 4a and c) exhibit a substantial increase in activity after the first steady-
state measurements (2500 rpm, blue points in Figures 4a and c). The OER activity of
sample Nil:Fel-2h remains constant for the subsequent potential steps. Meanwhile, the
activity of Nil:Fel-6h continuously increases even after the second set of potential steps
- albeit at a lower rate. In addition, the determined OER activities are not influenced
systematically by the different rotation speeds. Apparently, the activities are influenced
mainly by electrolysis time while rotation speed has no obvious influence. For both
samples (Figures 4b and d), an increase in activity with progressing electrolysis time is
also observed in purified electrolyte. However, for both Nil:Fe1l-2h and Nil:Fel-6h, the
initial increase is less substantial than in the as-prepared electrolyte. On the other hand,
the continuous increase with ongoing electrolysis, before only observed in Nil:Fe1-6h, is
now observed for both samples. The reference system of the Ni4:Fel samples reveals the
same trend of activity enhancement with prolonged synthesis time. A further discussion
of the measurements is found in the supporting information at Figure S1.

Two possible explanations for the enhanced OER activities as a function of electrolysis
time come to mind. i) by stepping through the potential range, the continuing potential
steps cause a roughening of the sample surface thereby leading to an increase in activity>?;

ii) the LDH structure of the sample might be subject to change. Specifically, a
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rearrangement of the LDH sheets according to Bode et al.®0 seems likely. Since the activity
enhancement differs in the presence, or absence, of Fe-impurities, it seems that the
mechanism of activation is directly influenced by the impurities. The impurities seem to
at least facilitate and accelerate the changes in the sample. Because of residual Fe in the
purified electrolyte (Table 1), the same phenomenon as in the as-prepared electrolyte
may be observed. Since the iron content is decreased the effects might take longer to
manifest. The presence of residual Fe-impurities could also indicate that the Fe in the
electrolyte is necessary for the activation to take place at all. From the present data, it is
not possible to support or dismiss any particular supposition. To that end, operando
PXRD characterization is necessary. This would allow the structure to be followed as a
function of potential and electrolysis time. Through such an investigation light could be

shed on the structural influences the Fe-impurities exert on the (NiosFeo.s)OOH samples.
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Figure 4: Steady-state OER activities of two (NiosFeos)OOH samples: (a-b) Nil:Fel-2h, (c-
d) Nil:Fel-6h in as-prepared (a, c) and purified (b, d) 0.1 M KOH electrolyte. The
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measurements were conducted in the order of 2500 rpm, 4900 rpm, 2500 rpm-2nd, and
4900 rpm-2nd. Note that for the measurements carried out in purified KOH, there were no

4900 rpm-2nd. And the activities shown here were normalized to the geometric surface area.

4 Conclusion and Outlook

In this study, we have investigated the structure of (Ni1xFex)OOH NPs and their resulting
catalytic properties towards the OER in alkaline environment. First, the synthesis and
structure relations were studied. It was illustrated that the size, structure, and
morphology of (Ni1-xFex)OOH can be tuned by varying the synthesis time and the metal
precursor ratio. PDF and PXRD analysis suggest that increased synthesis times lead to the
transformation of the spinel to the LDH structure accompanied by the simultaneous
growth of the crystallites and their basal spacing.

The catalytic performance of the synthesized (Ni1-xFex)OOH NPs towards the OER was
investigated in as-prepared and purified KOH electrolyte. In the as-prepared KOH
electrolyte, Nil:Fel-2h exhibits a steady-state OER activity of 241 mA/cm?2 at 1.6 VRruE
with an accompanying Tafel slope of 63 mV/dec, which is similar to (NiixFex)OOH
catalysts reported in literature.*6-50 In comparison, Nil:Fel-6h performs worse (115
mA/cm? at 1.6 Vrug, 83 mV/dec) in the as-prepared electrolyte. From physical
characterization (PXRD and PDF) we conclude that prolonged synthesis time leads to
larger crystallite sizes and larger basal spacing. In accordance, Nil:Fel-2h exhibits
smaller structural features than Nil:Fel-6h. In purified electrolyte, the determined OER
activities of all investigated sample decreases substantially, and the observed structural
differences do not have a large influence on the OER activity. Based on the different
crystallite sizes, a structure-sensitive reaction can be concluded. The difference in activity
observed in the as-prepared electrolyte can be explained by Nil:Fel-2h displaying an
improved interaction with the Fe species in the electrolyte as compared to Nil:Fel-6h.
Similar behavior was also observed for the reference (Nio.sFeo.2) OOH samples introduced
in the SI. So much so that other structural features seem to have no significant effect on
the catalytic performance anymore. This suggests that the OER activity is governed by the
interaction of the catalysts with the Fe-impurities and the concurrent enhancement effect

is mainly related to the exposed surface area and not the structure of the catalysts.
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The OER activity of the (NiosFeos)OOH samples was also investigated as a function of
electrolysis time. It was found that in both our purified and as-prepared electrolyte the
catalytic performance of the samples increases with prolonged measurement time. There
are, however, differences between measurements in the two electrolytes: In the as-
prepared electrolyte a substantial increase in activity is observed after the first set of
potential steps. Afterward, the activities are constant for Nil:Fel-2h and increase only
slowly for Nil:Fel-6h. However, in purified electrolytes, both samples exhibit activities
which are steadily increasing over the time of the measurement. Here, we can only
hypothesize that the Fe-impurities are influencing the structural changes but cannot
determine how these alterations occur exactly. For that, ex situ characterizations are
insufficient and operando studies on the catalyst structure are necessary, e.g. operando
PXRD and/or PDF analysis, as the interaction between Fe-impurities and catalyst is

dependent on electrode polarization.20
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Figure S1: Schematic illustration of the measurement protocol. The continuous potential
steps figure was plotted in time vs E (V vs RHE). Potential steps start from 1.55 Vrueto 1.8
VruE, with a step size of 25 mV and 60 s holding at each potential. The potential steps were

measured with two rotation speeds: 2500 rpom and 4900 rpm, in the order of 2500 rpm ->
4900 rpm -> 2500 rpm-2nd -> 4900 rpm-2nd.
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Figure S2: Peak fitting of the (003) peak from diffraction pattern of sample ‘Nil:Fel-2h’

using Lorentzian function.
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Figure S$3: Peak fitting of the (001) peak from diffraction pattern of sample ‘Nil:Fel-6h’

using Lorentzian function.

Table S1: Fitting parameters from the two single peak fitting of diffraction patterns from
sample ‘Nil:Fel-2h’ and ‘Nil:Fel-6h’.

Sample Nil:Fel-2h Nil:Fel-6h

Amplitude 0.435 (+0.15-102) 0.934 (%x0.20-10-?)
X Position 0.871 (x0.77-10%) 0.811 (x0.65-10%)
HWHM 0.022 (x0.16-10-3) 0.030 (x0.12-103)




Ni1:Fe1-2h : y Ni1:Fe1-6h

Figure $4: Exemplary TEM images of the two (NiosFeos)OOH samples: (a) Nil:Fel-Zh and
(b) Nil:Fel-6h. Amplification TEM images of Figure 1b-c.
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Figure S5: Calculated PDFs from Ni(OH)2-LDH, a-NiFe-LDH, and y-NiFe-LDH structures.
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Figure S6: PDF refinements of products synthesized with Ni: Fe 1: 1 ratio for a) 2h and b)
6h. The fits were based on a single phase model using NiOz-LDH! structures. The blue circles
show the experimental PDFs, the red lines are simulated PDFs, the green lines are the
difference curves of the two, and the orange lines are the calculated PDFs from spinel

structure. Refined parameters are given in Table S4.

Table S2: Refined values obtained from PDF refinement of PDFs from sample ‘Nil:Fel-2h’
and sample ‘Nil: Fel-6h’ using a single phase model includes Ni(OH)z-LDH? structures.

Ni1:Fe1-2h Ni1: Fe1-6h
Rw 0.629 0.565
Scale factor 0.540 0.529
SPdiameter /A | 21 42
LDH cell / A 3.07 / 3.09/
(a/c) 24.52 23.44
82 /A2 3.4 3.7




Uani(Ni) /A2 0.009 / 0.009 /
(U11 / U3s3) 0.078 0.078
Uaniso(0) /A2 0.014 0.014
Opos /A 0.627 0.626

For both samples, the parameters refined include scale factors, unit cell (a, c), atomic

displacement parameters (ADPs), SP diameter and 2, which accounts for the correlated

local atomic motion in the structure.

Table S3: Refined values obtained from PDF refinement of PDFs from sample ‘Nil:Fel-2h’

and sample ‘Nil: Fel-6h’ shown in Figure 2.

Nil:Fel-2h Nil: Fel-6h
Rw 0.439 0.351
Phase fraction / % | 67 / 33 77 | 23
(LDH / Spinel)
Scale factor 0.446/ 0.340 0.488/ 0.152
(LDH / Spinel)
SPdiameter / A 19/ 51/
(LDH/Spinel) 25 34
LDH cell / A 3.10 / 3.09/
(a/c) 21.79 22.74
Spinel cell / A 8.38 8.37
82 /A2 3.6 3.9
Uaniso(Ni) /A2 0.010 / 0.006 /
LDH (U11 / Us3) 0.199 0.980
Uani(Fe) /A2 0.010 0.006
Spinel
Uani(0) /A2 0.007 0.011
Opos /A 0.627 / 0.626 /
(LDH / Spinel) -0.758 -0.757




For both samples, the parameters refined include scale factors, unit cell (a, c), atomic
displacement parameters (ADPs), spherical diameter (SPdiameter), and oxygen atomic

positions and &2, which accounts for the correlated local atomic motion in the structure.
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Figure S7: PDF refinements of products synthesized with Ni: Fe 1: 1 ratio for a) Zh and b)
6h. The fits were based on a two-phase model using NiOz-LDH38 and spinel3® structures
without refining the ADPs. The blue circles show the experimental PDFs, the red lines are
simulated PDFs, and the green lines are the difference curves of the two. Refined parameters

are given in Table S5.

Table S4: Refined values obtained from PDF refinement of PDFs from sample ‘Nil:Fel-2h’
and sample ‘Nil: Fel-6h’ based on a two-phase model using Ni(OH):-LDH3¢ and spinel3®

structures without refining the ADPs.

Nil:Fel-2h Nil: Fel-6h
Rw 0.460 0.455




Phase fraction 71/ 29 76 / 24
/ %

(LDH / Spinel)

Scale factor 0.599/ 0.260 0.465/ 0.151
(LDH / Spinel)

SPdiameter /A | 12/ 28 /
(LDH/Spinel) | 24 29
LDH cell / A 3.11/ 3.09/
(a/c) 21.71 23.06
Spinelcell /A | 8.41 8.36

82 /A2 3.1 2.9

For both samples, the parameters refined include scale factors, unit cell (a, c), SP diameter,
oxygen atomic positions and 62, which accounts for the correlated local atomic motion in

the structure.
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Figure $8: PXRD patterns of the two different as-synthesized (NiosFeo2)OOH samples and
the as-synthesized (Ni1-xCox)OOH sample. Samples were named by the metal precursor ratio

used in synthesis and the synthesis time.

Laboratory powder XRD measurements were performed in a Bragg-Brentano
configuration on a Bruker D8 instrument equipped with Cu K« radiation with an x-ray
wavelength of 1.54 A. To minimize the background levels from fluorescence arising from
Fe in the samples, the detector-discriminator voltage range was set to 0.190 Vto 0.270 V

as recommended by the manufacturer.

Figure S8 displays the PXRD patterns of the two (NiosFeo2)OOH samples and the
(NiosCo05)OOH sample used as reference materials for the two (NiosFeo.s)OOH-samples
discussed in the main manuscript. Their Ni:Fe ratio is 4:1 and they were synthesized for
2 h and 24 h, respectively. The (Nio.5Co0.5)OOH sample was synthesized with a Ni:Co ratio
of 1:1 for 3 h. The diffraction pattern of sample Ni4:Fe1-2h shows peaks at 12° 20 and 25°
20 which match with the pattern of the y-NiFe-LDH reference. While the peaks at 11° 20
and 23° 26 in the pattern of sample Ni4:Fel-24h match with the calculated pattern of a-
NiFe-LDH. For sample Ni4:Fe1-24h, there are two separate peaks in the 26 region of 11°
- 12°, implying the coexistence of both LDH polymorphs. Apart from the peak shift, the
formation/growth of a spinel phase is observed with increased synthesis time. After 2h
synthesis time, only a broad shoulder is visible between 35° and 36° 20. However, when
increasing the synthesis time to 24 h, a sharper peak is observed at 35.5° 20, which is in
good agreement with the reference pattern of the spinel structure. The sharpening of the
peak as a function of synthesis time suggests that the spinel crystallite size increases as
function thereof. For the Nil:Co1-3h sample, the two peaks at 12° and 25° 26 indicate the
presence of a-LDH phase in the structure. A spinel phase might also exist as there is a

broad shoulder at 36° 20. The pattern is however non-conclusive in that regard.
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Figure S9: Exemplary TEM images of the other two (NiogFeo2)OOH samples and the
(Nio.sCo0.5)O0H sample: Ni4:Fel - (a) 2h and (b) 24h, (c) Ni1:Co1-3h.

The TEM images of the two (NiogFeoz)OOH samples and the (Nio.sCo05)OOH sample are
shown in Figure S9. Generally, the observations obtained here are similar with the two
(NiosFeo5s)OOH samples. From sample Ni4:Fel-24h (Figure S9b) two types of
morphologies can be distinguished clearly: large sheets and small almost spherical
particles. While sample Ni4:Fe1-2h (Figure S9a) also exhibits both types of structure, the
overall size of the sheets and the particles is smaller in comparison. The two types of
morphologies are observed in the Nil:Co1-3h sample in Figure S9c as well: sheets and

small particles.

Table S5: Metal ratio (at. %) of the two (NiosFeo2)OOH samples and the (Nio5C005)0O0H
sample from SEM-EDS. The targeted atomic ratio in the NiFe-samples is Ni:Fe 4:1 and in the
NiCo-sample it is Ni:Co 1:1.

Sample Ni (at. %) Error (at. %) Fe (at. %) Error (at. %)
Ni4:Fel-2h 86 1.0 14 1.0
Ni4:Fel-24h 80 1.0 20 1.0

Sample Ni (at. %) Error (at. %) Co (at. %) Error (at. %)
Ni1:Co1-3h 50 1.3 50 1.3
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Figure S10: Subtraction of steady-state OER activities in purified KOH from in as-prepared
KOH of two (NiosFeos)OOH samples. The activities are normalized to the activities

determined in as-prepared KOH electrolyte.

The normalized residue after subtracting the OER activity determined in purified KOH

from the activity determined in as-prepared shows the impact of the Fe impurities. In

both sample at 1.55 Vrug, the impurities account for approximately 40 % and 30 %,
11



respectively, of the measured current while at potentials larger than 1.6 Vrue the
impurities account for 90 % and 75 % % of the respective currents. Hence, the Fe-
impurities seem to contribute more to the OER activity at larger overpotentials and seem

to be the main contributor to the overall OER activity
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Figure S11: Steady-state OER activities of the two (NivosFeo2)OOH samples and one
(Nio.5Co0.5)O0H sample in a) as-prepared and b) purified 0.1M KOH electrolyte measured at
2500 rpm. The current densities were taken from the average value of the last 10 seconds
out of 60s steady state measurements. The activities shown are normalized to the geometric

surface area.
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Figure S12: Steady-state OER activities of two (NiosFeo2)OOH samples: (a-b) Ni4:Fel-2Zh,
(c-d) Ni4:Fel-24h in as-prepared (a, c) and purified (b, d) 0.1 M KOH electrolyte. The
measurements were conducted in the order of 2500 rpm, 4900 rpm, 2500 rpm-2nd, and

4900 rpm-2nd. The activities shown here were normalized to the geometric surface area.

Similar behavior to the (NiosFeos)OOH samples discussed in the main manuscript is
observed. An initial, substantial increase in activity is observed for both samples in as-
prepared KOH electrolyte. The following activity measurements are similar and only
show miniscule changes in activity. In purified KOH electrolyte, Ni4:Fel-2h shows
constant activity throughout the entire measurement. Ni4:Fe1-24h exhibits continuously
increasing activity as the measurement progresses. The trends observed in the Nil:Fel-

samples is therefore confirmed.
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Figure $13: Steady-state OER activities of the (Nio.sCoo.5)O0OH sample in a) as-prepared and
b) purified 0.1 M KOH electrolyte. The measurements were conducted in the order of 2500
rpm, 4900 rpm, 2500 rpm-2n4, and 4900 rpm-2nd, The activities shown here were normalized

to the geometric surface area.

The determined activity of Nil:Col-3h in as-prepared electrolyte does not change
substantially with on-going electrolysis. In contrast, in purified electrolyte, a
deteriorating trend in activity is observed: with on-going electrolysis, the determined
activities decrease. Possibly, the Fe-impurities stabilize the NiCo-sample or their
presence masks the degradation of the sample which, in contrast, is observed in the

purified electrolyte.

1. Glemser, O.; Einerhand, J., Die struktur héherer nickelhydroxyde. Zeitschrift fir
anorganische Chemie 1950, 261 (1-2), 43-51.
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