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The Electrocatalytic Activity of Au Electrodes Changes
Significantly in Various Na* /K™ Supporting Electrolyte

Mixtures

Theophilus K. Sarpey, Adrian V. Himmelreich, Kun-Ting Song, Elena L. Gubanova,*

and Aliaksandr S. Bandarenka*

The potential of maximum entropy (PME) is an indicator of extreme disorder at
the electrode/electrolyte interface and can predict changes in catalytic activity
within electrolytes of varying compositions. The laser-induced current transient
technique is employed to evaluate the PME for Au polycrystalline (Aup.)
electrodes immersed in Ar-saturated cation electrolyte mixtures containing
potassium and sodium ions at pH = 8. Five cation ratios (0.5 M K,SO,:0.5 M
Na,SO, = 0:1, 0.25:0.75, 0.5:0.5, 0.75:0.25, and 1:0) are explored, considering
earlier studies that unveil cation-dependent shifts at near-neutral pH. Moreover,
for all electrolyte compositions, electrochemical impedance spectroscopy is
utilized to determine the double-layer capacitance (Cp,), the minimum of which
should be close to the potential of zero charge (PZC). By correlating cation molar
ratios with the PMEs and PZCs, the impact on the model oxygen reduction
reaction (ORR) activity, assessed via the rotating disk electrode method, is
analyzed. The results demonstrate a linear relationship between electrolyte cation
mixtures and PME, while ORR activity exhibits an exponential trend. This
observation validates the PME-activity link hypothesis, underscoring electrolyte
components’ pivotal role in tailoring interfacial properties for electrocatalytic
systems. These findings introduce a new degree of freedom for designing optimal
electrocatalytic systems by adjusting various electrolyte components.

1. Introduction

One of the research challenges in electroca-
talysis is understanding how the physical or
chemical state of the catalyst's surface
affects reaction pathways, selectivity, and,
ultimately, its impact on the ensuing cata-
lytic performance. Thus, electrocatalysis
research primarily focuses on improving
the catalytic activity by finding optimized
electrode structure and composition condi-
tions.?) The performance of a specific
electrocatalytic reaction is principally con-
sidered to rely starkly on the composition
and structure of the electrode surface.**
Additionally, an elementary appreciation
of the processes occurring at the elec-
trode/electrolyte interface is a prerequisite
to successfully developing highly efficient
electrocatalytic performance. These are all
critical to realizing a cost-effective, effi-
cient, and sustainable hydrogen economy
via electrolyzers, fuel cells, and batteries.
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Nowadays, there is a gradual rise of stud-
ies focusing on understanding the crucial
role electrolyte components, the so-called

“spectator species,” play in optimizing the performance of elec-
trocatalytic systems. Specifically, significant attention has been
devoted to investigating the effects of electrolyte pH and alkali
metal cations, anions, and even the impact that certain ionic
liquids have on the activity of catalytic systems."! Studies have
revealed that cations residing in the electrolyte and, by extension,
the electric double layer (EDL), especially in neutral or alkaline
solutions, can considerably influence the reaction rate.’~'*! For
instance, it has been disclosed that the catalytic system activity is
closely related to the electrolyte composition and the correspond-
ing local disparate chemical environment.”

Previously, Xue et al. discovered that for electrodes like
Pt(111), Pt(221), and polycrystalline Pt (Pt,), the electrochemical
hydrogen evolution reaction (HER) activity measured in alkaline
electrolytes followed a strict trend of Lit>Na™>K'>
Rb" > Cs*."* Notably, the HER current densities of all Pt elec-
trodes in LiOH were fourfold better than those measured in the
CsOH electrolyte, regardless of the electrode surface structure.
This suggests that alkali metal cations strongly impact the
HER activity of different Pt electrodes. Besides the impact of
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alkali metal cations on the HER, its effect has also been estab-
lished on other reactions, like the oxygen reduction reaction
(ORR), oxygen evolution reaction, and hydrogen oxidation
reaction.”>™'”) Strmcnik et al. demonstrated that the noncovalent
interactions between hydrated alkali metal cations and adsorbed
OH-species correlate to Pt(111) ORR activities.'”) Their work
revealed that the ORR activity on Pt(111) follows the trend of
Cs* >K">Na" >Li", which is inversely proportional to the
hydration energies of the corresponding cations.

Surprisingly, in particular articles, the authors observed that
the electrolyte component effect outperformed the activity effects
of different electrode structures and compositions for the same
electrolytes."*'®1 The electrolyte composition tremendously
influences electrocatalytic processes when considering aqueous
electrolytes.!'>?% In this aspect, the degree of order of the electric
double layer is regarded as a critical consideration governing the
control of the interface structure and activity and, by extension,
the electrocatalytic processes.”’ As the interfacial water layer
structure becomes more ordered, additional energy is required
to rearrange the water dipoles at the interface after the electron
transfer.””! The process should be effortlessly accomplished at the
potential of maximum entropy (PME), at which the interfacial
water molecules have the maximal disorder and, hence, relatively
ease the movement of reactant species. Consequently, it is
expected that “the closer the PME is to the thermodynamic equi-
librium potential of a specific reaction, the faster that reaction
should be.”®?Y Stemming from the discussion above, the
PME can be defined as the potential where the entropy of the
interfacial double layer reaches its peak.'® As a background
to understanding the PME concept, it is instructive to highlight
Frumkin’s earlier work, especially regarding the derivation and
further calculation of the potential of zero charge (PZC), which
also birthed the PME.*** Pioneering research work by
Lippmann pivotally laid the perfect foundation for Frumkin to
build on.?”! Since then, several researchers have contributed
to further deepening and developing the underlying concepts
of the PZC and PME.**?’)

Despite recent developments, there is a need for a better
understanding of the effect of alkali metal cations on electroca-
talytic processes. In this vein, Ding et al. performed a series of
laser-induced current transient (LICT) measurements for the
model electrode, gold polycrystalline (Auy,) electrodes, to inves-
tigate the effect of pH and electrolyte ions (mainly alkali metal
cations) on the interfacial processes.!” These were conducted at
various pHs (2, 4, 6, 8, and 10) in Ar-saturated and O,-saturated
0.5M Na,SO, and K,SO, electrolytes (Figure 1).

Notably, the PMEs were less dependent on the cation type in
the acidic regions. An abrupt modification of the PME is wit-
nessed as the pH is increased from 4 to a near-neutral electrolyte
pH of 6. In particular, the K*-containing electrolyte exhibits a
higher sensitivity by rapidly altering its behavior, signaled by
~1V increase in PME compared to the Na*-containing electro-
Iyte (cf., Figure 1). The trend was again observed at another near-
neutral pH of 8. Here, the PME measured for the Au,, electrode/
Ar-saturated 0.5 M Na,SO, electrolyte was reported to be ~0.60 V
versus reversible hydrogen electrode (RHE). However, using
Ar-saturated 0.5 M K,SO, at the same pH yielded a PME value
of ~1.30V versus RHE (Figure 1).[°!
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Figure 1. The evaluated PME values for Aup in Ar-saturated (dot) and
O,-saturated (dash) 0.5 M Na,SO, (blue) and K,SO, (red) solutions
shown as a function of the electrolyte pH. Reproduced with permission
from ref. [6] Copyright © (2021), The Authors. Published by Wiley-VCH
GmbH. Open access, published under a CC-BY license.

This leads to one contemplating whether the sudden PME leap
can still be observed for a fixed electrolyte pH of 8 (near neutral
condition). At the same time, the cation content is tailored to the
molar ratios between sodium and potassium. How does the PME
change if electrolyte mixtures of different cation ratios are chosen
instead of pure cations? This study is a follow-up to the findings
of Ding et al.! It aims to resolve some of the puzzling queries
from the earlier report. To tackle these questions, finding the
PME dependency change between the pure Na'- and K*-
containing electrolytes is essential. This presents a remarkable
opportunity to tailor the cation mixture of Na™ and K™ as electro-
lytes to obtain an optimal value such that a PME value closer to
1.23 V versus RHE, the thermodynamic equilibrium potential of
the ORR, is realized. Hence, an avenue for optimizing the
activity via tuning the electrolyte cation concentration can be
found. Here, we use the ORR as the model reaction to test this
hypothesis.

Moreover, from earlier findings, such a PME, thermodynamic
equilibrium potential correlation increases the activity of the
electrode/electrolyte processes of the corresponding reaction.*”!
This empirical law applies to such a mixed electrolyte system. In
this respect, it is also essential to measure the ORR activity as a
function of the cation molar ratio and elaborate further on the
general structure of the interface. This is critical in real-world
applications as the electrolyte choice is also a question of cost-
effectiveness. Tt should be mentioned that Suntivich et al.’s
work further affirms the implicit significance of using cation
molar ratios, such as Lit and K.}l The authors investigated
the ORR activity pattern for a series of KOH and LiOH electrolyte
mixtures on Pt/C. They found that increasing K™ corresponds to
increasing the ORR activity, revealing that the presence of K*
could modify the impact of Li* on the ORR activity. The so-called
noncovalent interaction model could not fully explain this
finding. Here, using another model electrode, Au, we explore
how the alkali metal cation electrolyte mixtures influence its
ORR activity.
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Even with the remarkable opportunity that cation mixings
represent, introducing multiple cation species will immensely
complicate the nature of the solid/liquid interface. To explain
double-layer connected features, density functional theory
calculations would be insufficient, and instead, ab initio molecu-
lar dynamics (AIMD) simulations would be required.?*=*
Unfortunately, this kind of simulative approach is known for
its high computational demand, so no studies describing a mixed
cation system have been found so far. In the context of the CO,
reduction reaction, Qin et al. performed AIMD simulations to
highlight the critical role of spectating potassium cations at gold
electrodes in significantly lowering activation energy barriers.**!

2. Results and Discussion

It is significant to mention that as the hydration energies of
the Na™ (—365kJ mol ") and K (=295 k] mol™)1**! cations
are much closer to that of the ClO,~ (—229kJmol™!) or
F~ (—465 k] mol ") anions, the SO,*~ anions with consider-
ably higher hydration energy (—1080 k] mol )¢ were preferred
as they helped to circumvent competition regarding the impact of
other species in the electrolyte. In this regard, any variation in
the interfacial properties would only be associated with the
modifications in the H* concentration and the nature of the
alkali metal cations in the investigated systems. Moreover, this
study is a follow-up to the earlier findings, which employed
sulfate-based anions.

2.1. Cyclic Voltammetric Measurements

An overview of the cyclic voltammograms (CVs) recorded before
the laser measurements of all ion ratios is illustrated in Figure 2.
In contrast to the typical Pt CV in 0.1 M HCIOy, the definition of
a double-layer region without any faradaic reactions is unclear for
Au in the sulfate-based electrolytes. According to Conway, for
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Figure 2. Cyclic voltammetric representations for different mixtures of
0.5M Na,SO4 and 0.5M K;SO, electrolytes. This work’s near-neutral
pH of 8 shows the alpha and beta oxide phases. Notably, the -oxide phase
increases with increasing values in the potassium molar ratio. However,
the third reduction peak is more pronounced with decreasing potassium
content.
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E > 1.4V versus RHE, multistep oxidation of the gold surface
takes place.’”! The steps are a 2D deposition of OH™ and O~
species on Au, a quasi-3D surface reconstruction, and the growth
of an oxide layer on the Au surface. The structure of the grown
oxide layer is pH- and anion-dependent. The two reduction peaks
at ~0.95 and 1.4 Vyyg resemble the removal of the oxide layer.
Yang and Hetterscheid examined surface oxidation using in situ
surface-enhanced Raman spectroscopy and CV.P® They con-
cluded that mainly two oxide phases, AuOOH (a-oxide) and
Au(OH); (p-oxide), are being formed. The share of these two
phases is pH-dependent, with AuOOH being dominant in acidic
solutions, whereas Au(OH); is formed in alkaline media. It is
only in near-neutral conditions that both phases coexist.*® In
previous investigations conducted by Ding et al. variations in
the pH of Au in 0.5 M K,SO,4 and Na,SO, electrolytes were stud-
ied. Similar shifts in reduction peaks were observed and attrib-
uted to alterations in proton concentration at the interface.[®!
Moreover, the measured reduction peak heights for 0.5M
K,SO, and Na,SO, respectively, were at ~—40 and
—70 pAcm™? for the p-oxide, and —20 and —25pAcm™2 for
the a-oxide. The results are comparable to the values obtained
in this work (cf., Figure 2).

The similarity between the reference study and the recently
obtained CV curves suggests that the electrode/electrolyte system
investigated in this work is comparable. Meticulously examining
Figure 2 again, one can notice a third reduction peak at ~0.55 V
versus RHE correlating with the decreasing K™ concentration.
The origin of this peak could be manifold. Generally, the specific
adsorption of sulfate could occur in the potential range housing
the third reduction peak.*?! From the increased oxidation peak
areas in the presence of K™ compared to Na*, one can infer that
K" cations promote the oxidation process of Au,. The local
protons at the interface exhibit a low concentration for a nearly
neutral pH solution. This implies that the local pH at the
electrode/electrolyte interface can be easily changed during
the oxidation and reduction processes on the Aup. surface.
During the reduction process, the protons at the interface can
be quickly consumed, which could reduce Au oxide at lower
potentials.

As Auy, was used instead of a single-crystal surface, as many
other studies do, grain boundary effects could also play a role.
The polycrystallinity also impacts the general CV shape. As
nearly all electrode/electrolyte interface-related parameters, such
as reaction rate*” and reaction pathway'*!! preference, depend
on the surface facets, a polycrystalline electrode generates peaks
with a larger full width at half maximum.

A cursory view of the CVs recorded in this study also suggests
that Na,SO,4 and K,SO, cannot be considered equal supporting
electrolytes as their individual strengths under the same condi-
tions are vast, agreeing with the findings in the reference study."®
This is further corroborated by the significantly different EDL
properties in the presence of these two cations at the same
pH of 8. Generally, due to the change of the CV graphs for vary-
ing cation concentrations, an effect of the cation mixture on activ-
ity measurements seems likely. It is also noteworthy that the
pretreatment procedure (see Experimental Section) can influence
the CV shape and the surface structure.[*? Therefore, the elec-
trode cleaning procedure was repeated before every experiment.

© 2024 The Authors. Small Science published by Wiley-VCH GmbH
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2.2. PME Determination for the Cation Mixtures

The averaged PMEs between the ref. [6] and the current work for
the varying cation ratios are shown in Figure 3a and S6b,
Supporting Information. The general influence of electrolyte spe-
cies (cation molar ratios and their nature) on the PME is fasci-
nating: Just by introducing multiple cations into an electrolyte,
the PME, one of the most critical electrolyte-dependent param-
eters, appears to be adjustable quasi-linearly. Such a mixing
would be relatively easy to implement in real-world applications
and could be used as a last optimization step in the electrolyte
engineering of, e.g., fuel cells or electrolyzers. The implications
of an adjusted PME are promising: As the measured PME
approaches the ORR thermodynamic equilibrium potential
(1.23 V vs RHE) with increasing potassium content, the activity
should increase accordingly.

2.3. Activity Measurements

Throughout the ORR measurement in O,-saturated electrolytes,
the overall measured current decreased for increasing cycle
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numbers. This behavior is attributed to gold’s high surface
mobility:*? During the measurement, the surface structure
changed accordingly, resulting in a decrease in activity. The gold
electrode was, therefore, only cycled thrice per measurement in
the oxygen-purged electrolyte, with the last anodic sweep used as
the polarization curve.

Figure 3b presents the iR and background-corrected ORR
polarization curves with an anodic scan. A Savitzky Golay filter
was applied to the data to smoothen noise effects. A clear trend is
visible: The ORR rate in 0.5 M Na,SO, is the lowest and increases
steadily with increasing K,SO, content. In addition, with increas-
ing K,SOy4, a local minimum in the polarization curve appears,
which can be attributed to a combined effect from the 4e™ toward
the 2e” pathway and mass transport limitations.[**]

Lu et al. proved that such a local minimum of the polarization
curve is surface facet-dependent and originates in the adsorption
Gibbs free energy change of the reaction intermediates:*"! The
more pronounced the local minimum in the polarization curve,
the higher the tendency toward the peroxide forming 2e™ path-
way.!! Moreover, the coexistence of two competing reaction
pathways complicates examining the double layer’s influence
on reaction rates. Per the Marcus—Hush-Chidsey (MHC) theory,
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Figure 3. a) Graphical depiction of the combined PMEs versus RHE from this work and the reference study!® plotted as a function of the cation molar
ratios. The coefficient of determination is 0.88. b) The polarization curves for the varying cation molar ratios evaluated at 0.7 Vgpe. ¢) Specific current
densities evaluated at 0.7 Vg obtained for the cation mixtures in this work. d) Plot of the measured current density at 0.7 Vg as a function of the PME.
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a curved Tafel plot would be expected if the double layer were
responsible for the rate-determining step.**) However, such a
comparison is no longer trivial for multiple pathways. By com-
paring the ORR currents at a potential of 0.7V versus RHE,
slightly above the peroxide formation potential of 0.682 V versus
RHE," "% the PME effect can be analyzed separately from the path-
way effect.

2.4. Activity—Concentration Correlation

The reduction current at 0.7 V versus RHE plotted as a function
of the electrolyte composition is shown in Figure 3c and Séc,
Supporting Information. Increasing the K,SO, content increases
the activity exponentially. The effect is a tenfold improvement for
the 0.5 M K,SO, electrolyte compared to pure Na,SO, and, there-
fore, quite drastic. Our working hypothesis, “The closer the PME
is to the thermodynamic equilibrium potential of a certain reac-
tion, the faster this reaction should be,”®*'3% also applies to this
system (Figure 3d). Still, it has to be noted that the acquired activ-
ity values are far from being state-of-the-art: The platinum-based
electrodes are known to be better ORR catalysts than Au.*”!
However, this work aims to investigate the correlation between
PME and ORR activity, hence using gold as a model surface with
the motivation of extrapolating acquired trends to better-
performing catalysts in future experiments.

Nevertheless, whether the PME alteration is the sole trigger
of the change in activity in Figure 3c and S6c, Supporting
Information, is still unclear, as various other reasons could also
play a role. One probable cause could be a change in the local pH
at the interface. Such a pH change would result in a varied poten-
tial versus reference electrode (RE). According to the Butler—
Volmer equation, the activity would increase exponentially if this
hypothetic error on the electrode potential were to increase line-
arly with the mixing ratio. Additionally, due to the varied cations,
the surface coverage with passivating species differs in the case
of K™ and Na*. Besides, as the reaction rate—surface area relation
in the Butler—Volmer equation is linear, this cannot explain the
exponential increase in activity. Figure 3d demonstrates a plot of
the activity at 0.7 V versus RHE against the averaged PME values.
As one can see, the activity largely depends on the PME of the
system.

2.5. Staircase Potentio Electrochemical Impedance Spectroscopy
Measurements

The goal was to answer whether the PME for this system
corresponds to a more established parameter describing the dou-
ble layer, i.e., the PZC. The Staircase Potentio Electrochemical
Impedance Spectroscopy (SPEIS) technique was employed to
determine the double-layer capacitance, with its minimum
(CpL, min) coinciding with the PZC.

During the analysis of the spectra through the in-house devel-
oped EIS Data Analysis tool,*®) it was observed that the linear
Kramers Kronig (KK) check resulted in significant errors in
the high-frequency range. Possible wrongdoings in the electrode
constellation were investigated and improved. Nonetheless, these
improvements did not yield lower KK errors. It is assumed
that because of the large surface area of the quartz crystal
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microbalance (QCM) chip, it is inherently more challenging to
apply a uniform AC signal over the entire surface in the high-
frequency regime, hence the increase in KK error.

The electrical equivalent circuit (cf., Figure S6a, Supporting
Information) was used to fit the measured spectra. Primarily,
a constant phase element (CPE) depicting the double-layer capac-
itance was connected in parallel to an RC element representing
the specific adsorption processes. Subsequently, a resistor denot-
ing the uncompensated resistance was connected in series. The
SPEIS data could also define the double-layer region (i.e., the
investigated gray region, spanning 0.6 to 1.1 Vyyg) as the poten-
tial range around the PZC, where the Cp(E) curve is hyperbolic
following the Gouy—Chapman theory.*”! By contrast, the n value
of the CPE can be understood as an “ideality” factor or as the
“appropriateness” of modeling the double-layer as a pure capaci-
tor. For n = 1, a CPE behaves like an ideal capacitor, whereas a
value of n = 0 resembles a perfect resistive behavior.”

Utilizing the linear KK check, data points with an error larger
than approximately 4% were excluded from the fitting process.
For the fitting, a root mean square fitting error of less than 2%
was ensured for all spectra. Figure 4a—d portrays the mean fitted
parameters (excluding the uncompensated resistance R,).

By far, the most critical parameter of the equivalent circuit is
the double-layer capacitance in Figure 4a. The curves were
“camel-shaped” for all electrolyte mixtures, while the Gouy—
Chapman theory suggests a hyperbolic dependency.*! As delib-
erated by Shin et al.’" such a shape originates in an interplay of
various effects and can be motivated by the following reasoning:
For increasing potentials within the anodic bump starting at
~1 V versus RHE, the anions specifically adsorb at the electrode’s
surface, leading to a reduced distance d of the double-layer plate
capacitor model. Thus, the capacitance increases. Due to the elec-
tric field within the inner Helmholtz plane (IHP), the “O-down”
configuration of the water molecules is preferred. For further
increasing potentials, the specifically adsorbed anion concentra-
tion within the first layer of water molecules increases, increas-
ing the electric field inhomogeneity right at the interface.

This inhomogeneity results in a change from an “O-down” to
an “H-down” configuration of the water molecules, or, macro-
scopically speaking, to a saturation of the effective dielectric
constant e in the inner Helmholtz layer.®! On the other hand,
the cathodic bump is caused by a local increase in the dielectric
constant. Due to the negative charge on the electrode and the
relatively large solvation shell of the cations, the first water layers
form a water network within the IHP and outer Helmholtz plane
(OHP) that polarizes the interface, leading to an increase in eq-.
The cation concentration in the OHP increases for more negative
potentials, breaking up the water network. Thus, the dielectric
constant decreases again.”"! It is worth noting that Shin’s analy-
sis describes an Ag(111) surface in 3 mM KF instead of a slightly
alkaline and more concentrated 0.5 M K,SO, electrolyte with a
polycrystalline Au surface. Therefore, the reasoning will at least
quantitatively vary if applied to the mixed cation system in this
work.

As for all electrolytes, the obtained n-values in Figure 4b are >
0.93, the double-layer behaved almost ideally. The local minima
in the n-value versus potential curves have been reported to cor-
relate in some cases with phase transitions of an ionic adlayer.*”
Although this adlayer will influence the water dipole orientation,

© 2024 The Authors. Small Science published by Wiley-VCH GmbH
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Figure 4. Asindicated in the legend, parameters fitted to the SPEIS data of
electrolytes averaged over multiple independent measurements. The
values in a, ¢, and d are normalized to the WE area. a) The double-layer
capacitance Cp,. b) The constant-phase element exponent n. c) The spe-
cific adsorption resistance R,qy. d) The specific adsorption capacitance C,q.
The investigated gray area from 0.6 to 1.1 V versus RHE indicates the dou-
ble-layer region. e) Depiction and comparison of the separately measured
PMEs and PZCs by Ding et al.! and in this work. The PME from the
reference study is marked with*.

it does not need to coincide with changes in water molecule ori-
entation. Interestingly, for the measured systems, the local min-
imum n-value at approximately 0.6 V versus RHE coincided with
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the cathodic capacitance peak of the double layer. The specific
adsorption properties of the system R,q and C,q are presented
in Figure 4c,d. It needs to be noted that the adsorption param-
eters summarize the effects of various potentially adsorbing spe-
cies, such as SO, and OH™.P*

By carefully studying C,4, one can notice that the adsorption
capacitance is almost constant (and also relatively small) until
approximately 1.0V versus RHE, when it starts to increase.
This rising capacitance can be understood as the onset potential
for forming an oxide layer. Notably, this onset potential is signif-
icantly smaller than the value of 1.4V versus RHE determined
through the CV in Figure 2. Nevertheless, as the SPEIS tech-
nique is more sensitive toward slight interfacial changes than
the CV technique, the value of ~1.0V versus RHE is more
reliable. In the CV data, the exponential increase in current
for E > 1.0V versus RHE hinders the identification of smaller
peaks that could also be linked to surface oxidation.

While studying the R,4 parameter, a local minimum at approx-
imately 0.6V versus RHE becomes apparent. This resistance
minimum was minimal for the pure K,SO, electrolyte. It could
be correlated with the local maximum, or more precisely, the
“almost second zero-crossing” in the PME curves, which is most
pronounced in the case of K,SO4: The lower the adsorption resis-
tance of a species, the higher its tendency to influence current
transients. Similar studies attributed a second PME to the quick
adsorption and desorption of protons on Pt electrodes.’ In
this work, the investigated system could potentially allow the
rapid adsorption and desorption of SO4*~ instead of protons.

2.6. General Electrolyte Trends

In the double-layer capacitance curve, the PZC corresponds with
the local capacitance minimum: If no charge is present on the
electrode, the electric field at the solid/liquid interface will
be minimal, leading to a minimal polarization of the water mol-
ecules. Hence, the capacitance is minimal.*") For many experi-
ments, a PZC slightly more positive than the PME is reported,
which is usually explained by some non-Coulombic interactions
of the water dipoles with the d-orbitals of the metal electrode.”*”
Figure 4e and S6e, Supporting Information, present the PZC val-
ues alongside the PME measured in this work and the reference
study’s earlier work.[®!

Remarkably, the PME measured in this work aligns with the
PZC values within the given standard deviation, contrary to the
comparison with Ding et al’s work.®! Several explanations
for this discrepancy are conceivable. First, the PME and PZC
may not necessarily coincide; second-order effects could reason-
ably place the PZC systematically more positive than the PME.
However, this systematic offset does not fully explain the
observed data. Besides, if both independent PME measurements
were averaged to one dataset (cf., Figure S6e, Supporting
Information), most of the values coaligned with the PZCs.

The PZC is the thermodynamic potential at which the solvent
restructuring energy is the lowest. In numerous instances, there
is a close relation between the PME and PZC, particularly for
PME values within the double-layer region where specific adsorp-
tion effects can be entirely disregarded. By contrast, in particular
studies, such as the battery-related research by Scieszka et al.>!
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or the examination of stepped Pt-surfaces by Garcia-Ardez
et al.> more than one PME value has been identified. In those
cases, the PME is related to the potential of zero free charge,*"
whereas only the potential of zero total charge is accessible uti-
lizing capacitance techniques.”!

Finally, comparing the minima of the double-layer capacitance
(CpL, min) and the PZCs can be fascinating. A comparison of the
values for the different mixtures can be found in Figure 4e
and S6e, Supporting Information. Figure S6d, Supporting
Information, shows a plot of only the PZC values. Due to the
variation of the solvation shell, one could expect the capacitance
to be the largest in the case of the K -containing electrolyte and
the smallest for Na™. However, within the error range for the
Na*-containing electrolytes, it is hard to extract any clear trend
in the presence of the sulfate ions.

3. Conclusion

It was demonstrated that, by systematically varying the sodium—
potassium molar ratio, the PME can be linearly tuned, offering
great potential for optimizing some electrocatalytic systems.
Within the stated experimental conditions, the PME trend
aligned perfectly with the empirical PME-activity relation:
“The closer the PME is to the thermodynamic equilibrium poten-
tial of a certain reaction, the faster this reaction should be.” This
correlation could be found for Au,. in Na,SO4/K;SO, for the
ORR at pH =8. The observed difference in activity between
the electrolytes based on Na,SO, and K,SO, is tenfold, a
magnificent difference in electrocatalysis. However, the overall
measured activities are inferior compared to Pt, which can be
explained by the location of gold on the ORR volcano plot.

Most significantly, this study highlights the importance of the
right electrolyte choice in electrocatalysis: The MHC theory sug-
gests that solvent reconstruction energy can be rate-limiting and
constrain activities. This reconstruction energy correlates with
the water layer stiffness along the interface. Structure-breaking
ions, such as K*, can be exploited to minimize restructuring
effects. The monotonic change in PME with varying cation ratios
demonstrates that aligning the PME with the reaction equilib-
rium potential can be finely tuned using cation mixtures, sur-
passing the precision achievable with pure cation electrolytes.

The cation mixing could also be analyzed on an industrial
scale to optimize operational and initial capital costs. More infor-
mation on the Au-(Na/K),SO, interface could be revealed by
interpreting the acquired CV and SPEIS data. By comparing
the CVs with the work of Yang et al.*®! a difference in the oxide
layer formation could be found: The higher the K™ content in the
electrolyte, the higher the formation share of Au(OH); instead of
AuOOH. No evident trend could be found for the double-layer
capacitance—cation ratio, probably due to relatively high uncer-
tainties of this value for the Na'-containing electrolytes and
the seemingly small influence relative to the overall double-layer
capacitance.

Within the SPEIS and LICT measurement uncertainties, the
determined PMEs and PZCs coalign, subsequently concurring
with earlier published work on their interdependency.**>®
However, the PZC is only an approximation of the PME.
Therefore, directly deploying the unique LICT methodology is
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beneficial for extracting the PME and speculating the PZC’s
location.

In a nutshell, systematic studies on the impact of the support-
ing electrolyte mixtures on the interfacial process, ie., the
electrocatalytic performance of Au,. toward the ORR, have been
conducted. The presented results and analyses qualitatively and
quantitatively elucidate the strong influence of the electrolyte
composition on the performance of electrocatalytic systems.
Associating the PME with the corresponding changes in the
electrocatalytic reactions reflects how the interface structure
can control the related electrocatalytic processes. Therefore,
determining the PME can be an affordable method to compre-
hend better the electrochemical processes occurring at the
electrode/electrolyte interface.

From an electrocatalytic perspective, the cation mixing
approach could be applied to other catalyst/electrolyte systems
to prove that the hypothesized extrapolation from a model toward
other real-world systems is valid. In this regard, the cation mixing
technique could be employed in the next generation of electro-
lyzers or fuel cells to optimize these devices further concerning
energy conversion efficiency.

4. Experimental Section

Cleaning of the Electrochemical Cells: All the experiments reported in this
work were carried out using two different electrochemical cells. Before the
measurements, all glassware was cleaned with a freshly prepared 3:1
mixture of H,SO4 (96% Suprapure, Merck, Germany) and H,O, (30%
Suprapure, Merck, Germany). Then, the glassware was rinsed multiple
times with near-boiling ultrapure water (p <18.2MQ cm, Stakpure,
Germany). More specifically, the glass cells were initially cleaned once with
cold water. Eventually, they were rinsed twice with hot water with a sub-
sequent resting time of x5 min to dissolve possible contaminants before
the cell was emptied again. Then, the cell was filled again with cold water to
cool down the glassware.

Working Electrolyte Preparation: The 0.5 M M,SO, solutions, where
M=Na*, K", were prepared by dissolving > 99% Na,SO, (Sigma—
Aldrich) and 99.0% K,SO, (EMSURE) in ultrapure water, yielding molar

ratios of 0, 0.25, 0.5, 0.75, and 1.0 via the equation, ¢ = %.

After an appropriate mixing time, a pH meter (Mettler Toledo FiveEasy
Plus with a Mettler Toledo LE438 sensing electrode) was immersed into
the solution with an equilibration time of &5 min to determine the initial
(unadjusted) pH value of the solution. 0.1 M solutions of NaOH (> 99%,
Sigma-Aldrich) and KOH (99.98%, Alfa Aesar) were then added until the
pH value was adjusted to 8 without changing the cation ratio.

After the preparation, the measurements were carried out on the same
day to minimize the impact of electrolyte decomposition and CO, disso-
lution. Before the experiment, the setup was saturated with Ar 5.0
(99.999% purity, Air Liquide) for approximately 30 min to minimize the
solution’s oxygen content. The electrolyte was purged for 30 min with
O, 4.7 (Westfalen AG) for the ORR activity measurement.

Working Electrode Preparations: Two different working electrodes (WEs)
were used in this work. Both offer a polycrystalline gold surface, and their
detailed descriptions are provided below. It is vital to note that before each
experiment, the electrode and the holder were rinsed multiple times with
deionized water to rid the surface of any possible impurities. Figure S1,
Supporting Information, highlights all the electrodes deployed in this
work.

Following the assembly and preparation of the electrolyte, the cell, and
the electrodes on each measurement day, the WE was cycled again to
ensure minimal cell hysteresis and a well-defined surface state. A CV in
the potential window between 0.4 and 2.36 Vg at a scan rate of
50 mV s~ for approximately 50 cycles was performed. Afterward, a second
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CV in a much narrower potential window was conducted to gain first
insights into the gold/electrolyte interface, the stability of the WE, and
the experiments’ reproducibility.

Au,e QCM Chip: For the LICT and SPEIS measurements, an AT-cut poly-
crystalline gold quartz crystal wafer was used. This electrode has a metallic
electrode surface area of 1.37 cm? and was installed into a chemically sta-
ble holder made from KynarP®”! (cf., Figure S1, Supporting Information).

Au,, for Activity Measurements: Another WE with a diameter of 5 mm
was employed for the activity measurements. Before its application, alu-
mina paste polishing solutions (Micropolish Alumina, Buehler, USA) with
granular sizes of 1, 0.3, and 0.05 pm were used to mirror polish the elec-
trode surface. Then, the electrode was cycled in Ar-saturated 0.1 M HCIO,
to clean the surface until its CV response congregates electrochemically. It
must be added that there is the possibility of screwing or attaching this
polycrystalline gold electrode to a rotator. Therefore, the rotating (ring)
disc electrode approach was used in this measurement.

LICT Measurements: Laser Setup Description: A Quanta-Ray INDI Pulsed
Nd:YAG laser (Spectra-Physics, USA) generating laser pulses with a width
of &5 ns, a repetition rate of 10 Hz, a pulse energy of 200 m) at a wave-
length of 532 nm, and a beam diameter of < 10 mm®*® was deployed for
these set of measurements. The laser’s wavelength must be appropriately
selected so the laser beam is not significantly absorbed within the electro-
lyte and glassware. Additionally, the laser wavelength must not excite the
electron band structure within the WE and quartz crystal of the QCM
holder. In this vein, the employed laser wavelength of 532 nm correspond-
ing to green light is well below the photoelectron emission threshold of
gold. A variable motorized beam splitter (VA-CB-532-CONEX, Newport
Corporation, USA) partially diverts the beam onto a beam dump to weaken
the laser pulses under the electrode damage threshold. The weakened
beam is guided through a flat glass window of the working cell and heats
the WE. A potentiostat (VSP-300, Bio-Logic, France) is deployed to apply
potentials and record the current response of the system. The laser, the
attenuator, and the potentiostat can be controlled via computer software.
A mercury—mercurous sulfate (MMS) electrode was used as the RE, and a
flame-annealed Pt-wire functioned as the counter electrode. The LICT
setup and additional description are provided elsewhere 2%>¢!

LICT Measurement Routine: For the PME determination, the LICT tech-
nique was employed: A fixed potential was applied to the WE, and after an
equilibration time of approximately 15 s, the laser was switched on for
~4 s, and the current response was recorded. The WE potential was con-
tinuously adjusted to get a set of meaningful data. Applying a potential
equilibration pause, the measurement of the current response under
pulsed laser illumination was repeated until the potential window from
0.33 to 1.33V versus RHE was screened.

Afterward, a “check-up CV” in the range of E=0.3 to 1.75 V versus RHE
was performed to ensure system and surface stability. The LICT measure-
ment was repeated 2—4 times per measurement day with varying sweep
directions: first, a sweep from low to high potentials, then a reversely
directed one, and finally, a sweep starting with low potentials again.
These steps, such as adjusting the potential and turning the laser on
or off, were performed manually. Hence, system equilibration and laser
illumination time may vary slightly over an experiment.

ORR Activity Measurements: A different electrochemical cell was used
for the activity measurements. The WE (PINE Instruments, USA) is
mounted on a shaft that can be rotated. As before, an MMS electrode
connected through a Luggin capillary was used as the RE. In contrast
to the LICT measurements, a gold wire was employed as a counter elec-
trode to exclude Pt deposition on the gold electrode. This was necessitated
due to gold’s inferior catalytic activity toward the ORR; hence, such a depo-
sition could affect the activity measurements. After the system was assem-
bled, the WE was electrochemically cleaned and pretreated. This procedure
was followed by a SPEIS measurement in the potential region of
0.55-0.75 V versus RHE to determine the system’s uncompensated resis-
tance. A CV measurement of the background with a slope of 5mVs ™" in
the voltage range between E = 0.15 and 1.0V versus RHE was performed.
Then, the system was purged for 30 min with oxygen gas (O, 4.7,
Westfalen AG). After setting the rotation speed of the rotating disk elec-
trode to 1600 rpm, the actual activity sweep with parameters identical to
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the background sweep settings was started and run for three cycles. The
third cycle was used for further analysis.

Impedance Measurements: The SPEIS measurements were performed in
the LICT cell with the QCM chip as WE. After the setup preparation and
approximately 50 electrochemical cleaning cycles, the electrode was cycled
in the window used for the LICT measurements, i.e., from 0.334 to 1.374V
versus RHE, until a steady state was reached. This additional step was
introduced to ensure a stable state operation of the system. Afterward,
a SPEIS sweep was started at a potential step width AE of 20 mV and
in the same potential window with a frequency range between 1Hz
and 100 kHz. A Pt wire was used and connected in parallel with the RE
via a 10 pF capacitor as a dummy RE. For the first two measurements
of each electrolyte, the distance of the dummy electrode to the reference
capillary was approximately 3—4 cm. For subsequent measurement repe-
titions of some electrolytes, this nonideal setup was improved by twisting
the dummy electrode around the reference’s capillary.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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