Chemistry
Europe

European Chemical
Societies Publishing

Communication

Chemistry—A European Journal doi.org/10.1002/chem.202100387

l Nanoelectrochemistry

Probing the Local Reaction Environment During High Turnover
Carbon Dioxide Reduction with Ag-Based Gas Diffusion Electrodes

Stefan Dieckhéfer,” Denis Ohl,® Jo&o R. C. Junqueira,” Thomas Quast,” Thomas Turek,™

and Wolfgang Schuhmann*®

Abstract: Discerning the influence of electrochemical re-
actions on the electrode microenvironment is an unavoid-
able topic for electrochemical reactions that involve the
production of OH™ and the consumption of water. That is
particularly true for the carbon dioxide reduction reaction
(CO,RR), which together with the competing hydrogen
evolution reaction (HER) exert changes in the local OH™
and H,O activity that in turn can possibly affect activity,
stability, and selectivity of the CO,RR. We determine the
local OH™ and H,O activity in close proximity to a CO,-
converting Ag-based gas diffusion electrode (GDE) with
product analysis using gas chromatography. A Pt nanosen-
sor is positioned in the vicinity of the working GDE using
shear-force-based scanning electrochemical microscopy
(SECM) approach curves, which allows monitoring
changes invoked by reactions proceeding within an other-
wise inaccessible porous GDE by potentiodynamic mea-
surements at the Pt-tip nanosensor. We show that high
turnover HER/CO,RR at a GDE lead to modulations of the
alkalinity of the local electrolyte, that resemble a 16m
KOH solution, variations that are in turn linked to the reac-
tion selectivity.

- /

For the elucidation of the complex parameter interplay in front
of an electrode it is imperative to not solely determine the re-
actions products of the investigated electrocatalytic conver-
sion, but also to acquire knowledge about formed by-products
such as H;0" or OH™ which may modulate the reaction micro-
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environment and by this impact back on the thermodynamics
and kinetics of the anticipated reactions. Particularly, industrial-
ly relevant reactions such as the hydrogen evolution reaction
(HER)," the oxygen reduction reaction (ORR),"” and the carbon
dioxide reduction reaction (CO,RR)"' are known to exert drastic
changes to the electrode surroundings. Especially for the
CO,RR, the depletion of protons and the generation of OH™
can be regarded as a crucial factor affecting kinetics and selec-
tivity of the reaction™ by formation of an interfacial pH gradi-
ent. Subsequent reaction steps can be altered since most reac-
tion steps to final products are proton coupled electron trans-
fer (PCET) reactions.”

Owing to similar overpotentials, the CO,RR proceeds con-
comitantly with the parasitic HER, which leads to the intercon-
nection of both reactions since they compete for active sites
on the surface of the electrocatalyst and produce OH™. This
competition represents one of the narrowest bottlenecks for
large-scale implementation of the CO,RR. The inherently low
faradaic efficiency (FE) for carbon products has to be overcome
in order to ultimately achieve CO, conversion with a close to
100% FE to unlock the electrochemical CO,RR as potential
carbon feedstock for producing value-added hydrocarbons.
Thus, besides overpotential and selectivity, the maximum
achievable current densities hamper potential industrial appli-
cations.

Due to the low solubility of gaseous CO, in aqueous solu-
tions (35 mm)® the substrate flux and its availability at the
electrode surface is limited. This issue can be counterbalanced
using gas diffusion electrodes (GDE), which allow for a signifi-
cant decrease of the diffusion path length of gaseous reac-
tants.”) Ag-PTFE-based GDEs, which are already utilized for the
ORR on an industrial scale for Cl, production,® can sustain cur-
rent densities of up to several KAm 2 These electrodes exhibit
interconnected pore channels, enabling the formation of a
triple-phase boundary between gaseous CO,, liquid electrolyte,
and solid catalyst, which lowers the diffusional mass-transfer
pathway to a thickness of roughly 50 nm.”’ Since the electro-
chemically active surface area (ECSA) is predominantly located
within the electrodes and the diffusion path length for the CO,
is also minimal there, the reaction only proceeds in significant
rates within the porous system. The concentration equilibra-
tion of products as well as reactants with bulk solution is phys-
ically mitigated by the electrode itself. Intraporous electrolyte
modulations in close proximity to the CO, conversion sites are
hence highly interesting, yet experimental probing of solution
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species within the electrode was, to the best of our knowl-
edge, not yet achieved."”

Probing the interfacial pH value close to an electrode has so
far been addressed by a variety of theoretical’” and experi-
mental approaches.”*'? For instance, nuclear magnetic reso-
nance spectroscopy (NMR),*! Raman spectroscopy,"*® infrared
spectroscopy,"® or (rotating) ring disc electrodes ((R)RDE)!'?*'¥
have been employed. However, these techniques suffer from
low spatial resolution and may not be suitable to
identify changes localized at a dynamic interface.
However, unambiguous identification of the local
pH value, or more precisely, the activity of OH™ may
contribute to elucidate the reaction mechanism and
particularly the selectivity.

Scanning electrochemical microscopy (SECM)-
based techniques are highly suitable to determine
dynamic changes at the electrode surface, invoked
by different reactions rates for example, due to dif-
ferent current densities or different gas pressures.
Nanometer-sized tip electrodes which are posi-
tioned in close proximity to the GDE surface can be
employed as local probes to determine reaction
rates or analyte concentrations/activities." We re-
cently reported the operando determination of
changes of the local pH value, respectively the
modulation of OH™ and H,O activities in close prox-
imity of an operating Ag-based GDE"® reducing O,
at high current densities.”’

This was achieved by potentiodynamic cycling of
the positioned Pt nanoelectrode in a potential
range between Pt oxide formation and Pt oxide re-
duction. We demonstrated that the peak potential
of the Pt oxide reduction peak is dependent on
OH™-ions and H,O activities. Verification of the de-
veloped methodology was done in a subsequent
theoretical study involving dynamic simulations,
fully supporting the proposed approach.'” Here, we adapt this
strategy to a Ag-based GDE"® under CO,RR conversion condi-
tions in CO, gas breathing mode and extend it to elucidate
the interdependence of the applied potential at the GDE and
local pH value changes inside the GDE with the selectivity of
the CO,RR and competition with the parasitic HER.

A Pt nanoelectrode is positioned as close as 100 nm!
above the GDE electrode surface using a shear-force based po-
sitioning approach (Figures S1 and S2 in the Supporting Infor-
mation).”” The Pt nanoelectrodes were fabricated by laser pull-
ing of quartz capillaries and subsequent focused ion beam
milling to avoid contaminations from further polishing (see
Figure S3 for details).”” It is well known that several features
in the voltametric response of a Pt electrode change with the
local pH value.” Particularly, Pt oxide formation and Pt oxide
reduction involve the consumption and release of OH™ and
H,O as shown in the corresponding Nernst equation [Eq. (1)].

19]
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with R = universal gas constant, T = temperature, z = number
of transferred electrons and F = Faraday constant.

The activity (a) of the solids Pt and PtO can be considered
to be unity, implying that the potential of Pt oxide conversion
(Epypro) Solely depends on the local activities of freely diffusing
OH™ and H,0. Hence, the shape and the peak position of Pt
oxide reduction represents the ratio of H,0 and OH™ activities
as depicted in Figure 1.
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Figure 1. Local H,0 and OH™ activities modulated by the competing HER and CO,RR are
monitored using a precisely positioned Pt nanoelectrode. The PtO reduction peak poten-
tial changes with the different ion activities established inside the three-phase boundary
of the GDE at varying reaction rates.

In a first set of experiments, the pH dependence of Pt oxide
reduction at the nanoelectrode was evaluated, not only to con-
firm the feasibility of the proposed analytical concept but also
to derive the potential values for PtO reduction (E(PtO,.q)) at
different ion activities. For that, Pt nanoelectrodes (average di-
ameter 700 nm) were immersed in differently concentrated
KOH solutions ranging from 1M up to 16m. To confirm the
concentrations of the used and purified® KOH solutions de-
spite potential CO, uptake and variable water contents, we ti-
trated each solution with oxalic acid (see experimental part in
the Supporting Information). Cyclic voltammograms (CVs) were
recorded between +600 and —1100 mV vs. Ag/AgCl/3m KCI
(Figure 2a), a potential window that ensures Pt oxidation,
which is a prerequisite for utilizing the PtO,.4 as pH-dependent
reporter reaction.

The CVs in Figure 2a show several pH-dependent peaks, as
for instance the hydrogen adsorption® peak at roughly
—800 mV and the PtO,4 peak located between —350 and
—500 mV. Plotting Epp,_, as a function of the KOH concentra-
tion yields calibration curves with significantly different slopes
corresponding to a low (1-4 molL™") and a high (8-16 molL™")

© 2021 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Communication

Chemistry—A European Journal doi.org/10.1002/chem.202100387

for pH-dependent phenomena.”” Hence, for obtain-
ing a complete picture of the reaction microenviron-
ment during electrochemical turnover, it is not suffi-
1 cient to solely determine the OH™ activity, since the
increased abundance of OH™ drastically affects the
water activity. lon activities might not be an immuta-
ble feature of electrolyte solutions, but they can be
altered by reactions, which involve the consumption
or release of water.

Since solvation shell properties and also the abun-
dance of reaction partners change, it can be expect-
ed that the reaction itself influences crucial parame-
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Figure 2. a) pH-dependent CVs obtained using a Pt nanoelectrode (2 =700 nm) in KOH
solutions with concentrations from 1m up to 16 M. CVs (scan rate: 200 mVs™') were ac-
quired between + 600 and —1100 mV vs. Ag/AgCl/3m KCI. b) Calibration curves derived
from the PtO,.4 peak position (Epo,, ) as a function of the KOH concentration. Linear fits
(black lines) with different slopes (displayed in mVdec™') suggest distinct concentration
dependencies between 1 and 4 molL~" and between 8 and 16 molL™" as suggested by
the slopes of —56 mVdec™' and —220 mVdec ™', respectively. Peak positions are aver-
aged over 3 different calibration measurements as indicated by the red error bars.

KOH concentration regime. According to the Nernst equation,
Epo,, changes depending on the ion activities, and the peak
potential shift is more pronounced for larger ion activity dis-
parities.

That can be rationalized if a water activity of about 1 is as-
sumed for low KOH concentrations, whereas this value de-
creases at high ionic strength due to undercoordination and
insufficient solvation of the K™ and OH™. In particular, it has
been shown that on average three to four H,0 molecules are
necessary for tetrahedral solvation of an OH -ion.” The
Nernst equation [Eq. (1)] implies a shift of E,, , towards more
cathodic potentials. The transition of the H,O activity deviating
from 1 can be observed experimentally in a KOH concentration
range between 4 and 8 molL™' (Figure 2b), which is close to
what was observed in a similar experiment performed in
highly concentrated NaOH solutions.”

At extreme OH™ concentrations (>8 molL™") the decreased
H,O availability does not only hamper PtO reduction but also
impacts on the CO,RR and the competing HER>?** High ion
concentrations can exert changes to the water order similar to
those exerted by increased external pressures, as it was shown
earlier for the case of NaOH solutions. It was claimed that
higher ion concentrations ,pull the water molecules in” to-
wards the solute ions,?” suggesting that water is bound more
tightly to the ions at increased ion concentrations. Moreover,
the interaction with interfacial water and its change of struc-
tural properties is modulated at increasing pH values and leads
to shifts in the hydrogen adsorption potential, which under-
lines that both, H,0 and OH™ activities have to be considered

Chem. Eur. J. 2021, 27, 5906 - 5912 www.chemeurj.org
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T laboratory-scale technology into industrial settings,
10 however, necessitates the opportunity to run reac-
tions at current densities exceeding some hundreds
of mAcm 259 As for the case of the CO,RR, which
itself acts as a proton consuming reaction, we find
that the thermodynamically favored HER (proton re-
duction) always competes for protons and electrons
and thus can effectively hinder the conversion of
CO, to carbon products. The reaction pathway
changes upon alkalization since the decreased
proton abundance favors water reduction. That dis-
tinction is especially necessary when the proton
source for CO,RR and HER is predominantly water in
highly alkaline solutions.””

To elaborate on the impact of electrochemical CO,RR and
HER on the local electrolyte environment, we used Pt tip elec-
trodes, which were approached via shear-force SECM position-
ing to a distance of around 100 nm towards a CO, converting
Ag-based GDE. While biasing the GDE to different potentials to
induce different reaction rates and hence different ion activity
changes, the Pt tip electrode was cycled potentiodynamically
(as depicted in Figure 2a) in a bipotentiostatic setup (Figure 1).
The Ag-GDE potential was stepped more cathodic from —0.1
to —1.7 V vs. Ag/AgCl/3m KCl in 50 and 100 mV steps, respec-
tively (Figure 3). Upon increasing the overpotential at the Ag-
GDE, the voltammograms at the Pt tip shift towards more
cathodic potentials (Figure 3a).

In addition to the local ion activity changes, one also needs
to consider that the predominant product of the CO,RR at a
Ag-GDE is CO, which may poison the Pt tip surface. However,
by sweeping the potential anodically, adsorbed CO is removed,
which re-establishes a clean Pt tip in each potentiodynamic
cycle.” We found that ultraclean Pt tips are necessary for the
anticipated measurements above CO,-converting electrodes,
since otherwise often ambiguous Pt voltammograms are ob-
served (Figure S3). The cathodic shift of the PtO,.q peak posi-
tions was utilized as indicator for changes in the local H,0 and
OH™activities upon increasing the driving force for the CO,RR
at the GDE and is shown in Figure 3b. The peak potential was
extracted and plotted as a function of the GDE potential (Fig-
ure 3¢).

© 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 3. a) Pt-tip voltammograms in the potential range between —0.8 and 0.8 V vs. Ag/AgCl/3 m KCl at a scan rate of 200 mVs™" in 1M KOH. The Pt-sensor
is approached to a distance of approximately 100 nm over the Ag-GDE, which is polarized to potentials between —0.1 and —1.57 V vs. Ag/AgCl/3 m KCI invok-
ing CO,RR and HER. b) Zoom-in to the voltammograms displayed in (a), highlighting the shift of £, , in dependence of an increased cathodic potential ap-
plied to the Ag-GDE. c) Peak potentials of £ , from the voltammograms in (a) as a function of applied Exg.qpe. Stars refer to measurements at —0.1V vs. Ag/
AgCl/3 m KCl, the lower one directly after the measurement at —1.69 V and the higher one after further biasing the GDE for 15 min to —0.1 V.
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surements were averaged over 2 GC measurements per potential. b) Partial currents for H, (green) and CO (orange) formation at Ag-GDE (0.2 cm? size) poten-

tials between —1.0 and —1.8 V vs. Ag/AgCl/3m KCl in 1 m KOH.

At E,g.pe With insignificant turnover (—0.1V vs. Ag/AgCl/3 m
KCl) in Ar-purged 1 m KOH, values for Ep_, of roughly —50 mV
are observed. This value contradicts the results from the cali-
bration in 1Tm KOH (Figure 2), where E(PtO,.4) was around
—350 mV. This can be rationalized considering the GDE config-
uration and the CO, gas feed. Since CO, is constantly supplied
from the backside for each measurement, a local acidification
of the electrolyte is expected at no-turnover potentials due to
the formation of bicarbonate by reaction of CO, with OH™,
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which is further neutralized to carbonate at more alkaline con-
ditions.""**% Upon stepping the potential at the GDE more
cathodically, both the GDE current and the £, , start to
change at —1.3 V vs. Ag/AgCl/3m KCl, which coincides with a
measurable turnover of the CO,RR and HER, respectively (Fig-
ure 4b). As soon as substantial reductive GDE currents (denot-
ed as ipg.pr) are observed Epy , shifts towards cathodic poten-
tials. Both, Epo,, and ipgepe increase drastically beyond the
—1.3V threshold. Ey_, increases to values of up to —0.6 V at

© 2021 The Authors. Published by Wiley-VCH GmbH
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the highest applied GDE potential of —1.69 V. This value would
indicate a hydroxide/water activity ratio far beyond what was
measured for 16 m KOH. Considering that the observed Epq
value resembles the conditions directly above the GDE pores,
it is fair to assume that inside the GDE even higher hydroxide
and lower water activity values are obtained.

Industrial devices are usually operated with a continuous
electrolyte flow, which would counterbalance the progressive
increase in electrolyte pH value. Such flow-by schemes are
leading to a stagnant layer at the electrode/electrolyte inter-
face in the case of planar electrodes; however, in the case of a
GDE mass transport processes inside the pores of the GDE are
predominantly governed by diffusion and, due to the poten-
tially locally high ionic strength, by migration. We decided to
perform experiments using a stagnant electrolyte, allowing
(by)products to accumulate. As pointed out before, the reac-
tions proceed within the pores, not only because the predomi-
nant amount of the electrochemically active surface area
(ECSA) is located therein, but also because the necessary vicini-
ty to the gas phase is provided there. Thus, in the case of a
stagnant system a correlation with the processes inside the
GDE can be obtained by determining ion activities within the
diffusion zone directly adjacent to the GDE/electrolyte inter-
face. It has been proposed theoretically that mass transport of
water into the electrode and hydroxide transport out of the
electrode is crucial for the performance of reduction processes
inside a GDE,®" and the extent of those ion fluxes is exactly
what can be probed with the proposed technique.

To correlate the measured current values at the GDE beyond
—1.3V vs. Ag/AgCl/3 m KCI to the selectivity of the reaction as
well as the competition between CO,RR and HER, the gaseous
reaction products were analyzed by coupling the open SECM
cell to a gas chromatograph (GC) for on-line product determi-
nation.

Ag, besides Au and Zn,*? is known for producing CO with a
rather high FE of over 90% during CO,RR, whereas it has also
been reported that at higher overpotentials (—1.5V vs. RHE)
also methane can be formed if special electrode architectures
are used.®® As it can be inferred from the electrochemistry-
coupled GC measurements (Figure 4a), the main products ob-
served in the gas phase are indeed CO and H.,.

The fraction of CO formation increases at potentials more
cathodic than —1.3V vs. Ag/AgCl/3m KCI until it reaches a
maximum of around 65% at —1.56V vs. Ag/AgCl/3m KCI.
Beyond that point, the H, formation increases and a simultane-
ous overall decrease of the FE is observed due to the open-cell
configuration and a loss of the formed H,, which initially dis-
solves in the electrolyte. At potentials beyond —1.56 V vs. Ag/
AgCl/3 M KClI, a visible H, bubble formation is observed at the
GDE. Performing the same experiment with a closed electrolyte
compartment allowing to also collect the head-space products
is impossible while simultaneously positioning the Pt-electrode
in close proximity to the GDE surface. However, due to the de-
crease of the FE for CO formation at increasing cathodic poten-
tials we suppose that the missing products in the FE balance
accounts for H, escaping through the electrolyte. In a similar
experiment, however, using a closed electrochemical cell, we

Chem. Eur. J. 2021, 27, 5906 - 5912 www.chemeurj.org
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determined the gas composition of the head space above the
electrolyte at higher overpotentials (Figure S4). We found that
at potentials of roughly —1.65V vs. Ag/AgCl/3m KCl, 25% of
the FE is due to escaping H, bubbles, whereas measurements
at even higher cathodic potentials are distorted by H, bubbles
blocking the electrode surface.

Figure 4b displays the partial currents of CO and H, forma-
tion, respectively. Significant amounts of products are formed
if Engcpe €xceeds —1.3V vs. Ag/AgCl/3m KCI, which is in line
with the observed shift of E,q_,, which is only observed
beyond this particular potential threshold. This also explains
the large error bars for the determination of the FE in the bar
diagram (Figure 4a), which is due to the low product quantity
at potentials up to —1.3 V. With increasing cathodic potentials
applied to the GDE the partial currents for both products in-
crease from roughly 0.5 to 6 mA, respectively, whereas the CO
production is dominant until —1.7 V. A reversal of the product
distribution of H, and CO is observed at —1.7 V, after which H,
evolution outweighs CO formation.

This observation shows the intrinsic dilemma since it pre-
vents the CO,RR at maximal current density to maximize the
absolute amount of carbon conversion products. However, as
it is shown here and elsewhere®" higher currents can steer the
selectivity towards the HER. A similar observation was also
made upon increasing pH values of bicarbonate solutions.®* It
is important to mention that increasing pH values do not favor
the HER via proton reduction, since the effective proton con-
centration is diminished. Moreover, it has been shown that al-
kaline H,O reduction may become favorable at higher hydrox-
ide concentrations."* It should also be mentioned that reports
with contradicting results exist, in which increased HER sup-
pression on Au-based catalysts was linked to higher local alka-
linity.%®' Therefore, we infer that the change of ion activities
may be a factor to consider as possible explanation for the ob-
served modulations of selectivity; however, additional parame-
ters such as electrowetting and electrode flooding cannot be
excluded to contribute to the observed trend. It can also be
assumed that the wetted surface area within the electrode
itself increases as a function of the applied reductive potential,
which would in turn favor the HER. Even though the impact of
the local pH value is not fully clear, the local pH value affects
the product selectivity substantially.®”

Moreover, at high current densities the available amount of
CO, may become mass-transport dominated and is decreased
on the one hand by the CO,RR itself and on the other hand by
the increased formation of CO,;*>" at higher pH values.”®
Hence, in addition to coupling catalyst properties such as the
material composition, its structure and selectivity to each
other, we propose to pay close attention to changing reaction
environments when performing CO,RR. This is particularly im-
portant for porous/rough catalyst materials including GDEs at
high current densities (>50 mAcm ). By simultaneously moni-
toring product distribution and alterations in ion activity close
to the electrode, both phenomena can possibly be linked to
each other: we show that high reaction rates increase the local
pH value, that is, OH™ ion activity, which in turn should favor
alkaline water reduction, which could shift the reaction selec-

© 2021 The Authors. Published by Wiley-VCH GmbH
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tivity towards the HER. We have shown earlier for ORR mea- (8]
surements that a measured increase of electrolyte concentra- -
tion in stagnant diffusion layers are in very good agreement

with numerical simulations.®" Similar numerical models for the

more complex CO,RR are not yet available.

In summary, we have monitored the electrochemically in-
duced ion activity change close to a CO,-converting Ag-based [10]
gas diffusion electrode (GDE), allowing to shed light into the 11
complex interplay between the CO, reduction reaction (CO,RR)
and its parasitic reaction partner, the hydrogen evolution reac-

. . . . [12]
tion (HER). The steep concentration gradients established
within a GDE between the three-phase boundary and the elec-
trolyte results in selectivity not only being affected by the in-
trinsic selectivity of the active sites but also by mass transport
effects and subsequently by higher local alkalinity.

By linking local pH value and H,/CO ratio, possible interest-  [13)
ing implications arise. While it obviously is desirable to manip-  [14]
ulate the reaction selectivity towards CO production, it could
also be desirable to modify electrolyte and process conditions [1s]
so that particular ratios of H,/CO, for example, syngas for the
Fischer-Tropsch process,*” are obtained.

Acknowledgements

[16]
The authors are grateful to the Deutsche Forschungsgemein- 7]
schaft (DFG, German Research Foundation) in the framework
of the Forschungsgruppe (FOR 2397-2) [276655287] and under  [1g]
Germany’s  Excellence  Strategy—EXC  2033-390677874—

RESOLV. This project has received funding from the European  [19]
Research Council (ERC) under the European Union’s Horizon 201
2020 research and innovation programme (grant agreement
CasCat [833408]). S.D. gratefully acknowledges financial sup-
port by the International Max-Planck Research School on Reac-  [21]
tive Structure Analysis for Chemical Reactions (IMPRS-RE-
CHARGE). The authors declare no conflict of interest. Open
access funding enabled and organized by Projekt DEAL. [22]
Keywords: carbon dioxide reduction - electrocatalysis - gas  [23]
diffusion electrodes - local pH gradient - silver [24]

[25]
[1] M.C.O. Monteiro, L. Jacobse, T. Touzalin, M. T. M. Koper, Anal. Chem.
2020, 92, 2237-2243.

[2] A. Botz, J. Clausmeyer, D. Ohl, T. Tarnev, D. Franzen, T. Turek, W. Schuh- [26]
mann, Angew. Chem. Int. Ed. 2018, 57, 12285-12289; Angew. Chem.
2018, 130, 12465-12469.

[3]1 J. Ryu, A. Wuttig, Y. Surendranath, Angew. Chem. Int. Ed. 2018, 57, [27]
9300-9304; Angew. Chem. 2018, 130, 94449448, [28]
[4] a) K. J.P. Schouten, E. Pérez Gallent, M. T. M. Koper, J. Electroanal. Chem.
2014, 716, 53-57; b) Y. Hori, R. Takahashi, Y. Yoshinami, A. Murata, J. [29]
Phys. Chem. B 1997, 101, 7075-7081; c) A. Seifitokaldani, C. M. Gabardo,
T. Burdyny, C.-T. Dinh, J. P. Edwards, M. G. Kibria, O.S. Bushuyey, S. O. [30]
Kelley, D. Sinton, E. H. Sargent, J. Am. Chem. Soc. 2018, 140, 3833 -3837.

[5] R. Kortlever, J. Shen, K. J. P. Schouten, F. Calle-Vallejo, M. T. M. Koper, J. [31]
Phys. Chem. Lett. 2015, 6, 4073 —4082. [32]

[6] a)R.F. Weiss, Mar. Chem. 1974, 2, 203-215; b) S. Verma, Y. Hamasaki, C.

Kim, W. Huang, S. Lu, H.-R. M. Jhong, A. A. Gewirth, T. Fujigaya, N. Naka- [33]
shima, P. J. A. Kenis, ACS Energy Lett. 2018, 3, 193-198.
[7]1 D. Higgins, C. Hahn, C. Xiang, T.F. Jaramillo, A. Z. Weber, ACS Energy [34]
Lett. 2019, 4, 317-324.
Chem. Eur. J. 2021, 27, 5906 - 5912 www.chemeurj.org 5911

I. Moussallem, J. Jorissen, U. Kunz, S. Pinnow, T. Turek, J. Appl. Electro-
chem. 2008, 38, 1177 -1194.

a) M. Ma, E.L. Clark, K. T. Therkildsen, S. Dalsgaard, I. Chorkendorff, B.
Seger, Energy Environ. Sci. 2020, 13, 977-985; b) C.-T. Dinh, T. Burdyny,
M. G. Kibria, A. Seifitokaldani, C. M. Gabardo, F.P. Garcia de Arquer, A.
Kiani, J. P. Edwards, P. de Luna, O.S. Bushuyev, C. Zou, R. Quintero-Ber-
mudez, Y. Pang, D. Sinton, E. H. Sargent, Science 2018, 360, 783-787;
¢) T. Burdyny, W. A. Smith, Energy Environ. Sci. 2019, 12, 1442 -1453.

M. C. O. Monteiro, M. T. M. Koper, Curr. Opin. Electrochem. 2021, 100649.
a) N. Gupta, M. Gattrell, B. MacDougall, J. Appl. Electrochem. 2006, 36,
161-172; b) A. Wuttig, Y. Yoon, J. Ryu, Y. Surendranath, J. Am. Chem.
Soc. 2017, 139, 17109-17113.

a) A. S. Varela, M. Kroschel, T. Reier, P. Strasser, Catal. Today 2016, 260,
8-13; b) D. Raciti, M. Mao, J. H. Park, C. Wang, J. Electrochem. Soc. 2018,
165, F799-F804; c) J. Ryu, Y. Surendranath, J. Am. Chem. Soc. 2020, 142,
13384-13390; d) X. Lu, C. Zhu, Z. Wy, J. Xuan, J. S. Francisco, H. Wang,
J. Am. Chem. Soc. 2020, 142, 15438-15444; e) F. Zhang, A. C. Co, Angew.
Chem. Int. Ed. 2020, 59, 1674-1681; Angew. Chem. 2020, 132, 1691-
1698.

K. Yang, R. Kas, W. A. Smith, J. Am. Chem. Soc. 2019, 141, 15891 -15900.
a) Y. Yokoyama, K. Miyazaki, Y. Miyahara, T. Fukutsuka, T. Abe, ChemElec-
troChem 2019, 6, 4750-4756; b) A. Goyal, G. Marcandalli, V. A. Mints,
M. T. M. Koper, J. Am. Chem. Soc. 2020, 142, 4154-4161.

a) M. Nebel, T. Erichsen, W. Schuhmann, Beilstein J. Nanotechnol. 2014,
5, 141-151; b) G. Wittstock, M. Burchardt, S.E. Pust, Y. Shen, C. Zhao,
Angew. Chem. Int. Ed. 2007, 46, 1584-1617; Angew. Chem. 2007, 119,
1604 -1640; c) M. Michalak, M. Kurel, J. Jedraszko, D. Toczydlowska, G.
Wittstock, M. Opallo, W. Nogala, Anal. Chem. 2015, 87, 11641-11645;
d) M. Nebel, S. Griitzke, N. Diab, A. Schulte, W. Schuhmann, Faraday Dis-
cuss. 2013, 764, 19-32.

D. Franzen, B. Ellendorff, M. C. Paulisch, A. Hilger, M. Osenberg, |I.
Manke, T. Turek, J. Appl. Electrochem. 2019, 49, 705-713.

M. Rohe, A. Botz, D. Franzen, F. Kubannek, B. Ellendorff, D. Ohl, W.
Schuhmann, T. Turek, U. Krewer, ChemElectroChem 2019, 6, 5671 -5681.
I. Moussallem, S. Pinnow, N. Wagner, T. Turek, Chem. Eng. Process. 2012,
52,125-131.

M. Ludwig, C. Kranz, W. Schuhmann, H. E. Gaub, Rev. Sci. Instrum. 1995,
66, 2857 —2860.

a) B. Ballesteros Katemann, A. Schulte, W. Schuhmann, Electroanalysis
2004, 16, 60-65; b) A. Hengstenberg, C. Kranz, W. Schuhmann, Chem.
Eur. J. 2000, 6, 1547 - 1554.

a) B. Ballesteros Katemann, W. Schuhmann, Electroanalysis 2002, 14, 22—
28; b) N. Nioradze, R. Chen, J. Kim, M. Shen, P. Santhosh, S. Amemiya,
Anal. Chem. 2013, 85, 6198-6202; c) M. C. O. Monteiro, M. T. M. Koper,
Electrochim. Acta 2019, 325, 134915.

a)W. Sheng, Z. Zhuang, M. Gao, J. Zheng, J.G. Chen, Y. Yan, Nat.
Commun. 2015, 6, 5848; b) Y--F. Yang, G. Denuault, J. Chem. Soc. Faraday
Trans. 1996, 92, 3791.

A. Wuttig, Y. Surendranath, ACS Catal. 2015, 5, 4479 -4484.

X. Yang, J. Nash, N. Oliveira, Y. Yan, B. Xu, Angew. Chem. Int. Ed. 2019,
58, 17718-17723; Angew. Chem. 2019, 131, 17882-17887.

a) M. Tuckerman, K. Laasonen, M. Sprik, M. Parrinello, J. Chem. Phys.
1995, 703, 150-161; b) J. J. Novoa, F. Mota, C. Perez del Valle, M. Planas,
J. Phys. Chem. A 1997, 101, 7842 -7853.

D. Wintrich, D. Ohl, S. Barwe, A. Ganassin, S. Méller, T. Tarnev, A. Botz, A.
Ruff, J. Clausmeyer, J. Masa, W. Schuhmann, Chem€ElectroChem 2019, 6,
3108-3112.

F. Bruni, M. A. Ricci, A. K. Soper, J. Chem. Phys. 2001, 114, 8056-8063.
H. Ooka, M.C. Figueiredo, M. T. M. Koper, Langmuir 2017, 33, 9307 -
9313.

M. C. O. Monteiro, L. Jacobse, M. T. M. Koper, J. Phys. Chem. Lett. 2020,
11,9708 -9713.

H. Hashiba, L.-C. Weng, Y. Chen, H. K. Sato, S. Yotsuhashi, C. Xiang, A. Z.
Weber, J. Phys. Chem. C 2018, 122, 3719-3726.

M. Rbéhe, F. Kubannek, U. Krewer, ChemSusChem 2019, 12, 2373-2384.
Y. Hori, H. Wakebe, T. Tsukamoto, O. Koga, Electrochim. Acta 1994, 39,
1833-1839.

A. Dutta, C. E. Morstein, M. Rahaman, A. Cedefio Lépez, P. Broekmann,
ACS Catal. 2018, 8, 8357 -8368.

T. Hatsukade, K.P. Kuhl, E.R. Cave, D.N. Abram, T.F. Jaramillo, Phys.
Chem. Chem. Phys. 2014, 16, 13814-13819.

© 2021 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1021/acs.analchem.9b04952
https://doi.org/10.1021/acs.analchem.9b04952
https://doi.org/10.1021/acs.analchem.9b04952
https://doi.org/10.1021/acs.analchem.9b04952
https://doi.org/10.1002/anie.201807798
https://doi.org/10.1002/anie.201807798
https://doi.org/10.1002/anie.201807798
https://doi.org/10.1002/ange.201807798
https://doi.org/10.1002/ange.201807798
https://doi.org/10.1002/ange.201807798
https://doi.org/10.1002/ange.201807798
https://doi.org/10.1002/anie.201802756
https://doi.org/10.1002/anie.201802756
https://doi.org/10.1002/anie.201802756
https://doi.org/10.1002/anie.201802756
https://doi.org/10.1002/ange.201802756
https://doi.org/10.1002/ange.201802756
https://doi.org/10.1002/ange.201802756
https://doi.org/10.1016/j.jelechem.2013.08.033
https://doi.org/10.1016/j.jelechem.2013.08.033
https://doi.org/10.1016/j.jelechem.2013.08.033
https://doi.org/10.1016/j.jelechem.2013.08.033
https://doi.org/10.1021/jp970284i
https://doi.org/10.1021/jp970284i
https://doi.org/10.1021/jp970284i
https://doi.org/10.1021/jp970284i
https://doi.org/10.1021/jacs.7b13542
https://doi.org/10.1021/jacs.7b13542
https://doi.org/10.1021/jacs.7b13542
https://doi.org/10.1021/acs.jpclett.5b01559
https://doi.org/10.1021/acs.jpclett.5b01559
https://doi.org/10.1021/acs.jpclett.5b01559
https://doi.org/10.1021/acs.jpclett.5b01559
https://doi.org/10.1016/0304-4203(74)90015-2
https://doi.org/10.1016/0304-4203(74)90015-2
https://doi.org/10.1016/0304-4203(74)90015-2
https://doi.org/10.1021/acsenergylett.7b01096
https://doi.org/10.1021/acsenergylett.7b01096
https://doi.org/10.1021/acsenergylett.7b01096
https://doi.org/10.1021/acsenergylett.8b02035
https://doi.org/10.1021/acsenergylett.8b02035
https://doi.org/10.1021/acsenergylett.8b02035
https://doi.org/10.1021/acsenergylett.8b02035
https://doi.org/10.1007/s10800-008-9556-9
https://doi.org/10.1007/s10800-008-9556-9
https://doi.org/10.1007/s10800-008-9556-9
https://doi.org/10.1007/s10800-008-9556-9
https://doi.org/10.1039/D0EE00047G
https://doi.org/10.1039/D0EE00047G
https://doi.org/10.1039/D0EE00047G
https://doi.org/10.1126/science.aas9100
https://doi.org/10.1126/science.aas9100
https://doi.org/10.1126/science.aas9100
https://doi.org/10.1039/C8EE03134G
https://doi.org/10.1039/C8EE03134G
https://doi.org/10.1039/C8EE03134G
https://doi.org/10.1007/s10800-005-9058-y
https://doi.org/10.1007/s10800-005-9058-y
https://doi.org/10.1007/s10800-005-9058-y
https://doi.org/10.1007/s10800-005-9058-y
https://doi.org/10.1021/jacs.7b08345
https://doi.org/10.1021/jacs.7b08345
https://doi.org/10.1021/jacs.7b08345
https://doi.org/10.1021/jacs.7b08345
https://doi.org/10.1016/j.cattod.2015.06.009
https://doi.org/10.1016/j.cattod.2015.06.009
https://doi.org/10.1016/j.cattod.2015.06.009
https://doi.org/10.1016/j.cattod.2015.06.009
https://doi.org/10.1149/2.0521810jes
https://doi.org/10.1149/2.0521810jes
https://doi.org/10.1149/2.0521810jes
https://doi.org/10.1149/2.0521810jes
https://doi.org/10.1021/jacs.0c01123
https://doi.org/10.1021/jacs.0c01123
https://doi.org/10.1021/jacs.0c01123
https://doi.org/10.1021/jacs.0c01123
https://doi.org/10.1021/jacs.0c06779
https://doi.org/10.1021/jacs.0c06779
https://doi.org/10.1021/jacs.0c06779
https://doi.org/10.1002/anie.201912637
https://doi.org/10.1002/anie.201912637
https://doi.org/10.1002/anie.201912637
https://doi.org/10.1002/anie.201912637
https://doi.org/10.1002/ange.201912637
https://doi.org/10.1002/ange.201912637
https://doi.org/10.1002/ange.201912637
https://doi.org/10.1021/jacs.9b07000
https://doi.org/10.1021/jacs.9b07000
https://doi.org/10.1021/jacs.9b07000
https://doi.org/10.1002/celc.201900759
https://doi.org/10.1002/celc.201900759
https://doi.org/10.1002/celc.201900759
https://doi.org/10.1002/celc.201900759
https://doi.org/10.1021/jacs.9b10061
https://doi.org/10.1021/jacs.9b10061
https://doi.org/10.1021/jacs.9b10061
https://doi.org/10.3762/bjnano.5.14
https://doi.org/10.3762/bjnano.5.14
https://doi.org/10.3762/bjnano.5.14
https://doi.org/10.3762/bjnano.5.14
https://doi.org/10.1002/anie.200602750
https://doi.org/10.1002/anie.200602750
https://doi.org/10.1002/anie.200602750
https://doi.org/10.1002/ange.200602750
https://doi.org/10.1002/ange.200602750
https://doi.org/10.1002/ange.200602750
https://doi.org/10.1002/ange.200602750
https://doi.org/10.1021/acs.analchem.5b03482
https://doi.org/10.1021/acs.analchem.5b03482
https://doi.org/10.1021/acs.analchem.5b03482
https://doi.org/10.1039/c3fd00011g
https://doi.org/10.1039/c3fd00011g
https://doi.org/10.1039/c3fd00011g
https://doi.org/10.1039/c3fd00011g
https://doi.org/10.1007/s10800-019-01311-4
https://doi.org/10.1007/s10800-019-01311-4
https://doi.org/10.1007/s10800-019-01311-4
https://doi.org/10.1002/celc.201901224
https://doi.org/10.1002/celc.201901224
https://doi.org/10.1002/celc.201901224
https://doi.org/10.1016/j.cep.2011.11.003
https://doi.org/10.1016/j.cep.2011.11.003
https://doi.org/10.1016/j.cep.2011.11.003
https://doi.org/10.1016/j.cep.2011.11.003
https://doi.org/10.1063/1.1145568
https://doi.org/10.1063/1.1145568
https://doi.org/10.1063/1.1145568
https://doi.org/10.1063/1.1145568
https://doi.org/10.1002/elan.200302918
https://doi.org/10.1002/elan.200302918
https://doi.org/10.1002/elan.200302918
https://doi.org/10.1002/elan.200302918
https://doi.org/10.1002/(SICI)1521-3765(20000502)6:9%3C1547::AID-CHEM1547%3E3.0.CO;2-C
https://doi.org/10.1002/(SICI)1521-3765(20000502)6:9%3C1547::AID-CHEM1547%3E3.0.CO;2-C
https://doi.org/10.1002/(SICI)1521-3765(20000502)6:9%3C1547::AID-CHEM1547%3E3.0.CO;2-C
https://doi.org/10.1002/(SICI)1521-3765(20000502)6:9%3C1547::AID-CHEM1547%3E3.0.CO;2-C
https://doi.org/10.1002/1521-4109(200201)14:1%3C22::AID-ELAN22%3E3.0.CO;2-F
https://doi.org/10.1002/1521-4109(200201)14:1%3C22::AID-ELAN22%3E3.0.CO;2-F
https://doi.org/10.1002/1521-4109(200201)14:1%3C22::AID-ELAN22%3E3.0.CO;2-F
https://doi.org/10.1021/ac401316n
https://doi.org/10.1021/ac401316n
https://doi.org/10.1021/ac401316n
https://doi.org/10.1016/j.electacta.2019.134915
https://doi.org/10.1039/ft9969203791
https://doi.org/10.1039/ft9969203791
https://doi.org/10.1021/acscatal.5b00808
https://doi.org/10.1021/acscatal.5b00808
https://doi.org/10.1021/acscatal.5b00808
https://doi.org/10.1002/anie.201909697
https://doi.org/10.1002/anie.201909697
https://doi.org/10.1002/anie.201909697
https://doi.org/10.1002/anie.201909697
https://doi.org/10.1002/ange.201909697
https://doi.org/10.1002/ange.201909697
https://doi.org/10.1002/ange.201909697
https://doi.org/10.1063/1.469654
https://doi.org/10.1063/1.469654
https://doi.org/10.1063/1.469654
https://doi.org/10.1063/1.469654
https://doi.org/10.1021/jp970857r
https://doi.org/10.1021/jp970857r
https://doi.org/10.1021/jp970857r
https://doi.org/10.1002/celc.201900784
https://doi.org/10.1002/celc.201900784
https://doi.org/10.1002/celc.201900784
https://doi.org/10.1002/celc.201900784
https://doi.org/10.1063/1.1362177
https://doi.org/10.1063/1.1362177
https://doi.org/10.1063/1.1362177
https://doi.org/10.1021/acs.langmuir.7b00696
https://doi.org/10.1021/acs.langmuir.7b00696
https://doi.org/10.1021/acs.langmuir.7b00696
https://doi.org/10.1021/acs.jpclett.0c02779
https://doi.org/10.1021/acs.jpclett.0c02779
https://doi.org/10.1021/acs.jpclett.0c02779
https://doi.org/10.1021/acs.jpclett.0c02779
https://doi.org/10.1021/acs.jpcc.7b11316
https://doi.org/10.1021/acs.jpcc.7b11316
https://doi.org/10.1021/acs.jpcc.7b11316
https://doi.org/10.1016/0013-4686(94)85172-7
https://doi.org/10.1016/0013-4686(94)85172-7
https://doi.org/10.1016/0013-4686(94)85172-7
https://doi.org/10.1016/0013-4686(94)85172-7
https://doi.org/10.1021/acscatal.8b01738
https://doi.org/10.1021/acscatal.8b01738
https://doi.org/10.1021/acscatal.8b01738
https://doi.org/10.1039/C4CP00692E
https://doi.org/10.1039/C4CP00692E
https://doi.org/10.1039/C4CP00692E
https://doi.org/10.1039/C4CP00692E
http://www.chemeurj.org

Chemistry

Communication Europe .
Chemistry-A European Journal doi.org/10.1002/chem.202100387 European Chemical

[35] A. Wuttig, M. Yaguchi, K. Motobayashi, M. Osawa, Y. Surendranath, Proc.
Natl. Acad. Sci. USA 2016, 113, E4585-93.

[36] A.S. Hall, Y. Yoon, A. Wuttig, Y. Surendranath, J. Am. Chem. Soc. 2015,
137, 14834-14837.

[37] M. Moura de Salles Pupo, R. Kortlever, ChemPhysChem 2019, 20, 2926 -
2935.

[38] B. A. Zhang, C. Costentin, D. G. Nocera, Joule 2019, 3, 1565 -1568.

[39] S. Hernandez, M. Amin Farkhondehfal, F. Sastre, M. Makkee, G. Saracco,
N. Russo, Green Chem. 2017, 19, 2326 -2346.

Manuscript received: January 31, 2021
Accepted manuscript online: February 1, 2021
Version of record online: March 3, 2021

Chem. Eur. J. 2021, 27, 5906 - 5912 www.chemeurj.org 5912

© 2021 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1073/pnas.1602984113
https://doi.org/10.1073/pnas.1602984113
https://doi.org/10.1021/jacs.5b08259
https://doi.org/10.1021/jacs.5b08259
https://doi.org/10.1021/jacs.5b08259
https://doi.org/10.1021/jacs.5b08259
https://doi.org/10.1002/cphc.201900680
https://doi.org/10.1002/cphc.201900680
https://doi.org/10.1002/cphc.201900680
https://doi.org/10.1016/j.joule.2019.05.017
https://doi.org/10.1016/j.joule.2019.05.017
https://doi.org/10.1016/j.joule.2019.05.017
https://doi.org/10.1039/C7GC00398F
https://doi.org/10.1039/C7GC00398F
https://doi.org/10.1039/C7GC00398F
http://www.chemeurj.org

