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Abstract: Tungsten carbide (WC) is a renowned com-
pound catalyst material for electrochemical water split-
ting, and its high electrocatalytic activity toward the
hydrogen evolution reaction (HER) has been repeatedly
reported. However, its susceptibility to oxidation raises
the fundamental question of the underlying reason for
its high activity, especially since passivation and thus
potential deactivation can occur not only in air but also
during reaction. Hence, the investigation of the surface
chemistry under true operating conditions is crucial
for a fundamental understanding of the electrocatalytic
process. In this work, we use electrochemical X-ray
photoelectron spectroscopy (EC-XPS) to revisit the
surface chemistry of WC powder electrodes in alkaline
electrolyte in situ and under full potential control. Our
results show that although the surface is initially covered
with oxide, this passive film dissolves in the electrolyte
under electrochemical reaction conditions. This clarifies
the active surface termination during the HER and
highlights the potential of laboratory-based EC-XPS to

study applied energy conversion materials. )

Over the past few decades, there has been substantial inter-
est in transition metal (TM) compounds as potential alterna-
tives to noble metals in electrocatalysis. This is mainly due
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to their structural and compositional diversity, which allows
them to overcome the correlation of adsorption energies of
intermediates, frequently referred to as scaling relations.[!! In
this context, TM carbides (TMCs) show promising potential,
as highlighted by density functional theory (DFT) calcula-
tions, which reveal a break in scaling relations?! through
their carbophobic and oxophilic characteristics as compared
to the corresponding parent metals. Consequently, there has
been a surge of interest in the application of TMCs as
catalysts or support materials in (electro-)catalytic processes,
such as the hydrogen evolution reaction (HER),>7 the
CO, reduction reaction (CO,RR),#1%1 and the methanol and
ethanol oxidation reactions, respectively.'? Nevertheless,
it is widely acknowledged that TMCs are susceptible to
oxidation,['>*] and such alterations in surface chemistry
can significantly influence the theoretically proposed elec-
trocatalytic performance. This tendency to oxidize is further
complicated by the fact that oxidation may not only result
from atmospheric exposure, which can typically be mitigated,
but may also occur in situ, under electrochemical operating
conditions.['>'*] The accurate experimental monitoring of
these alterations under realistic conditions is extremely chal-
lenging, since the most direct method for studying interfacial
chemistry—X-ray photoelectron spectroscopy (XPS)—is not
readily compatible with routine electrochemical experiments
in aqueous solutions. However, the pioneering advances
in near ambient pressure XPS (NAP-XPS) technology!'>1°]
have enabled the direct combination of electrochemistry
and XPS (EC-XPS).['7] The viability of EC-XPS for in situ
monitoring of electrode surface states has been demonstrated
not only at various synchrotron facilities but also in labora-
tory settings.['®2"] Consequently, EC-XPS serves now as an
ideal tool for tracking changes in surface chemistry under
electrochemical operating conditions. We have recently!'s!
developed an electrochemical setup for a lab-based EC-XPS
system inspired by the work of Weingarth et al.,[*!] where the
electrode is partially submerged in an electrolyte reservoir,
leading to the formation of an ultrathin electrolyte film of less
than 20 nm in thickness. This film is sufficiently thin to allow
photoelectrons (PEs) emitted from the core levels of a given
electrode material to escape from the solid/liquid interface,
travel through the gas phase above the electrolyte, and enter
the analyzer, while sufficient ionic conductivity in the in situ
electrochemical experiment is ensured.

Utilizing this approach, we have revisited the surface
chemistry of tungsten carbide (WC) in alkaline electrolyte.
WC is an ideal model compound material and represents
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Figure 1. Morphology, chemistry, and electrocatalytic performance of the bare WC compound material. a) Layered scanning electron microscopy
(SEM) image and energy dispersive X-ray (EDX) maps of the WC powder, showing a particle size of ~200 nm. b) UHV XPS high-resolution spectrum
of the W 4f region with significant WO3 contribution. c) Faradaic and ionic currents from differential electrochemical mass spectrometry (DEMS) of

WC, WOs3, and Pt/C powder inks in 0.1 M NaOH (scan rate 2 mV s™').

one of the most widely studied TMCs due to its platinum-
like properties/??! proposed already in the 1970s by Levy and
Boudart.[??! This makes it theoretically very well-suited for
application in electrocatalysis, especially for the HER. It is,
however, also known that oxide species reside at the WC
surface.[7?+2°] These surface oxides can be partially removed
through treatment with NaOH,?*! but small residual amounts
are expected to still persist at the surface and/or form in the
electrolyte, potentially passivating and thereby deactivating
it.[27-29] Therefore, it is essential to monitor the true interface
chemistry under electrochemical polarization conditions, i.e.,
during the electrochemical reaction of interest. Since alkaline
electrolyzers are a highly relevant technology in the energy
transition, knowledge of the electrocatalysts” chemistry in
alkaline electrolyte is most constructive toward technological
progress. In this communication, we examine WC powder inks
in terms of their electrochemical behavior during polarization
in 0.1 M NaOH with particular focus on the surface chemistry
under true operating conditions utilizing lab-based EC-XPS.
The layered SEM image (Figure 1a) shows that the WC
powder has a particle size of about 200 nm. The overlaying
energy dispersive X-ray (EDX) maps (decomposed images
are given in Figure S1) reveal that in addition to signals
related to the presence of carbon (C K, , edge) and tungsten
(W M, edge), a significant contribution of oxygen (O K,
edge) was found. This aligns well with ultra-high vacuum
(UHV) ex situ XPS experiments of the W 4f, O 1s, and C 1s
regions (Figures 1b and S2A,B) and the survey spectrum
(Figure S2C), showing that the pristine surface is primarily
composed of WC, which is evident through the carbidic
carbon signal at 283 eV and the carbidic W signal at 32.0
and 34.2 eV. The surface is also covered with a thin layer of
WO, as indicated by the W XPS-signal at 36.0 and 38.2 eV.
The presence of oxide under ambient conditions has been
reported in several studies.72>2¢31 An oxide layer thickness
of 0.8 nm was estimated using Strohmeiers’s equation(3!]
(Supplementary Note 1). Furthermore, the absence of any
additional signals in the survey spectrum (Figure S2C) proves
that the ink is free of impurities. The absence of signals
corresponding to tungsten oxides in the XRD patterns
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(Figure S3) indicates that only the surface has undergone
oxidation, while the bulk of the powder has maintained its
predominantly carbidic crystalline nature. Intriguingly, the
powder ink prepared from this WC powder is still highly
active toward the HER, as demonstrated by its electrochemi-
cal activity leading to the production of hydrogen as measured
in situ with differential electrochemical mass spectrometry
(DEMS) (see Figure 1c). The electrocatalytic activities of Pt
and WOs; powder ink references are depicted in the same
plot (for details of the electrode preparation procedures, see
SI, Experimental Methods). The oxidized WC compound
shows a remarkable electrocatalytic HER activity, evidenced
by an onset overpotential of 0.1 V, which is close to the
HER onset of Pt and significantly lower than that of WO;
at ~ 0.5 V. The good electrocatalytic performance toward
the HER is consistent with that reported in the existing
literature.[?83%32] The knowledge of the surface chemistry,
ie.,, the presence of WO; at the WC surface, however,
requires further investigation of the system because this
surface termination and the high HER activity seem to be
clearly contradictory.

To accurately address the question of why the WO;-
covered WC shows a high HER activity, even though bulk
WO; itself does not, in situ EC-XPS experiments have been
performed to gain insight into the surface chemistry under
true electrochemical operating conditions. The EC-XPS cell
shown in Figure 2a and published earlier!'®*] was adapted
to facilitate the investigation of powder ink electrodes with
a glassy carbon (GC) current collector, in the present case.
For a detailed description of the setup and its functionality,
we refer to our previous work!'®3] and to an additional
description of the adapted version used in this work in the
Supporting Information (see Figure S4). All experiments
were carried out at a temperature between 2°-8 °C leading
to an H,O vapor pressure of ~7-10 mbar, and under near
ambient pressure conditions (~10 mbar H,O back pressure).
To gain a better understanding of the complex role of oxide
formation and dissolution in WC powder ink catalysts, anodic
polarization was deliberately performed prior to applying
the HER conditions. This approach differs from standard
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Figure 2. a) EC-XPS in situ cell for powder materials. EC-XPS PEEK cell with indent for the powder ink working electrode (WE), grounded via its glassy
carbon (GC) current collector, platinum wires as quasi reference and counter electrodes (RE, CE). A tilted geometry allows for a < 20 nm thick 0.1 M
NaOH electrolyte film connected to the bulk electrolyte reservoir. The measurement principle relies on cooling of the electrolyte to 2°-8 °C, leading to
a vapor pressure of ~7-10 mbar H,0 and backfilling of the chamber with ~10 mbar H,O. Details of the cell with the corresponding 3D drawing are

given in the Supporting Information. b) Cyclic voltammogram (CV) of a WC powder ink in 0.1 M NaOH (scan rate: 50 mV s~'). Grey shaded regions
indicate the potentials at which charge transfer takes place. Arrows indicate scan direction. The dotted line shows the thermodynamic potential of the

HER.

investigations, where the HER reaction is typically studied
by sweeping solely in the cathodic region, starting just above
the thermodynamic potential for hydrogen evolution. In our
experiments, the potentials were applied in the following
sequence: 0.2 Vipgg (double-layer region), 0.6 Vgyg, 1.0
Vrue (oxidation regime; see CV in Figure 2b), 0.2 Vgrpug
(double-layer region), and —0.2 Vgyr (HER conditions).
After polarization at a specific potential for 60 s, O 1s and
W 4f regions were recorded consecutively, while the applied
potential was held constant and the irradiated area for the
EC-XPS measurement was kept the same.

At 0.2 Vgug, a potential at which no Faradaic current
is visible in the CV, two distinct peaks can be observed in
the O 1s region (Figure 3a). The signal at the lower binding
energy (BE) edge of the spectrum (534.4 eV) is associated
with liquid phase water, i.e., the electrolyte (referred to
as LPW), while the signal at the higher BE (536.2 eV)
corresponds to gas phase water (denoted as GPW). This
split of the O 1s region is well known and described in the
literature.['71834] The W 4f signal (Figure 3b) consists of two
components. The doublet located at 31.9 and 34.1 eV perfectly
matches the BE of WC and is in line with the UHV XPS
measurement (see Figure 1b). The second component at 36.5
and 38.7 eV is assigned to a W+ species, but its doublet is,
however, significantly shifted by 0.5 eV compared to the WO,
doublet peak (at 36 and 38.2 eV) in the UHV XP spectrum
(Figure 1b). A significant increase in the oxide-to-carbide
ratio from 32:68 (pristine sample) to 50:50 (sample polarized
at 0.2 Vryg) is observed. The peak positions described above
are based on careful peak fitting; details regarding the fitting
procedure are given in Supplementary Note 2.

To determine the spectro-electrochemical properties of
this interface, the potential of the WE was consecutively
and systematically altered (the topmost panels in Figure 3a,b
show the spectral responses to the first applied potentials;
the order of potential changes is from top to bottom). The
electrochemical BE shift of the LPW component in the O 1s
spectra (Figure 3a,c) is determined as —1 eV V~! between
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0.2 Vryg (534.4 eV) and 0.6 Vryg (534.0 eV), with deviations
from the unity slope observed at potentials beyond the
nominal double layer region of the system, i.e., at < —0.2
Vrue and > 1.0 Vryg. This indicates the influence of charge
transfer contributions (compare Supplementary Note 3 for
further information). The GPW component (Figure S5) shifts
by —0.75 eV V! in the apparent double layer region and also
deviates from unity slope at —0.2 Vgrpg and 1.0 Vrgg. The
lower shift in BE of the GPW is expected as the vacuum level
of the GPW couples to the vacuum level of the electrolyte
surface and to the vacuum level of the analyzer nozzle.[’*]
The electrochemical shifts of species inside the ion-conducting
electrolyte are characteristically observed in in situ EC-XPS
experiments; see, e.g., Refs. [17, 18, 34] and can be explained
by the grounding of the WE alongside the analyzer. Due to
this grounding, the complete potential drop, i.e., the potential
difference between the polarized solid electrode and the
electrolyte, is reflected through the electrochemical BE shift
of the LPW peak, which primarily originates from the bulk
electrolyte (see Figure S6). This provides evidence that the
electrolyte film in the probed area (300 um spot size) is
conductively connected to the electrolyte reservoir and that
the performed spectro-electrochemical experiments are thus
meaningful. The stability of the experiment is demonstrated
by stepping the potential back to 0.2 Vguyg during the
potential step experiment; the second spectrum measured
at 0.2 Vgyg is identical in peak position and only deviates
slightly in full width at half maximum (FWHM) values (see
Figure 3 and Table S1). Moreover, no significant changes
in the integrated peak areas of the LPW and GPW signals
(Table S2) are observed, which confirms a stable and consis-
tent electrolyte film thickness throughout the experiment.

In the W 4f region, altering the potential from 0.2 Vgrpug
to 0.6 Vrug and 1.0 Vgryg results in a significant change of
the spectral shape as the two previously well distinguishable
doublets begin to overlay. Deconvolution of the spectra
reveals that the WC doublet does not shift with altered
potential, which is expected due to the alignment of the Fermi
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Figure 3. EC-XP spectra and peak shifts of the WC powder ink electrode in 0.1 M NaOH. a) O 1s high-resolution spectra with liquid phase water
(LPW) and gas phase water (GPW) signals, showing distinct shifts in binding energy (BE) with altered potential. b) W 4f high-esolution spectra with
WC and W8 components, where WC shows negligible shift in BE with potential, while the W8 peak positions significantly change. In a) and b), the
spectral responses to the first applied potential are shown in the top panels; the potential changes are carried out from top to bottom. c)
Quantitative evaluation of the BE shifts of all components calculated corresponding to Equation (1); the dashed line indicates the expected —1eV V!
shift in the double layer region, where no charge transfer reactions occur. The grey shaded areas highlight the potential regions in which charge

transfer reactions take place.

levels of the electrode and the analyzer.[''83*] However, the
WO; signals shift from 36.5 eV (W 4f;,) and 38.7 eV (W 4fs),)
at 0.2 Viyg to 36.0 eV and 38.2 eV at 0.6 Vryg and to even
lower BE values at 1.0 Vgyg. To further interpret the EC-XPS
data, the changes in BE of all the relevant components have
been calculated relative to the BEs at 0.2 Vryg, where no
specific electrochemical reaction is expected, and are plotted
in Figure 3c:

relBE"" = BE(E), — BE(E = 0.2Vrug): (1)

from this it is evident that the W signal (Figure 3c, blue
triangles) exhibits a shift that closely mirrors the shift of the
LPW feature (Figure 3c, violet circles), not only in the double
layer region (—1 eV V7! from 0.2 Vryg to 0.6 Vrug) but
also by showing the same deviation from the unity slope at
1.0 Vgrug and —0.2 Vgyg, i.e., at potentials where significant
current is observed. This strongly indicates that the oxide
is a chemical species that is not electronically connected to
the WE and that is therefore not grounded alongside the
analyzer. Instead, this suggests that the oxide is dissolved
in the electrolyte, which makes the oxide species experience
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the same interfacial potential difference, i.e., electrochemical
shift, as the bulk electrolyte.

Although at first glance counter-intuitive, a detachment
of WO; from the WE could also explain the increase in
the oxide-to-carbide ratio after immersion of the electrode
in the electrolyte solution. During the EC-XPS experiment,
the WE is covered with an ultrathin electrolyte layer, which
attenuates the PEs ejected from the core levels of the WE,
and thereby diminishes the intensity of all related signals.
However, if it is assumed that the oxide dissolves as WO,2~
in the electrolyte, the PEs ejected from WO,>~ are less
attenuated by the electrolyte. Consequently, the signal from
the WO,>~ (denoted as W in Figure 3b) is more intense
as compared to the UHV XPS experiment, which leads to an
increase in the oxide-to-carbide ratio.

Expectedly, the EC-XPS results perfectly agree
with the experimental Pourbaix diagram of WC
measured by Weidman et al.?® which suggests surface
oxidation/dissolution at potentials more positive than 0.5
Vrue. Furthermore, the Pourbaix diagram of W in aqueous
solution indicates that the oxide is not stable in alkaline
electrolyte and dissolves as WO,>~.3°] Therefore, traces of
WO,?~ should be detectable in the electrolyte. To verify this,
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Figure 4. Online ICP-MS analysis of the WC powder ink electrode in 0.1
M NaOH. W dissolution rate (bottom panel) at the corresponding
potentials (top panel) versus time during potential sweeps (three
cycles) with a scan rate of 2 mV s~'. The upper vertex potential was
increased from 1.0 Vgpe (first two cycles) to 1.2 Vrpe (third cycle).

inductively coupled plasma mass spectrometry (ICP-MS)
coupled with a flow cell setupl®] was employed (details
are provided in the Experimental Methods section, and a
sketch of the flow cell is given in Figure S7), which allows
for the detection of trace amounts of W, independent of its
chemical state, under reaction conditions. In this experiment
(Figure 4), the WE was subjected to several potential sweeps,
where a clear signal related to dissolved W was detected at
anodic potentials, with an onset at ~0.75 Vryg, where surface
oxidation and dissolution of the oxide take place.

The formation of a stable oxide film passivating the surface
can be excluded because the dissolution rate stays constant
over several cycles and increases with increasing anodic
potential. If passivation occurred, a significant decrease in
dissolution rates over cycles would be expected.[*”] To exclude
the effect of steady potential changes in the sweeping exper-
iments, potential steps (Figure S8) were applied to the WC
electrode, where the same behavior, i.e., a strong correlation
between potential and dissolution rate, was found. During the
potential sweep experiment (Figure 4), small peaks appear in
all three cathodic scans when the potential reaches a value
of ~ 0.45 Vrug. The same behavior is observed in negative
going potential steps, e.g., from 0.5 Vryg to 0.3 Vryg (see
Figure S8). A possible reason for this is a coulostatic repulsion
of the negatively charged WO,>~ ions during the negative
potential pulse, i.e., the related increase of negative charge
at the WE. This is also in agreement with the slight increase
in intensity of the W°* signal after stepping from 1.0 Vgryg
to 0.2 Vrye (compare Figure 3 and Table S2) in the EC-XPS
experiment. Overall, the online ICP-MS experiments are well
in line with the EC-XPS data. To further validate both the EC-
XPS approach and the ICP-MS results, ex-situ emersion XPS
and EDX experiments (experimental details are given in the
Supporting Information) were conducted after polarization at
specific potentials (1.0 Vgryg, 0.4 Vryg, i.€., open circuit poten-
tial [OCP], 0.2 VRHE: —-0.2 VRHE’ and —0.6 VRHE)- No signif—
icant variations were observed in the XPS (Figure S9) and/or
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the EDX spectra (Figure S10) across the different applied
potentials. The absence of W signals indicates the effective
dissolution of surface WO; as WO,>~ after emersion and
rinsing. It is noteworthy that in the W 4f region (Figure S9B),
all spectra consistently display a slight shoulder at 35 eV,
indicating the presence of small amounts of suboxides. These
findings strengthen the hypothesis that in the potential region
investigated in this paper, the oxide dissolves in the elec-
trolyte. This can explain the high activity of the WC powder
ink electrocatalyst toward the HER, and its clear superior
performance compared to the WO; reference (see Figure 1).

In summary, this work highlights the capability of EC-XPS
to study not only the electrode-electrolyte interface of planar
metal substrates, such as metal foils, but also that of more
applied powder ink electrocatalysts. This is demonstrated
through the in situ EC-XPS investigation of WC as a model
compound material. WC is typically covered by an ultrathin
WO; layer, as confirmed with UHV-XPS, while the surface
oxide is found to detach from the electrode surface upon
exposure to 0.1 M NaOH as WO,>~, and a presumably oxide-
free surface is active as WE in the examined potential range
(—0.2 Vgryg to 1.0 Vryg; compare Figure S11).

Oxide dissolution is also confirmed with ICP-MS experi-
ments. This behavior explains the high electrochemical activ-
ity toward the HER, as well as the strong correlation between
theoretical predictions and experimental results. Our findings
underscore the critical role of EC-XPS in directly probing
the interfacial chemistry, offering insights about the catalyst
surface under real in situ conditions. This technique, besides
the proof of concept presented in this work, can be extremely
valuable in the study of beyond state-of-the-art catalysts for
applied electrochemical research and energy conversion.

Supporting Information

The authors have cited additional references within the
Supporting Information.!3401

Acknowledgements

This research was funded in part by the Austrian Science
Fund (FWF) 10.55776/COES. For Open Access purposes, the
author has applied a CC BY public copyright license to any
author accepted manuscript version arising from this sub-
mission. The authors acknowledge the Austrian Promotion
Agency (FFG) for funding the NAP-XPS instrument through
the infrastructure project 870523.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are openly
available in InvenioRDM at https://doi.org/10.48323/n20mb-
16c53.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U201 SUOWIWOD A1) 8|deotjdde ayy Aq pausench a1 s fe O ‘SN Jo S3jnJ 10} A%eiqiT8UIUO AB]IM UO (SUORIPUOD-PUe-SWULB}W00" A8 | IMARe.q B JUO//SCRY) SUORIPUOD PUR SWS L 84} 835 *[9202/70/.0] U0 AriqIT8UIUO ABIIM * UBIM TeISIBAIUN BYISIUYS L - BIussely pired Aq G96005202 2 I1Ue/Z00T OT/I0p/W0D" A3 |1 AeldBUIIUO//SaY Wo1 papeojumod ‘9z ‘G202 ‘€LLETEST


https://doi.org/10.48323/n20mb-16c53
https://doi.org/10.48323/n20mb-16c53

GDCh
) —

Keywords: Carbide . Electrocatalysis - Hydrogen evolution
reaction . ICP-MS . In situ XPS

(1
(2]
(3]

(4]
(5]
(6]
(7]
(8]

]

(10]
(1]

(12]

(13]

(14]

(15]
[16]
(7]

(18]

(19]

(20]

Angew. Chem. Int. Ed. 2025, 64, 202500965 (6 of 6)

J. K. Ngrskov, T. Bligaard, J. Rossmeisl, C. H. Christensen, Nat.
Chem. 2009, 1, 37-46.

R. Michalsky, Y.-J. Zhang, A. J. Medford, A. A. Peterson, J.
Phys. Chem. C 2014, 118, 13026-13034.

S. Diaz-Coello, D. Winkler, C. Griesser, T. Moser, J. L.
Rodriguez, J. Kunze-Liebhéduser, G. Garcia, E. Pastor, ACS
Appl. Mater. Interfaces 2024, 16, 21877-21884.

S. K. Kim, Y. Qiu, Y.-J. Zhang, R. Hurt, A. Peterson, Appl.
Catal., B 2018, 235, 36-44.

H. H. Hwu, J. G. Chen, Chem. Rev. 2005, 105, 185-212.

D. V. Esposito, S. T. Hunt, A. L. Stottlemyer, K. D. Dobson, B.
E. McCandless, R. W. Birkmire, J. G. Chen, Angew. Chem. Int.
Ed. Engl. 2010, 49, 9859-9862.

D. V. Esposito, S. T. Hunt, Y. C. Kimmel, J. G. Chen, J. Am.
Chem. Soc. 2012, 134, 3025-3033.

M. Esmaeilirad, A. Baskin, A. Kondori, A. Sanz-Matias, J. Qian,
B. Song, M. Tamadoni Saray, K. Kucuk, A. R. Belmonte, P. N. M.
Delgado, J. Park, R. Azari, C. U. Segre, R. Shahbazian-Yassar,
D. Prendergast, M. Asadi, Nat. Commun. 2021, 12, 5067.

J. Wang, S. Kattel, C. J. Hawxhurst, J. H. Lee, B. M. Tackett, K.
Chang, N. Rui, C.-J. Liu, J. G. Chen, Angew. Chem. Int. Ed. Engl.
2019, 58, 6271-6275.

F. Yang, J. Pei, H. Zhao, J Phys. Chem. C 2023, 127,
11978-11985.

N. Shakibi Nia, O. Guillén-Villafuerte, C. Griesser, G. Manning,
J. Kunze-Liebhiuser, C. Arévalo, E. Pastor, G. Garcia, ACS
Catal. 2020, 10, 1113-1122.

O. T. Ajenifujah, A. Nouralishahi, S. Carl, S. C. Eady, Z. Jiang,
L. T. Thompson, Chem. Eng. J. 2021, 406, 126670.

Y. C. Kimmel, X. Xu, W. Yu, X. Yang, J. G. Chen, ACS Catal.
2014, 4, 1558-1562.

C. Griesser, H. Li, E.-M. Wernig, D. Winkler, N. Shakibi Nia,
T. Mairegger, T. Gotsch, T. Schachinger, A. Steiger-Thirsfeld, S.
Penner, D. Wielend, D. Egger, C. Scheurer, K. Reuter, J. Kunze-
Liebhéuser, ACS Catal. 2021, 11, 4920-4928.

H. Siegbahn, K. Siegbahn, J. Electron Spectrosc. Relat. Phenom.
1973, 2, 319-325.

C. Arble, M. Jia, J. T. Newberg, Surf. Sci. Rep. 2018, 73, 37-57.
S. Axnanda, E. J. Crumlin, B. Mao, S. Rani, R. Chang, P. G.
Karlsson, M. O. M. Edwards, M. Lundqvist, R. Moberg, P. Ross,
Z. Hussain, Z. Liu, Sci. Rep. 2015, 5, 9788.

C. Griesser, D. Winkler, T. Moser, L. Haug, M. Thaler,
E. Portenkirchner, B. Klotzer, S. Diaz-Coello, E. Pastor, J.
KunzeLiebhiuser, Electrochem. Sci. Adv. 2024, 4, ¢2300007.

C. Liu, Q. Dong, Y. Han, Y. Zang, H. Zhang, X. Xie, Y. Yu, Z.
Liu, Chin. J. Catal. 2022, 43, 2858-2870.

H. Javed, K. Kolmeijer, N. Klein, J. A. Trindell, G. Schneider, R.
V. Mom, Vacuum 2025, 231, 113755.

Communication

[21]
[22]
(23]
[24]
[25]

(26]

(27]

(28]
(29]
(30]

(31]
(32]

(33]

(34]

(35]
(36]
(371
(38]

(39]

[40]

Angewandte

intemationalEdition’;, ChEMie

D. Weingarth, A. Foelske-Schmitz, A. Wokaun, R. Kotz,
Electrochem. Commun. 2011, 13, 619-622.

Q. Gong, Y. Wang, Q. Hu, J. Zhou, R. Feng, P. N. Duchesne,
P. Zhang, F. Chen, N. Han, Y. Li, C. Jin, Y. Li, S.-T. Lee, Nat.
Commun. 2016, 7, 13216.

R. B. Levy, M. Boudart, Science 1973, 181, 547-549.

M. C. Weidman, D. V. Esposito, 1. J. Hsu, J. G. Chen, J
Electrochem. Soc. 2010, 157, F179.

S. T. Hunt, T. Nimmanwudipong, Y. Roman-Leshkov, Angew.
Chem. Int. Ed. Engl. 2014, 53, 5131-5136.

Y.-T. Xu, X. Xiao, Z.-M. Ye, S. Zhao, R. Shen, C.-T. He, J.-P.
Zhang, Y. Li, X.-M. Chen, J. Am. Chem. Soc. 2017, 139, 5285-
5288.

D. Gohl, A. M. Mingers, S. Geiger, M. Schalenbach, S.
Cherevko, J. Knossalla, D. Jalalpoor, F. Schiith, K. J. Mayrhofer,
M. Ledendecker, Electrochim. Acta 2018, 270, 70-76.

J. Huang, W. Hong, J. Li, B. Wang, W. Liu, Sustainable Energy
Fuels 2020, 4, 1078-1083.

Z. Chen, W. Gong, S. Cong, Z. Wang, G. Song, T. Pan, X. Tang,
J. Chen, W. Lu, Z. Zhao, Nano Energy 2020, 68, 104335.

S. Diaz-Coello, J. A. Palenzuela, M. M. Afonso, E. Pastor, G.
Garcia, J. Electroanal. Chem. 2021, 880, 114878.

B. R. Strohmeier, Surf. Interface Anal. 1990, 15, 51-56.

S. Diaz-Coello, G. Garcia, M. C. Arévalo, E. Pastor, Int. J.
Hydrogen Energy 2019, 44, 12576-12582.

L. Haug, C. Griesser, C. W. Thurner, D. Winkler, T. Moser, M.
Thaler, P. Bartl, M. Rainer, E. Portenkirchner, D. Schumacher,
K. Dierschke, N. Kopfle, S. Penner, M. K. Beyer, T. Loerting,
J. Kunze-Liebhiuser, B. Klotzer, Rev. Sci. Instrum. 2023, 94,
065104.

D. Teschner, J. Plescher, S. Piccinin, T. E. Jones, A. Hammud, F.
Schmidt, A. Knop-Gericke, H. Bluhm, A. Shavorskiy, J. Phys.
Chem. C 2024, 128, 7096-7105.

M. C. Weidman, D. V. Esposito, Y.-C. Hsu, J. G. Chen, J. Power
Sources 2012, 202, 11-17.

M. I. Nave, K. G. Kornev, Metall. Mater. Trans. A 2017, 48, 1414—
1424.

D. Dworschak, H.-W. Cheng, C.-S. Ku, C.-Y. Chiang, C.-H. Lin,
M. Valtiner, Corros. Sci. 2021, 190, 109629.

K. Momma, F. Izumi, J. Appl. Crystallogr. 2011, 44, 1272—
1276.

N. Fairley, V. Fernandez, M. Richard-Plouet, C. Guillot-Deudon,
J. Walton, E. Smith, D. Flahaut, M. Greiner, M. Biesinger, S.
Tougaard, D. Morgan, J. Baltrusaitis, Appl. Surf. Sci. Adv. 2021,
5,100112.

M. Favaro, B. Jeong, P. N. Ross, J. Yano, Z. Hussain, Z. Liu, E. J.
Crumlin, Nat. Commun. 2016, 7, 12695.

Manuscript received: January 13, 2025
Revised manuscript received: March 12, 2025
Accepted manuscript online: March 13, 2025
Version of record online: March 31, 2025

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

35UBD17 SUOLULLIOD dAIIER.D 3(dfed!dde au) Aq peueA0B ae SSPIL. YO ‘88N JO SN 0} AeiqiT 8UlUO A8]1A UO (SUORIPUOD-PUB-SWRIALIOD"AB |1 AReiq) 1 U1 |UO//SANY) SUORIPUOD Pue swid | 8u) 885 *[9202/70/20] U0 AfeiqiauliuO AB|IM * UBIA TRISIBAIN BUDSILUYS | - Biussely| pined Ag S9600S202 31Ue/Z00T OT/I0p/LL0D A3 | 1M Afeiq1|Bul uo//SdiY W1y paPeouMOd ‘92 ‘G202 ‘ELLETCST



	Surface Chemistry of WC Powder Electrocatalysts Probed In Situ with NAP-XPS
	 Supporting Information
	 Acknowledgements
	 Conflict of Interests
	 Data Availability Statement



