
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: Apr 26, 2024

In Situ Analysis of the Facets of Cu-Based Electrocatalysts in Alkaline Media Using Pb
Underpotential Deposition

Hochfilzer, Degenhart; Tiwari, Aarti; Clark, Ezra L.; Bjørnlund, Anton Simon; Maagaard, Thomas; Horch,
Sebastian; Seger, Brian; Chorkendorff, Ib; Kibsgaard, Jakob

Published in:
Langmuir

Link to article, DOI:
10.1021/acs.langmuir.1c02830

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Hochfilzer, D., Tiwari, A., Clark, E. L., Bjørnlund, A. S., Maagaard, T., Horch, S., Seger, B., Chorkendorff, I., &
Kibsgaard, J. (2022). In Situ Analysis of the Facets of Cu-Based Electrocatalysts in Alkaline Media Using Pb
Underpotential Deposition. Langmuir, 38(4), 1514-1521. https://doi.org/10.1021/acs.langmuir.1c02830

https://doi.org/10.1021/acs.langmuir.1c02830
https://orbit.dtu.dk/en/publications/f59a2023-dce7-45b6-82f9-2fcec445ba40
https://doi.org/10.1021/acs.langmuir.1c02830


In Situ Analysis of the Facets of Cu-Based Electrocatalysts in Alkaline
Media Using Pb Underpotential Deposition
Degenhart Hochfilzer, Aarti Tiwari, Ezra L. Clark, Anton Simon Bjørnlund, Thomas Maagaard,
Sebastian Horch, Brian Seger, Ib Chorkendorff, and Jakob Kibsgaard*

Cite This: Langmuir 2022, 38, 1514−1521 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Establishing relationships between the surface atomic structure and
activity of Cu-based electrocatalysts for CO2 and CO reduction is hindered by probable
surface restructuring under working conditions. Insights into these structural evolutions
are scarce as techniques for monitoring the surface facets in conventional experimental
designs are lacking. To directly correlate surface reconstructions to changes in
selectivity or activity, the development of surface-sensitive, electrochemical probes is
highly desirable. Here, we report the underpotential deposition of lead over three low
index Cu single crystals in alkaline media, the preferred electrolyte for CO reduction
studies. We find that underpotential deposition of Pb onto these facets occurs at distinct
potentials, and we use these benchmarks to probe the predominant facet of
polycrystalline Cu electrodes in situ. Finally, we demonstrate that Cu and Pb form
an irreversible surface alloy during underpotential deposition, which limits this method
to investigating the surface atomic structure after reaction.

■ INTRODUCTION

Copper (Cu) has been intensively investigated as an
electrocatalyst for various reactions including nitrate, carbon
dioxide (CO2), and carbon monoxide (CO) reduction.1−3

Electrochemical CO2 and CO reduction have attracted
significant attention as a potential approach for the sustainable
production of chemical feedstocks, such as ethylene and
ethanol.4,5 Following the pioneering work from Hori et al.,
significant efforts have been devoted to elucidating the
properties of Cu that enable it to catalyze the reduction of
CO2 and CO into high value hydrocarbons and oxygenated
products at relevant rates.6 Thereby, significant advancements
have been made in improving the performance of Cu-based
catalysts. However, to date, there is no consensus in the
literature on the reaction pathway, active sites, and rate-
determining steps toward the various reduction products.7−13

A key factor contributing to this discrepancy is most likely
the high mobility of Cu under reaction conditions, which leads
to morphological changes and restructuring of the catalyst
surface and thereby to a potential change of active sites over
time. Such restructuring processes are primarily investigated in
situ by scanning tunneling microscopy (STM) or grazing
incidence X-ray diffraction (GIXRD) at synchrotron facili-
ties.14,15 While these measurements provided indications of
possible restructuring processes, they are biased with respect to
the scanned location on the catalyst (for STM) or with respect
to the set of lattice planes being probed (for GIXRD).
Additionally, these measurements cannot easily be combined
with analytical techniques for product analysis, which hinders a

direct correlation between the surface facet distribution and
either activity or selectivity. It is therefore tempting to study
morphological changes of the catalyst surface ex situ after the
reaction. However, this approach carries a significant pitfall as
Cu catalysts are intrinsically unstable at open circuit potential,
and possible changes in the catalyst morphology during cell
disassembly can therefore not be excluded.16 Additionally, Cu
oxidizes rapidly when exposed to air, which possibly also leads
to restructuring of the catalyst.
It is therefore highly desirable to develop electrochemical

probes that are surface sensitive and can probe changes in the
surface atomic structure in situ without exposure to air. For CO
reduction under alkaline conditions recent approaches have
focused on the hydroxide adsorption and desorption features
on Cu catalysts or the hydroxide mediated surface oxidation of
Cu.17,18 While these features in the so-called fingerprint region
can give insight into the surface atomic structure, there are Cu
catalysts without pronounced features in this region.19,20

Additionally, the probed potential range is dominated by CO
oxidation in CO saturated electrolytes, masking the usually
investigated features.21 This motivates the development of
more universal electrochemical probes.
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A potential candidate is underpotential deposition (UPD),
which is a self-limiting process that allows for a controlled
electrochemical deposition of a (sub)monolayer of a metal on
another metal. This is a well-established electrochemical
method that has been used to synthesize catalyst overlayers,
poison specific surface sites or determine the surface area of a
catalyst.22−24 In general, the process enables the deposition of
metals with a lower work function on to metals with a higher
work function, which offers various material combinations that
have been explored in the literature.25,26 The method’s
dependence on the work function of the substrate also
makes the process sensitive to the surface atomic structure of
the substrate as different crystal facets have different work
functions. This sensitivity results in defined UPD shifts for the
respective crystal orientations. An expected UPD shift (ΔUP),
which has been defined as the difference between multilayer
stripping and the stripping of the UPD monolayer, can be
calculated according to eq 1.25

α φ αΔ = Δ =U with 0.5 V/eVP (1)

Here, Δφ is the difference in work function between the
substrate and the adlayer and α is an empirically determined
correlation parameter.25 This has been utilized in the literature
to study the surface atomic structure of noble metals such as
Au or Pt under acidic and basic conditions.27 However, despite
the significant influence of the surface atomic structure of Cu
on its CO reduction activity and selectivity, a similar approach
has not been taken to investigate Cu surfaces under alkaline
conditions. Only during the preparation of this work has there
been a study reporting on the electrochemical characterization
of Cu catalysts with Pb-UPD in acidic, halide-containing
solutions.28 This study electrochemically probed the surface
atomic structure of polycrystalline Cu electrodes; however, the
work is limited to acidic electrolytes. Thereby, a direct
application of the method after experiments in alkaline
environments, the preferred conditions for electrochemical
CO reduction, is hindered. In the course of the necessary
electrolyte exchange, the catalyst easily oxidizes in air and
needs to be rereduced in the new electrolyte prior to Pb-UPD.

Figure 1. Cyclic voltammograms in 0.1 M KOH and 0.1 M KOH + 1 mM Pb(NO3)2 at 10 mV/s of (a) Cu(111), (b) Cu(100), and (c) Cu(110).
(d) Overlaid Pb-UPD responses of Cu(111), Cu(100), and Cu(110). Orange arrows indicate the scan direction.
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This does not only limit the advantages over alternative ex situ
surface analysis techniques but also carries a significant pitfall
as a recent study showed that surface restructuring can
originate from oxidation and reduction cycles.29 Furthermore,
the approach requires the presence of halides to obtain well-
defined UPD features, which have been shown to alter the
surface morphology of Cu.30 Additionally, investigations of the
surface composition after UPD are necessary to evaluate
whether Pb-UPD can be performed before and after the
reaction on the same Cu sample.
To address these gaps, we present in this paper Pb-UPD

experiments in 0.1 M KOH on Cu(111), Cu(100), and
Cu(110) and utilize these benchmark cyclic voltammograms
(CVs) to electrochemically probe the surface atomic structure
of polycrystalline Cu stubs and a sputtered Cu thin film in
alkaline conditions. The measurements on single crystal
electrodes additionally allow us to show that sharp Pb
underpotential deposition on Cu is not fundamentally linked
to chloride but an effect of specifically adsorbed anions in
general. Furthermore, we show by X-ray photoelectron
spectroscopy (XPS) and low energy ion spectroscopy (LEIS)
that Pb forms an irreversible surface alloy with Cu upon UPD,
which is in agreement with an earlier STM investigation.31

Thus, low amounts of Pb in Cu are even detectable after the
UPD strip is completed, which entails this method is best
suited for postreaction monitoring of the surface atomic
structure, whereas prereaction monitoring would entail a Pb-
contaminated Cu.

■ EXPERIMENTAL SECTION
Electrochemical Measurements. All electrochemical measure-

ments were performed in a PTFE cell with a reversible hydrogen or
Hg/Hg2SO4 reference electrode, which was calibrated vs the
reversible hydrogen electrode before each experiment. As a counter
electrode, a Au wire or a graphite rod was used. The electrolyte was in
all cases 0.1 M KOH (Merck, purity 99.995%), which was prepared in
a PFA flask.
The Cu(111), Cu(110), and Cu(100) single crystals were obtained

from Mateck with a purity of 99.9999%. Following our previous work,
the Cu single crystals were prepared by electropolishing in 66%
phosphoric acid (prepared from 85% EMSURE, Merck) for 1 min at
2 V vs RHE, and CVs were recorded in 0.1 M KOH in the fingerprint
region of the respective single crystals to ensure that the surface is well
ordered (Figure S1a−c).21 Subsequently, Pb was added from a 0.1 M
Pb(NO3)2 stock solution (Sigma-Aldrich, purity 99.999%) during a
constant potential hold at 0.4 V vs RHE.
The electrochemical CO reduction experiment was performed with

a rotating disk electrode at a rotation rate of 1600 rpm to avoid
bubble formation. Additionally, a carbonyl filter was used to purify the
CO from transition metal carbonyls.32

After each Pb-UPD experiment the PTFE cell was cleaned in aqua
regia overnight, washed several times with Milli-Q water, and
subsequently stored in an oven at 100 °C for several hours to
remove aqua regia residues from the porous PTFE polymer.
The Cu stubs were cut from a Cu rod (Mateck, purity 99.9999%)

and subsequently electropolished in 66% H3PO4 (85% EMSURE,
Merck) at 2 V vs Cu for 2 min or mechanically polished with SiC
abrasive paper (CarbiMet, P1200).
The electropolishing step also removed the incorporated Pb in the

Cu electrodes after Pb-UPD to have a Pb-free Cu electrode at the
start of each experiment.
The Cu thin film was sputter-deposited from a Cu target (AJA

International, purity 99.995%) in a commercial sputter chamber (AJA
International) with a growth rate of 1 Å/s on glassy carbon stubs
(SIGRADUR) for electrochemical experiments and on a Si(100)

wafer (Silicon Materials) for XRD characterization. For the glassy
carbon samples additionally a 5 nm Ti adhesion layer was deposited.

X-ray Diffraction. Symmetric X-ray diffraction experiments were
performed by using a PAN-analytical Empyrian diffractometer with
Cu Kα radiation (λ = 1.54178 Å).

X-ray Photoelectron Spectroscopy and Low Energy Ion
Scattering. X-ray photoelectron spectroscopy (XPS) was performed
on a ThermoScientific Thetaprobe spectroscope with a monochro-
matic Al Kα source. Survey scans were performed with a pass energy
of 200 eV, a step size of 1 eV, and a dwell time of 50 ms. Additionally,
scans in the region of Cu 2p and Pb 4f were performed at a step size
of 0.1 eV. The data analysis was performed with the Thermo Avantage
software.

Ion scattering spectroscopy was performed with the same setup in
CRR mode at a He pressure of 2 × 10−7 mbar. The instrument
settings were a retardation ratio of 2.5 with a step size of 1 eV and a
dwell time of 50 ms with an ion gun set to 1 keV.

■ RESULTS AND DISCUSSION
Figures 1a−c show the steady-state CVs for Pb-UPD for the
three low index Cu(hkl) single crystals and the respective CVs
in the same potential range without Pb in solution.
The potential limits have been chosen to completely strip

the Pb monolayer on the anodic end and to avoid significant
bulk Pb deposition on the cathodic end. In this potential range,
each facet shows a sharp and distinct monolayer deposition of
Pb (in the cathodic going scan) according to eq 2

+ + → +

= −

− − −

E

HPbO 2e H O Pb 3OH

( 0.540 V for multilayer deposition)
2 2

0
(2)

and stripping (in the anodic going scan) as expected based on
their different work functions (Table 1). As predicted by eq 1,

the Cu(111) surface has the largest UPD shift of 0.169 V. In
line with the lower work function of Cu(100) and Cu(110),
which has been shown to most likely reconstruct to Cu(110)-
(1 × 2) in the studied potential range, Pb-UPD occurs at more
cathodic potentials on these single crystals (Figures 1b,c and
Table 1).17 However, while the calculation suggests the
smallest UPD shift on Cu(110)-(1 × 2), we found
experimentally the smallest UPD shift on Cu(100) instead.
Furthermore, the reversible potentials for Pb-UPD on all single
crystals are significantly more cathodic than predicted.
While some uncertainty arises from the spread of reported

work functions for the Cu single crystals in the literature, this
spread is not sufficient to explain our observation.33 We rather
reason our experimental trend by the influence of hydroxide
ions, which are specifically adsorbed on all single crystals prior
to Pb-UPD. By correlating the difference between the expected

Table 1. Measured and Expected Values for the
Underpotential Shifta

ΔUP
Meas

(V)
ΔUP

Exp

(V)
QUPD

(mC cm−2)
QOH

(mC cm−2)
QUPD − QOH
(mC cm−2)

Cu(100) 0.133 0.244 0.49 0.058 0.43
Cu(111) 0.169 0.366 0.54 0.078 0.46
Cu(110) 0.157 0.229 0.49 0.025 0.46

aThe expected value was calculated based on eq 1 while the
experimental value was evaluated by using the main UPD stripping
peak on the respective single crystals and the reversible potential of eq
2. Measured charge for the UPD of Pb on Cu and OH desorption
charge. Work functions for the calculation of the expected UPD shift
and OH adsorption charges are taken from ref 17.
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UPD shift and the measured UPD shift with the amount of
specifically adsorbed hydroxide anions, it is evident that a
larger OH coverage results in a larger deviation from the
expected value (Figure S2). As Cu(100) has a significantly
higher OH coverage prior to Pb-UPD compared to Cu(110)-
(1 × 2), the shift toward more cathodic potentials is more
pronounced and results in Pb monolayer deposition at the
most negative potential on the Cu(100) surface. The influence
of specifically adsorbed anions on the UPD process has been
reasoned in the past by a partial electron transfer between the
anion and the surface, which reduces the effective work
function of the metal.25 This reduces the difference in work
functions between the substrate and the UPD adlayer, resulting
in a shift of the UPD peak to more negative potentials such as
predicted by eq 1. Alternatively, a decline in the UPD shift has
been also reasoned by the formation of a 2D adlayer of the
specifically adsorbed ion on the metal substrate (in our case
(CuOH)2D).

34,35 The UPD then proceeds by the replacement
of the OH adlayer with a Pb adlayer, which results in a negative

shift of the UPD peaks compared to the deposition on the
metallic substrate. Additionally, the OH desorption charge also
has to be considered when calculating the Pb-UPD charge as
OH has to be displaced to deposit Pb (Table 1).
In comparison to the Pb deposition peaks, the monolayer

stripping peaks are less separated on the different single
crystals (Figure 1d). This results from a higher reversibility of
the UPD process on Cu(111) compared to Cu(100) and
Cu(110)-(1 × 2). The higher reversibility of Pb-UPD on
Cu(111) is potentially linked to the higher OH coverage on
this single crystal. Specifically adsorbed anions have been
proposed to improve the reaction kinetics of UPD processes by
accelerating the transfer of electrons as a bridging species or by
breaking the hydration shell of the metal ion in solution.35

Alternatively, the difference in reversibility could also be the
result of different alloying and dealloying kinetics on the
different single crystals as Cu and Pb have been shown to form
a surface alloy.36,37 While this surface alloy has been
investigated in detail by surface science methods, little is

Figure 2. (a) Pb-UPD on a sputtered Cu thin film and Cu(111) at 10 mV/s. (b) Fingerprint CV of a mechanically polished Cu stub at 50 mV/s.
(c) Fingerprint CV of an electropolished Cu stub at 50 mV/s. (d) Pb-UPD on the electrochemically as well as mechanically polished Cu stub and
Cu(100) at 10 mV/s. Orange arrows indicate the scan direction.
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known about the influence of Pb on the electrochemical
characteristics of Cu.36−39

With the benchmark CVs on the low index Cu single crystals
established, we investigated the Pb-UPD response on
polycrystalline Cu electrodes, which are generally used in the
literature to study the CO reduction activity of Cu (Figure 2).
We investigated two types of polycrystalline Cu samples,

namely, a sputtered thin film and a Cu stub. The sputtered film
is expected to have a predominant (111) texture, which is also
confirmed by X-ray diffraction and the fingerprint CV (Figures
S3 and S4).40 In line with this characterization, the Pb-UPD
response of the sputtered Cu thin film is in good agreement
with the Cu(111) single crystal, confirming that Pb-UPD can
probe the surface of a polycrystalline material in alkaline
conditions (Figure 2a). Building on this successful application
of our methodology, we studied the Pb-UPD response of a
polycrystalline Cu stub prepared by either electropolishing or
mechanical polishing. The electrode prepared by electro-
polishing shows defined OH adsorption and desorption
features that can be ascribed to the presence of Cu(100)
(Figure 2c).20 However, it should be noted that previously a
preferential Cu(111) texture on polycrystalline Cu stubs has
been reported.28 The discrepancy in the exposed facets
possibly results from a different history of the samples or the
exact preparation procedure. This result also highlights the
importance of characterizing the exposed facets of polycrystal-
line samples under working conditions, as nominally similar
samples can expose different facets.
When the electrode is prepared by mechanical polishing, the

defined fingerprint features vanish, which hinders the electro-
chemical characterization of the electrode based on cycling in
the fingerprint region alone (Figure 2b).19,20 However, the
surface atomic structure can be elucidated by Pb-UPD, which
reveals a preferential Cu(100) texture for the electrochemically
and mechanically polished surface based on a very good
agreement of the Pb monolayer deposition peak on both
polycrystalline surfaces with the Cu(100) single crystal (Figure
2d). While the flat surface prepared by electropolishing also
shows good agreement based on the stripping peak, this is not
true for the surface prepared by mechanical polishing. We
speculate that this lower reversibility of the process is linked to
the rougher surface created by mechanical polishing (rough-
ness factor of 2.6 for the mechanically polished sample and 1.0
for the electropolished sample such as described in detail in the
Supporting Information) as Pb-UPD has been shown to be

compromised on rough surface structures as a result of their
porous morphology.18

After the mechanical polishing step on the rough SiC
abrasive paper, it was investigated if the OH adsorption and
desorption peaks can be recovered by subsequent electro-
polishing. However, even after repeated electropolishing at 2 V
vs Cu in 66% phosphoric acid, the fingerprint CV shows no
defined OH features (Figure S5). This result indicates that the
electrode history significantly influences the observed
adsorption features, and a simple electropolishing step cannot
reset the electrode surface structure. Potentially the electrode
needs to be polished with finer diamond or alumina paste and
subsequently electropolished and/or annealed to reset the
electrode. Additional research is necessary to elucidate the
influence of electrode history on the adsorption features and
reactivity and how to reset the electrode surface. We
emphasize that if an electrode is reused for several experiments,
then the surface structure should be checked for each
experiment.
To evaluate whether the surface atomic structure of Cu-

based catalysts can be probed before and after reaction, the
influence of Pb on the electrochemical response of the Cu
single crystals was investigated. Thereby, the steady-state cyclic
voltammograms in Pb free solutions were compared to the
steady state Pb-UPD voltammograms (Figures 1a−c).
Especially for Cu(111), it becomes apparent that Cu does
not undergo surface oxidation in the studied potential range in
Pb containing solution even after the Pb stripping peak has
been completed. This observation is surprising, as Pb ions in
solution are not expected to inhibit the surface oxidation
process. It is therefore likely that the Cu surface undergoes an
irreversible change during the UPD process, which makes Cu
more noble. A similar reduction in oxophilicity has also been
observed in the literature for compressively strained Cu−Ag
surface alloys where even a small fraction of Ag (∼3 atomic %)
was sufficient to alter the electrochemical characteristics of
Cu.41 Therefore, we expect an incorporation of Pb atoms into
the Cu surface is likely to have a similar effect as Pb is also
larger than Cu (similar to Ag). The Pb compresses the
neighboring Cu atoms leading to a larger orbital overlap, which
broadens the d-band of Cu. To maintain a constant filling, the
d-band of Cu moves down which makes Cu less reactive (less
oxophilic).42

To investigate this hypothesis, Cu(111) was held at 0.5 V vs
RHE after Pb-UPD, and the crystal was then analyzed with X-
ray photoelectron spectroscopy (XPS) and low energy ion

Figure 3. XPS core level scans of Cu 2p (a) and Pb 4f (b) and LEIS scans with 1 keV acceleration voltage (c) of Cu(111). The electrode was
polarized to 0.5 V vs RHE prior to breaking contact with the electrolyte.
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scattering (LEIS) (Figures 3a−c and Figure S6) after rinsing
the sample thoroughly with Milli-Q water.
With both techniques, a significant amount of Pb was

detectable on Cu with a near surface composition of ∼4%
based on XPS. The residual amount of lead results from the
irreversible incorporation of Pb into Cu during UPD as Pb
does not galvanically exchange with Cu, and Pb is not expected
to deposit onto Cu at open circuit voltage. This result is also
supported by an earlier STM study that showed irreversible
alloy formation of Cu and Pb upon UPD.31 The formation of a
surface alloy is an interesting observation as it shows that not
only overlayers, but also surface alloys, can be synthesized in
situ via underpotential deposition, which opens a new route of
synthesizing this material class. This approach should be
investigated in more detail in the future. However, this
irreversible surface alloy formation also limits the applicability
of Pb-UPD as a probe for the surface atomic structure of Cu-
based catalysts to an analysis after the reaction.
To illustrate the potential of our developed method, we

performed Pb-UPD after a 1 h CO reduction experiment at
−0.7 V vs RHE (close to where a maximum in the ethylene
partial current density for CO reduction on a polycrystalline
Cu sample has been observed18). The investigated sample was
a 200 nm sputtered film on a glassy carbon substrate that is
nominally identical with the film investigated in Figure 2a.
Compared to the Pb-UPD experiment on the sample before
the reaction (Figure 2a), the underpotential deposition peak
after CO reduction shifts from 0.354 V vs RHE to 0.322 V vs
RHE, indicating a potential reconstruction of the sputtered Cu
thin film (Figure S7). It should be stressed that the experiment
was performed in a one-compartment cell with a graphite
anode. Future experiments should be performed in a two-
compartment cell with a membrane to separate anode and
cathode. Additionally, these experiments should be combined
with online product detection to directly correlate changes in
the surface atomic structure to changes in the catalyst activity.

■ CONCLUSIONS
In summary, we successfully performed Pb-UPD on the three
low index Cu single crystals under alkaline conditions and
discussed the influence of specifically adsorbed hydroxide ions
on the monolayer deposition and stripping of Pb. Using XPS
and LEIS, we demonstrated that Cu and Pb form a surface
alloy, which substantially alters the oxophilicity of Cu. This
shows that UPD not only is a viable method to synthesize
defined overlayer structures but also can be used for the in situ
synthesis of surface alloys, which potentially can be viable
catalysts for various reactions.24,43 We then applied this
knowledge to successfully probe the surface atomic structure
of polycrystalline electrodes under alkaline conditions based on
the established benchmark CVs of Pb-UPD on the Cu single
crystals. Finally, we performed Pb-UPD on a 200 nm Cu thin
film after 1 h CO reduction at −0.7 V vs RHE, which indicates
a potential reconstruction of the sputtered thin film. We expect
that this approach will facilitate the investigation of
restructuring processes during electrochemical CO reduction
in alkaline media as a post reaction UPD can be performed in
the cell designs generally used for electrochemical CO
reduction. Furthermore, we believe that underpotential
deposition can be of general importance to characterize
transition-metal-based electrodes as many catalysts are
unstable under open circuit potential which compromises ex
situ characterization techniques.44 Beyond monometallic

systems, the work function dependence of underpotential
deposition can also be viable to determine the surface
composition of alloys which can suffer from segregation
induced by adsorption processes or the dissolution of one alloy
component.45−47
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