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Toward understanding CO oxidation
on high-entropy alloy electrocatalysts

Maria Paula Salinas-Quezada,® Jack K. Pedersen,® Paula Sebastian-Pascual,®
Ib Chorkendorff,? Krishanu Biswas,® Jan Rossmeisl {2 *@ and
Maria Escudero-Escribano (2 xad€

Understanding the catalytic activity of high-entropy alloys (HEAs) toward the conversion of small
molecules such as carbon monoxide (CO) can provide insight into their structure—property relations.
The identification of specific descriptors that govern the CO oxidation on HEAs is crucial to design new
materials with customized compositions and structures. Herein, we have rationally assessed the CO
oxidation mechanism on an extended AgAuCuPdPt HEA electrocatalyst under an acidic electrolyte.
We compare the HEA performance with respect to platinum (Pt), palladium (Pd), and gold (Au) mono-
metallic surfaces for CO oxidation. We also evaluated the same reaction on a binary AuPd alloy and a
quaternary AuCuPdPt polycrystalline alloy with the aim of understanding the surface composition effects
of the HEA. To provide insights into the descriptors controlling the CO oxidation mechanism and over-
potential of the different alloy chemistry, we have combined cyclic voltammetry, surface-sensitive
characterisation techniques and density functional theory (DFT) simulations. We show that silver (Ag) can
improve the catalytic oxidation of CO by perturbing the *OH adsorption energy of Pd, leading to a
lower onset potential. Additionally, we observed that Au segregates on the surface and that Cu is not
stable at high applied potentials after CO oxidation. We highlight that HEA electrocatalysts are a valuable
platform for designing more active and selective electrocatalyst surfaces.

In the last decade, the field of catalysis has witnessed a paradigm shift with the emergence of high entropy alloys (HEAs) as a versatile platform for designing
novel catalytic materials. HEAs are promising electrocatalysts for reactions including the electrochemical conversion of small molecules such as carbon
monoxide (CO). Electrocatalytic CO oxidation is a key reaction in sustainable energy conversion technologies such as low-temperature fuel cells. Herein, we

combine electrochemical methods, ex situ surface-sensitive characterisation and theoretical calculations to investigate CO oxidation on an extended
AgAuCuPdPt HEA electrocatalyst. This combination reveals that Ag can enhance CO oxidation. Moreover, we observe Au segregation and Cu instability at
high applied potentials after CO oxidation. Insights from our work could help to explore the potential of HEAs in the critical realm of electrocatalysis. This is in
line with the broader goal of finding sustainable energy solutions and highlights the significant role that materials science can play in addressing pressing

environmental, scientific, and technological challenges.
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1. Introduction

The development of a decarbonised economy based on renew-
able energy conversion and storage is a prospective solution for
the green transition toward the replacement of fossil fuels by
sustainable energy and clean technologies."” Electrocatalysts
are crucial in the efficient conversion of energy in fuel cells by
converting chemical energy directly into electricity through
electrochemical reactions.®”> However, one major drawback of
low-temperature fuel cells such as direct formic acid or direct
alcohol fuel cells (DFAFC or DAFC, respectively) is the for-
mation of CO during the oxidation reactions taking place at
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the fuel cell device (oxidation of formic acid, methanol or
ethanol), which poisons the anode.® The poisoning occurs
when CO molecules bind tightly to the catalytically active sites,
causing a decrease in the fuel cell performance.®” Pt has
extensively been studied as an electrocatalyst for low-
temperature fuel cells, and its high affinity for CO adsorption
decreases its activity in low-potential alcohol oxidation.>® As a
result, there is a renewed interest in finding and developing
advanced electrocatalysts with higher CO tolerance.'®"!
To design catalysts that actively oxidize CO, it is crucial to
understand the mechanisms and descriptors that govern this
reaction on different surface structures and compositions.

The oxidation of CO on platinum-group metals has been
extensively studied and is best described by a Langmuir-
Hinshelwood (LH) mechanism proposed by Gilman.'” In acidic
media, the co-adsorption of carbon monoxide CO,qs and
surface oxygen-containing species such as OH,qs, derived from
water, react to form CO,, as is shown in the following
equations:

H,O0+* & *OH+H" +e”

*CO + *OH — CO, + H + e~ + 2%

where the * indicates a free site on the platinum surface. The
rate of this reaction depends on the ability of the catalyst
surface to bind both *OH and *CO, the key intermediates of
the reaction, and how quickly these intermediates diffuse on
the surface.”* To reduce the CO poisoning effect on Pt and
enhance the oxidation with lower applied potentials, different
strategies have been used, such as combining or alloying Pt
with other metals.'® A representative example is the PtRu alloy.
Adding Ru to create a PtRu alloy allows for oxygen-containing
species on the surface at lower potentials than on Pt, which reacts
to CO promoting its oxidation at lower overpotentials.”'®®
Furthermore, an increase in the rate of oxidation of small organic
molecules like formic acid and the oxidation of CO was observed
on Pt-Au, Pd-Pt and Pd-Au surfaces. In the case of Pt-Au, the
added Au segregates on the surface, reducing the number of Pt
sites, to adsorb CO, reducing the poisoning effects and improving
the formic acid oxidation activity.'”'® Another representative
example is the deposition of a Pd monolayer onto the Pt surface.
This process increases the coverage of formate and blocks the sites
for *COOH formation, which is the *CO precursor. As a result, it
reduces the *CO binding and prevents surface poisoning during
formic acid oxidation.*>*® In the literature, it is reported that the
presence of Au in Pd-Au alloys may weaken the adsorption
strength of CO-Pd due to ligand or ensemble effects, or because
Au on the surface reduces the number of Pd surface sites available
to adsorb CO. As a result, CO surface poisoning decreases and
active formic acid oxidation is enhanced.>**® Moreover, the addi-
tion of Au increases the potential window at which oxygenated
species adsorb on the surface, reducing the coverage of oxygenates
to the benefit of more stable formic acid oxidation.
Understanding the adsorption of *OH and not only of *CO
on bimetallic and multimetallic alloys such as high-entropy
alloys (HEAs), is key to designing more active and stable
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catalysts. This is because *OH is a key descriptor for the
catalytic activity of CO oxidation that can be selectively tuned
by tailoring the chemical environment in the surface alloy.>*?*
Yeh et al.*® defined a HEA as an alloy that consists of at least
five metals with molar fractions ranging from 5-35%. HEAs
have been claimed to possess promising and tunable electro-
catalytic properties due to the possibility of selectively tuning
the binding site energies through rational combination of
elements.”” ' HEAs differ from traditional alloys because they
contain multiple elements, leading to an increased number of
binding sites. This enhances the likelihood of an electrocatalytic
active site being present, which can be achieved by adjusting the
alloy chemistry.”>**> To understand the relationship between the
surface structure and the electrocatalytic activity and selectivity of
electrocatalysts, it is crucial to carry out benchmarking of the new
surfaces with model-extended surfaces such as single-crystalline
or polycrystalline electrodes, which have widely been charac-
terized.**** From a fundamental perspective, studying the electro-
oxidation of CO on extended HEAs could provide a better under-
standing of the correlation between CO electrocatalysis and the
active site distribution of the surface.

In this work, we rationally assess the oxidation of carbon
monoxide on an extended AgAuCuPdPt HEA electrocatalyst.
We have compared the electrocatalytic activity of the HEA with
respect to monometallic surfaces (Pt, Pd, Au), bimetallic AuPd
alloy, and the quaternary AuCuPdPt alloy in acidic media.
These monometallic and alloy surfaces have been selected
to assess the role or contribution of each metal present in the
HEA towards the CO oxidation. To describe how the surface
composition affects the CO oxidation mechanism and over-
potential, we combine electrochemical measurements and
surface-sensitive techniques with DFT calculations. Addition-
ally, we investigate surface segregation after electrochemistry
with ex situ X-ray photoelectron spectroscopy (XPS) and ion
scattering spectroscopy (ISS), providing a detailed insight into
the HEAs surface composition before and after the electro-
chemistry. This research provides a key to design new strategies
and materials to selectively tune the *CO and *OH descriptors
for active CO oxidation on metal alloys through the combi-
nation of multiple elements.

2. Experimental

2.1. Preparation of the extended high-entropy alloy
electrocatalysts

The extended AgAuCuPdPt high-entropy alloy and AuCuPdPt
quaternary alloy were synthesized by vacuum arc melting under
a high-purity argon atmosphere, where the purity of the metals
Cu, Ag, Au, Pt, and Pd was 99.99 atomic percent (at%), from
Alfa Aesar, USA. More specific details on the synthesis process
can be found in a previous work by Katiyar et al.*

2.2. Surface pretreatment

The working electrodes used for the electrochemical measure-
ments were an extended HEA (AgAuCuPdPt; 5 X 5 mm), a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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quaternary alloy (AuCuPdPt; 5 x 5 mm), a polycrystalline Pd
disk (Mateck, 99.999% purity; 5 x 3 mm), a polycrystalline
Au disk (Mateck, 99.999% purity; 5 x 3 mm), a polycrystalline
Pt disk (Mateck, 99.999% purity; 3 x 3 mm), and a PdAu alloy
(Mateck, 99.999% purity; 5 x 3 mm). All the working electrodes
have a geometric area of 0.1963 cm” except for the Pt disk,
which is 0.0707 cm? Before the electrochemical measure-
ments, the working electrodes were manually polished using
alumina slurries (Struers, Germany) of progressively smaller
particle sizes (1, 0.3, and 0.05 um) to achieve a mirror-like
finish. Subsequently, the working electrodes were cleaned in an
ultrasonic bath with Milli-Q water (18.2 MQ c¢cm, TOC < 3 ppm)
three times for 10 minutes. The working electrodes underwent
an electrochemical pre-treatment cleaning process. In the case
of Pt and Au, they were cycled from 0.05 to 1.3 V vs. RHE, while
in the case of Pd, they were cycled from 0.2 to 1.3 Vvs. RHE, at a
rate of 500 mV s~ ' in 0.1 M HCIO, until a stable cyclic
voltammogram was observed. However, the AuPd, AuCuPdPt
and AgAuCuPdPt electrodes were cycled from —0.05 to 1 V vs.
RHE 500 mV s~ ' in 0.1 M HCIlO,. The blank cyclic voltammo-
grams of the HEA before and after the surface pre-treatment are
shown in Fig. S3 of the ESL¥

All glassware was cleaned by soaking them in a saturated
potassium permanganate solution (KMnO,) overnight and rin-
sing it with Milli-Q water (18.2 MQ cm, TOC < 3 ppm) and a
solution consisting of a mixture of 3:1 30% H,0, and 96%
H,S0,. These cleaning steps were followed by multiple heating
runs and rinsing with Milli-Q water (18.2 MQ cm, TOC < 3
ppm) to remove any sulphate traces.

2.3. Electrochemical measurements

All the experiments were carried out at room temperature.
As electrolyte, we used 0.1 M HClO, (Sigma Aldrich 70%,
99.999% trace metals basis), which was prepared with Milli-Q
water (18.2 MQ c¢cm, TOC < 3 ppm). Argon (Airliquid, Ar >
99.999%) was used to deoxygenate the solutions, and CO (Air-
liquid, 99.97%) was used to dose CO. The electrochemical experi-
ments were carried out in a single-compartment three-electrode
setup and were executed using a VSP-300 potentiostat (Bio-Logic
instruments) controlled by a computer. The working electrodes
were tested in a meniscus configuration; a Pt mesh was used as a
counter electrode, and a reversible hydrogen electrode (RHE) was
used as a reference electrode and placed in a Luggin capillary.
Blank cyclic voltammograms were performed at 50 mV s~
in an Ar-saturated 0.1 M HCIlO, electrolyte. Prior to the CO
oxidation measurements, the cell was bubbled with CO for
10 min while keeping the working electrodes at open circuit
potential to make sure the cell environment was saturated with
CO. Then, the catalytic measurements were recorded in a CO-
saturated 0.1 M HCIO, electrolyte. All the CO oxidation cyclic

voltammograms were carried out at 50 mV s~ .

1

2.4. Ion scattering spectroscopy (ISS) and X-ray photoelectron
spectroscopy (XPS) analysis

ISS and XPS measurements were performed by a Theta Probe
instrument (Thermo Scientific) using an Al anode X-ray source

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Ko line = 1486.6 eV, pass energy 50 eV). The ISS base pressure
was <5.9 x 10~ ° mbar, and the ISS spectra were acquired with
He" ions at 1 keV energy. The scattering angle for ISS was 125°,
and the incidence angle of the ion beam was 45°. Initially,
20 scans were performed in order to clean the surface from
impurities collected during the transfer, but we only considered
the fifth cycle. Each scan took approximately one minute. The
XPS survey spectra are represented in Fig. S5 of the ESL.{ The
XPS spectra were collected with a pass energy of 50 eV with a
step size of 0.1 eV and a dwell time of 50 ms for 50 scans. For
the XPS data analysis, we used CasaXPS software.

2.5. Density functional theory (DFT) simulations

DFT simulations were performed with the GPAW code (version
22.1.0)***” for obtaining energies and ASE (version 3.22.1)*® for
manipulating and optimizing atomic geometries. Energies were
calculated with the RPBE functional®® using periodic planewave
wavefunctions with an energy cut-off of 400 eV. The periodically
repeated surface slabs were constructed as (111) terminated
face-centered cubic surfaces sized 3 x 2 atoms with 5 layers of
atoms and 10 A of vacuum above and below the slab. The three
bottom layers were fixed during the geometry optimization to
simulate a rigid bulk crystal. For alloys, disordered arrange-
ments of the surface were simulated by selecting the elements
at random. The lattice constant of the slabs was set as the
average of the constituent elements of the top layer.*® The
Brillouin zone of the surface slabs was sampled on a uniformly
spaced grid of 4 x 6 x 1 k-points. Molecules were simulated in
periodically repeated unit cells sized 25 x 25 x 25 A.
All structures were relaxed to a force below 0.03 eV A'. For
ease of reproducibility, structures and scripts used in the
simulations in the current work have been made publicly
available at https://nano.ku.dk/english/research/theoretical-
electrocatalysis/katladb/co-oxidation-on-agaucupdpt.

3. Results and discussion

To understand the voltammetric fingerprint of the electrode-
electrolyte interface, it is crucial to report the base cyclic
voltammograms.? Fig. 1A shows the base cyclic voltammo-
grams (CVs) of the extended AgAuCuPdPt HEA in contact with
0.1 M HCIO, under two different potential windows. In the top
CV, the upper and lower potential limits are 1.0 V vs. RHE and
0.05 V vs. RHE, respectively. The blank CV shows two main
voltammetric regions, the hydrogen adsorption/desorption
region below <0.3 V vs. RHE and the double layer or pseudo-
capacitive region between 0.4 and 0.9 V vs. RHE. The CV profile
for the extended AgAuCuPdPt HEA in Fig. 1A shows reduced
charges in the hydrogen adsorption/desorption region compared
to polycrystalline Pt. The charge for HEAs was 160 uC cm 2
whereas the charge reported for a monolayer on polycrystalline
Pt is 210 puC em ™2, showing a lower coverage of adsorbates on the
HEAs.*" By enlarging the potential limits of the CV to 1.3 V vs.
RHE, new features in the anodic and cathodic regions appear, as at
potentials more positive than 0.9 V vs. RHE, the oxide growth

EES Catal., 2024, 2, 941-952 | 943
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Fig. 1 (A) Blank cyclic voltammograms of an extended AgAUCUPdPt HEA in contact with 0.1 M HCLO, saturated in an Ar atmosphere at 50 mV s* at two
different potential windows. (B) The magenta solid line corresponds to the CO oxidation curve in CO-saturated atmosphere at 50 mV s~* and the grey
shadow to the blank cyclic voltammogram on the extended AgAuCuPdPt HEA.

region appears. The cyclic voltammogram displays the voltam-
metric fingerprint of the HEA through its applied potential and
surface-sensitive features, such as the hydrogen adsorption/
desorption and the oxide regions that distinguish it from its
individual metal components.**™*> Notably, the oxide formation
on the HEA starts near 0.9 V vs. RHE, which in comparison with
Pd or Pt, is a shift to higher potentials due to the influence of the
other metals.***

After ensuring the reproducibility of the blank CV, we carried
out the CO oxidation experiments on the HEA. By studying the CO
oxidation under mass-limited conditions, we aimed to identify the
potential at which the absence of OH suppresses the CO oxidation
according to the LH mechanism.'”> Additionally, we have com-
pared the various extended alloy surfaces with differing composi-
tional surfaces under the same reaction conditions to gain insight
into their CO oxidation reactivity. Fig. 1B shows the CO oxidation
voltammogram for the extended AgAuCuPdPt HEA in 0.1 M
HCIO,. During the positive sweep, CO oxidation starts around
0.95 Vvs. RHE, followed by a sharp increase in current. During the
negative sweep, mass transport of CO still controls the process
and then the current drops down at around 0.98 V vs. RHE,
displaying a slight current hysteresis between the forward and
backward scans. Below this potential, electrooxidation of CO on
the surface ceases.

To shed some light on the parameters governing the over-
potential for the CO oxidation reaction and understand how
surface composition affects the CO oxidation mechanism, we
analysed the CO oxidation reaction on monometallic poly-
crystalline Pd, Au and Pt electrodes in combination with DFT
calculations. Fig. 2 shows both the blank CVs (A), (B), and
(C) and CO oxidation curves (D), (E) and (F) on these three
monometallic electrodes. The black dashed lines represent
the equilibrium potentials obtained with DFT simulations.

944 | EES Catal, 2024, 2, 941-952

Additionally, the modelled onset, denoted as the modelled
equilibrium potentials for *OH adsorption at high *CO cover-
age, is represented with vertical blue lines. The modelled
extinction, which is the lowest potential at which the CO
oxidation could theoretically be performed, is shown with
vertical orange lines. The latter concepts will be discussed
in detail in the final paragraphs. Fig. 2A displays a typical base
cyclic voltammogram of a polycrystalline platinum
electrode.*®*® The platinum cyclic voltammogram is measured
between 0.05 and 1.0 V vs. RHE, and it is divided into three
regions: the hydrogen and anion adsorption/desorption region,
double layer, and oxide formation region. In the hydrogen and
anion adsorption/desorption region, between 0.05-0.4 V vs.
RHE, two prominent peaks are observed. The first peak at
ca. 0.15 V vs. RHE is related to the presence of (110) sites,
and the second one at ca. 0.3 V vs. RHE is attributed to (100)
sites.”” > Fig. 2B shows the voltammetric profile for a poly-
crystalline Pd electrode recorded in the 0.2-1.2 V vs. RHE
potential range. Three main features are revealed in the CV
transient.””>** These features correspond to the following
electrode processes: from 0.2 to 0.4 V vs. RHE, the hydrogen
adsorption/desorption region, from 0.45 to 0.65 V vs. RHE,
the double layer region, and from 0.65 V to 1.2 V vs. RHE
the surface oxide formation/reduction. The blank CV of poly-
crystalline Au appears in Fig. 2C, where the double-layer
region, the oxide formation/reduction and hydrogen adsorp-
tion/desorption regions can be easily distinguished. Two
characteristic peaks are observed in the monolayer oxidation
region at 1.3 V and 1.45 V vs. RHE corresponding to the
Au(100) and Au(110) faces, respectively.’>>° Fig. 2C shows a
dashed orange line representing the double layer zoomed in
15 times. A small voltammetric feature is observed near 0.5 V
vs. RHE, which could be associated with some capacitive

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Blank stable cyclic voltammograms of (A) Pt (poly), (B) Pd (poly), and (C) Au (poly) in contact with 0.1 M HCIO,4 saturated in an Ar atmosphere at
50 mV st and (D)-(F) corresponding CO oxidation curves in CO-saturated atmosphere at 50 mV s~1. Equilibrium potentials obtained with DFT
simulations (black dashed lines) as well as modelled equilibrium potentials for *OH adsorption at low (vertical orange line) and high (vertical blue line) *CO

coverage are shown.

adsorption processes, such as the formation of surface-
bonded hydroxyls.>”

The CV profile for the extended AgAuCuPdPt HEA in Fig. 1A
shows that the onset potential for the formation of oxygenates
on the surface is observed near 0.9 V vs. RHE, that is at more
positive potential than the onset potential of 0.7 V vs. RHE
observed for Pt and Pd. We infer that these differences in the
CV profile are due to the co-existence of alloying elements that
affect the interactions between the surface and electrolyte,
changing the energetics and coverage of the adsorbates on the
surface.*>>®

Fig. 2D-F show the continuous CO oxidation on Pt, Pd and
Au polycrystalline electrodes. The voltammetric profile for the
CO oxidation on the platinum surface is shown in Fig. 2D,
displaying the qualitative characteristics of the curve predicted
for the continuous CO oxidation model proposed by Koper
et al.>® Starting from a low potential, the system follows the low
current branch, where the onset of CO oxidation occurs at a
higher potential near 1.0 V vs. RHE than the stripping peak
of an adsorbed CO monolayer in the absence of CO in the
solution, that starts around 0.8 V vs. RHE (see Fig. S1 of the
ESI+).°° The sluggishness in the ongoing CO oxidation process
can be attributed to the presence of adsorbed CO, which blocks

© 2024 The Author(s). Published by the Royal Society of Chemistry

the surface and hinders the bulk CO oxidation. In the reverse
scan, and after stripping the CO from the surface, fresh active
surface sites are generated, but they start to become occupied
by CO molecules from the solution at potentials beyond 0.75 V
vs. RHE.®"®? As shown in Fig. 2D, the onset of the CO adlayer
oxidation starts around 1.0 V vs. RHE. The current settles down
around 1.05 V vs. RHE where the system becomes diffusion-
limited in CO. A flat current plateau can be observed during the
negative reverse scan, suggesting that the system is still being
controlled by mass transport.®”> Afterwards, the current drops to
zero at around 0.75 V vs. RHE, a potential value that we ascribe
to the potential at which adsorbed OH formation ceases. Fig. 2E
shows the CO oxidation reaction on Pd, which follows the same
current transient behaviour as that on Pt. Unlike Pt, on Pd the
CO oxidation current in the reverse scan drops down at higher
potential values of 0.83 V vs. RHE, suggesting that the OH
coverage on Pd, necessary to oxidize CO, also drops down at
those potential values with subsequent surface poisoning by
CO. This is surprising because Pd shows the presence of oxygen
species at similar potentials as Pt at around 0.7 V vs. RHE.
Using DFT simulations, we attribute the higher potential of
extinction of the CO oxidation on Pd to the absence of *OH,
while the observed oxidation potential in the blank CV is

EES Catal., 2024, 2,941-952 | 945
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attributed to the more stably adsorbed *O. Additionally, in
the reverse scan, we also record a negative current between
0.7-0.85 V vs. RHE, which we ascribe to the reduction of the
adsorbed *O adatoms on the Pd surface®® or an anion displace-
ment from the surface,®’ meaning that oxides and *OH groups
co-exist on the surface in the upper potential window of Pd.
The voltammetric profile for the continuous CO oxidation
on Au is shown in Fig. 2F. The onset of the CO oxidation is
kinetically controlled and starts around 0.5 V vs. RHE, and this
potential value agrees with previous reports,®*®* which is
followed by a maximum CO oxidation current density at 0.7 V
vs. RHE. Compared with Pt and Pd, Au shows the lowest current
for CO oxidation in the forward or anodic scan. This is due to
the weak adsorption energy of CO on gold in acidic media,®®
i.e., CO does not poison the surface. However, the activity
achieved is similar to the one achieved on Pt and Pd in the
backward scan, i.e., under diffusion control, reaching a current
value of 0.17 mA cm 2. The potential at which the CO current is
suppressed on Au is considerably lower than on Pt and Pd,
around 0.49 V vs. RHE. As OH-specific adsorption/desorption
does not occur on gold at this potential value, this result

Modeled onset
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indicates that CO oxidation follows a different mechanism than
on Pt and Pd. On Pt and Pd, the specific adsorption or onset
adsorption of *OH on the surface controls the potential window
at which CO is oxidized in the backward or diffusion-limited
region. Previous works have suggested that water or OH anions in
solution react with CO to form CO, at such low overpotential on
gold.>***>% we find with DFT simulations, however, that the
oxidative adsorption of the *COOH species could happen at a
potential of 0.47 V vs. RHE as illustrated in Fig. 2F with the vertical,
dashed line. This intermediate would then readily oxidize to CO,.

Aiming to address how the combination of different ele-
ments or surface compositions affects the CO oxidation reac-
tion mechanism, we have also investigated the CO oxidation on
three different alloys: AuPd, AuCuPdPt, and the extended
AgAuCuPdPt HEA. The aim of these experiments is to gain a
better understanding of the electrochemical response of AgAu-
CuPdPt HEAs. Au and Ag do not strongly bind CO. Thus, with
this study, we aim to experimentally assess the influence of Au
(when comparing pure Pd with AuPd) and Ag (when comparing
AuCuPdPt with AgAuCuPdPt) on the surface *OH adsorption
and its effect on the CO oxidation mechanism. Fig. 3A shows

Modeled extinction
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1 *OH + n*CO + H' + e~
LE) 0.000 0.4 & \e
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~ U 1 N
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Fig. 3

contact with 0.1 M HCIO, saturated in an Ar atmosphere at 50 mV st

(A)-(C) Blank stable cyclic voltammograms of extended polycrystalline PdAu alloy, quaternary AuCuPdPt alloy and extended AGAuCuPdPt HEA in
. (D)-(F) CO oxidation curves in a CO saturated atmosphere at 50 mV s~*. Modelled

equilibrium potentials are shown for *OH adsorption at low (vertical orange line) and high (vertical blue line) *CO coverage for surface compositions
suggested by the simulations: Aug sPdo s (D), Aug 4Pdo 6 (E), and Agp 2Aug 3Pdg s (F). The inset in E shows a magnification of a miniscule positive current at
low extinction potentials, presumably caused by surface Pt.
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the blank CV of the AuPd alloy. The CV exhibits lower current
density in the hydrogen adsorption/desorption region than
pure Pd, and the potential region for the Pd hydride formation
and formation of hydrogen is shifted to lower values, indicating
a different arrangement of Pd atoms on the surface.®” The oxide
region features appear at a higher potential than on pure Pd
due to the influence of enriched Au atoms on the alloy
surface.®® The voltammogram of the continuous oxidation of
CO on the AuPd alloy is shown in Fig. 3D. The onset potential
for CO oxidation starts near 1 V vs. RHE and displays a much
smoother current increase compared to the sharp CO stripping
peak of pure Pd in Fig. 2D. The maximum current is reached at
about 1.2 V vs. RHE. The CO oxidation peak is broadened and
shifted to more anodic potential values, in comparison with
pure Pd, due to the increase of Au content on the surface.”
We suggest that the broadening of the CO oxidation peak is due
to a lack of *OH sites that make it difficult to remove the CO or
oxidize more CO unless a higher potential is applied.

Fig. 3B shows the voltammetric characteristics of the
AuCuPdPt alloy, highlighting the hydrogen adsorption/desorp-
tion range between 0.05 and 0.3 V vs. RHE, the double-layer
capacitance region between 0.3 and 0.9 V vs. RHE, and the
oxide region starting around 1.0 V vs. RHE. We can observe that
the oxide region in the quaternary alloy occurs at a higher
potential than on pure Pd or Pt, reflecting the influence of the
other metals on the alloy surface. The voltammetric profile for
the continuous CO oxidation on the quaternary alloy is shown
in Fig. 3E. The current-potential transient follows the same
trend as the AuPd alloy. However, the CO oxidation peak is
reached at lower potential values than on AuPd. We ascribe this
result to a possibly higher presence of Pd on the surface.
We have plotted the blank CV of the AgAuCuPdPt HEA and
the CO oxidation curve in Fig. 3C and F, respectively, for a
better comparison with the other alloys. The onset potential for
CO oxidation starts at ca. 0.95 V vs. RHE, and the general shape
of the voltammogram is very similar to the previous quaternary
and bimetallic alloys. The CO oxidation curve displays a notable
variation, particularly in the negative scan where the current
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drops and the hysteresis is less pronounced due to the lower
onset potential for the CO oxidation. We infer that this varia-
tion is likely caused by the presence of Ag on the surface, as it is
not present in the other two alloys.

To investigate the surface composition after electrochemis-
try and get a deeper insight into the role of the different
elements on the catalytic properties of the HEA alloy, we have
conducted ion scattering spectroscopy (ISS) measurements. ISS
provides high surface sensitivity and has been used to deter-
mine which elements are present at the surface. Fig. 4 shows
the ISS spectra of an extended AgAuCuPdPt HEA alloy before
and after continuous CO oxidation. Three peaks are observed in
both ISS spectra: one at around 775 eV, which corresponds to
Cu, the second at about 845 eV, which corresponds to Pd or Ag
or both, and the last peak near 890 eV, which corresponds to Pt
or Au or both. Since the atomic masses of Pd and Ag and of Pt
and Au are relatively similar, respectively, it is not possible to
distinguish their peaks by ISS using He" ions. The use of ISS is
qualitative because the ISS equipment has not been standar-
dized and the use of reference samples is needed.®®”°

To quantify the composition of the active surface phase of
the HEA, we carried out ex situ XPS measurements before and
after the CO oxidation reaction. The aim of this analysis is to
evaluate changes in surface composition induced by applying
high potentials at which CO oxidizes. The XPS spectra of the
HEA are shown in Fig. 5. The position of the adventitious
carbon (C 1s) is shown in Fig. S4 of the ESL.T The two platinum
peaks in Fig. 5G correspond to the Pt 4f;,, at 70.4 eV and 4f;/, at
73.7 €V, that are consistent with the metallic character of
platinum.”® After the continuous CO oxidation, the Pt 4f,,
and 4f;/, binding energies shift 0.2 eV negatively, indicating a
possible electron transfer from the neighboring atoms to Pt.”?
Similarly, Au 4f;, at 83.9 eV and 4f;, at 87.6 eV binding
energies are consistent with the metallic state.”® The negative
shift by 0.1 eV on the Au 4f binding energies after CO oxidation
follows the same trend as Pt 4f.”* In Fig. 5E, three peaks are
observed, corresponding to Au 4d;,, at 353.2 eV, Pd 3d;, at
340.5 eV and the overlap of the Au 4ds,, and Pd 3ds,, peaks near
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\
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_ Pd Ag
\
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Fig. 5 XPS spectra of scan of the (A) and (B) Cu2p, (C) and (D) Ag 3d, (E) and (F) Au4dPd3d, and (G) and (H) Au4fPt4f peaks of the extended AgAUCuPdPt
HEA before and after continuous CO oxidation. All spectra have been background-subtracted (Shirley-type background). (J) and (K) Schematic
representation of the HEA surface before and after continuous CO oxidation.

335 eV, which are in good agreement with the literature.”” After
CO oxidation, the Pd 3d peaks are 0.2 eV negatively shifted,
which could be induced by hybridization changes with Ag and
Au atoms,”® while the Au 4d peaks remain at the same binding
energies. Before the CO oxidation, Ag 3ds,, and 3d;/, peaks at
367.9 eV and 373.9 eV are observed, with a slightly negative
shift of 0.3 eV in comparison with the metallic character of
silver,”>”® which could be attributed to the presence of metallic
and Ag,O species.”” After CO oxidation, the Ag 3d binding
peaks are 0.2 eV negatively shifted, which could be attributed to
the synergistic effect with Au in CO oxidation.”® Fig. 5F shows
the binding energy of the Cu 2p3,, and 2p,), peaks that appear
near 931.9 eV and 951.7 eV. Compared with metallic Cu,
the peaks are shifted to lower binding energy by 0.7 eV,
characteristic of Cu,O species.”” We infer that we have a
combination of Cu® and Cu,O species.’® After CO oxidation,
the Cu 2p peaks have shifted negatively by 0.2 eV. We attribute
this displacement to the synergetic effect between Ag and Cu.®'

Additionally, we have quantified the binding energy peaks of
the XPS spectra to estimate the atomic percentages of the
metals before and after the continuous CO oxidation. We have
observed significant changes in the Cu intensity peaks after the
CO oxidation peak. The decrease in these peaks indicates
that the Cu atomic percentage has reduced from 6% to 1%,
confirming its lower presence on the surface and likely lower
participation in the CO oxidation. Besides, the angle-resolved
XPS spectra on Cu 2p confirm the lower concentration of Cu on
deeper layers of the HEA (see Fig. S6 of the ESIT). Likewise, the

948 | EES Catal., 2024, 2, 941-952

atomic percentage of Pt has decreased from 14% to 10% after
CO oxidation. Interestingly, Au increased its atomic percentage
significantly from 28% to 37%, making it the most abundant
exposed metal on the extended HEA surface. It has the highest
oxidation onset (see Table S4 in the ESIt) compared to other
elements. This makes Au the most stable metal at the applied
potential and less likely to dissolve because of its oxophobicity.
The high amount of Au at the surface of the HEA explains the
broad features of the voltammetric CO oxidation profile, which
is more similar to the gold-rich AuPd CV than to single Pd or Pt.
Additionally, the delayed onset for oxide species formation
observed on the HEA surface relative to Pt and Pd can also be
explained by the high presence of Au at the surface. On the
other side, the atomic percentage of Ag has slightly decreased
from 23% to 21%, and its presence on the surface is significant
reinforcing the idea that Ag plays a role in activating the CO
oxidation on the HEA, promoting the binding sites of oxyge-
nates or OH groups on Pd or Pt sites. Pd experienced a slight
increase in atomic percentage after CO oxidation and, like Ag,
remained on the surface highly contributing to the CO oxida-
tion process. It is important to mention that the XPS measure-
ments were taken at open circuit potential and may differ from
those under potential control. The atomic percentages for
binary AuPd and quaternary AuCuPdPt alloys are represented
in Table S1 of the ESL.

To investigate how Ag and the other elements influence the
CO oxidation onset and extinction potentials, we developed a
predictive model based on DFT simulations. Assuming a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reaction pathway where *CO and *OH need to react on the
surface through an LH mechanism, we simulated hundreds of
*CO and *OH adsorption energies on face-centered cubic (111)
surfaces at various surface compositions and *CO coverages
within the quaternary AgAuPdPt composition space. These
simulations allowed us to construct a model with which the
adsorption energy of *CO and *OH at an arbitrary surface
composition and *CO coverage could be predicted (see
Fig. S7-S12 and Tables S2 and S3 in the ESIY). The presumably
most abundant close-packed (111) surface facets provide an
initial model system to obtain trends for. We have not con-
sidered other surface facets in the current study, but future
studies may consider investigating the catalytic trends of these.
By first generating a randomly constructed surface with a
desired composition, then equilibrating it with CO, and finally
probing the *OH adsorption energies at the available surface
sites, we were able to construct the map of the onset potentials
for CO oxidation shown in Fig. 6A. More specifically, the onset
potential is modelled as the *OH adsorption energy at the first

A

Onset
potential

0.5 1.0

E/V vs. RHE
Pd
100
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per mille of the most strongly adsorbing surface sites (Fig. S13
in the ESIT). The underlying hypothesis behind this assump-
tion is that as soon as the first *OH is able to adsorb, and
oxidize away surface adsorbed *CO, the surface becomes
slightly more open to *OH adsorption, which now will adsorb
a bit more strongly due to the lower *CO coverage. This process
repeats until all *CO has been stripped away.

By probing the adsorption energies of *OH without any *CO
adsorbed at arbitrary surface compositions, we were able to
model the lowest potentials at which the CO oxidation could
theoretically be performed. We have denoted this potential as
the extinction potential, and the resulting map in composition
space is shown in Fig. 6B. The *OH adsorption energy used in
this map is the 10th percentile of the most strongly adsorbing
surface sites; the assumption being that an appreciable amount
of *OH must be present to prevent surface poisoning by CO.

The maps presented in Fig. 6 allow us to propose some
trends in the CO oxidation on disordered alloys composed of
Ag, Au, Pd, and Pt. For instance, an increased concentration of
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Fig. 6 Simulated CO oxidation potentials as a function of the composition in the quaternary AgAuPdPt composition space. (A) Onset potentials
simulated as the potential at which *OH can adsorb to a surface equilibrated with *CO. (B) Extinction potentials, i.e. where the CO oxidation ceases,
simulated as the potential at which *OH can adsorb to a surface without adsorbed *CO. Both A and B are slices of the quaternary composition space

highlighted corresponding to constant Pt concentrations of 0 and 40 at%.
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Ag is predicted to lower the onset of CO oxidation when
replacing Au atoms, as can be seen by tracing the contour plots
at lines of constant Pd and Pt concentration in Fig. 6A. Accord-
ing to our model, the reason for this behaviour is a ligand effect
in which adsorption of *OH is slightly stronger on Pd and
Pt atoms when they have neighbouring Ag surface atoms
compared to neighbouring Au atoms (ESI,i Table S3). More
generally, increased concentrations of Au are predicted to
increase both the onset and extinction potentials, as can be
seen by going towards the Au corners in the tetrahedrons
in Fig. 6.

The validity of the model is confirmed to some extent by the
predictions on the tested compositions in Fig. 2 and 3, where
the model predictions for onset and extinction potentials are
shown with blue and orange vertical lines, respectively. The
model reproduces the onset potentials of pure Pt and Pd to
happen just below 1 V vs. RHE, and the predicted extinction
potentials are also very much in agreement with observation
and DFT simulations, as shown in Fig. 2D and E. The experi-
mentally observed differences in the onset and extinction
potentials of the alloys are discernible yet subtle amounting
to not more than 0.1 V. In comparison with experiments, the
model proves useful as a tool for qualitatively comparing the
alloys by the addition or removal of an element. Performing a
quantitative comparison between the experimental data and
the model presents challenges due to the unknown composi-
tion of the electrode’s surface layer. Therefore, Fig. 3D-F
displays proposed alloy compositions aimed at approximating
the electrochemical response.

One salient prediction that the model presents is that the
presence of Pt on the surface crucially lowers the extinction
potential as seen in Fig. 6B. Hence, using the model to support
the determination of the surface composition, we surmise that
Pt is largely absent in the surface of the sampled alloys in Fig. 3,
since the predicted Pt extinction potentials below ~0.8 V vs.
RHE are largely absent. Indeed, we presume that the feature
observed in the cathodic scan of AuCuPdPt shown in the inset
of Fig. 3E is an identifying characteristic of a low Pt surface
concentration.

In addition to explaining trends, the reactivity maps in Fig. 6
allow us to propose new optimal compositions to validate in
future studies. Inspection of Fig. 6A shows that the lowest onset
potentials are predicted to be observed on the ternary face of
Ag-Pd-Pt compositions for near-equimolar ratios of Ag, Pd, and
Pt. Likewise, these compositions are also predicted to show the
lowest extinction potentials, as shown in Fig. 6B.

Conclusion

We have shown the CV profiles and characterization of an
extended AgAuCuPdPt HEA for CO oxidation in acidic media.
The blank CV of the HEA provides limited information, only
indicating the onset of the oxide region at around 0.9 V vs. RHE
and a suppressed hydrogen adsorption/desorption region, with
a lower charge compared to pure Pt. During the CO oxidation

950 | EES Catal, 2024, 2, 941-952
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experiments, the addition of Ag to the HEA enhances the
effectiveness of CO oxidation by reducing the onset potential
and minimizing the hysteresis. These results are supported by a
predictive model using DFT simulations where *CO and *OH
need to react on the surface through an LH mechanism. Using
the model, we suggest that an increased concentration of Ag
lowers the onset of CO oxidation when replacing Au atoms due
to strengthening of the *OH binding on neighboring Pd or Pt
atoms, enhancing the CO oxidation. Surface-sensitive ISS and
XPS methods show the existence of the five metals following
electrochemical CO oxidation. Additionally, we observed Au
segregating at the HEA surface and the instability of Cu after
CO oxidation. The current data do not allow us to draw
conclusions about the changes in the composition of Pd and
Ag. However, it is evident that they are less present on the
surface. Future characterization techniques, such as inductively
coupled plasma mass spectrometry (ICP-MS), are necessary to
better understand the changes that have occurred on the sur-
face of the HEA. Our findings propose a novel approach to
designing electrocatalysts by tailoring the surface composition
and electronic structure and thus fine-tuning the binding
energies for CO oxidation on multimetallic alloys.
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