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Abstract: High-entropy alloy (HEA) catalysts have been
widely studied in electrocatalysis. However, identifying
atomic structure of HEA with complex atomic arrange-
ment is challenging, which seriously hinders the funda-
mental understanding of catalytic mechanism. Here, we
report a HEA-PdNiRulrRh catalyst with remarkable
mass activity of 3.25mApg' for alkaline hydrogen
oxidation reaction (HOR), which is 8-fold enhancement
compared to that of commercial Pt/C. Through machine
learning potential-based Monte Carlo simulation, we
reveal that the dominant Pd—Pd—Ni/Pd—Pd—Pd bonding
environments and Ni/Ru oxophilic sites on HEA surface
are beneficial to the optimized adsorption/desorption of
*H and enhanced *OH adsorption, contributing to the
excellent HOR activity and stability. This work provides
significant insights into atomic structure and catalytic
mechanism for HEA and offers novel prospects for
developing advanced HOR electrocatalysts. )

Introduction

Compared to the advanced proton exchange membrane fuel
cell (PEMFC), anion exchange membrane fuel -cell
(AEMFC) is considered to be more cost-effective due to the
development of highly efficient platinum-group metal
(PGM) free catalysts for the cathodic oxygen reduction
reaction (ORR)." Nevertheless, the anodic hydrogen oxida-
tion reaction (HOR) severely suffers from the sluggish
kinetics at high pH values, which is often approximately two
to three orders of magnitude lower than that in acid
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electrolyte even for the benchmark Pt/C,” leading to much
higher PGM catalysts loading at anode and unaffordable
cost of fuel cell systems. Although significant progress has
been made in the development of highly efficient low-Pt or
Pt-free metal catalysts for alkaline HOR through the
heterojunction or alloy engineering, such as Pt/Ni(OH),,”!
PtRu/Mo,C,™ IrPdRuw/CP! and so on, the high-cost and
inferior electrochemical stabilities in the HOR potential
window still hinder their practical applications for AEMFC.
Therefore, development of low-cost and highly efficient
HOR catalysts with high stability under operating conditions
is pivotal to promote the commercialization of AEMFC
technology.

High-entropy-alloys (HEAs), containing five or more
elements, have attracted considerable attentions owning to
their multielement compositions and characteristic high-
entropy mixing states.”! Compared to conventional mono-
metals and binary alloys, HEAs possess unique atomic
configurations and electronic structures, which are beneficial
to the inherent synergistic effect, tunable catalytic activity
and enhanced structural stability under operating
conditions.” Although initial efforts have been devoted to
developing efficient HEA for electrocatalysis, the revelation
of surface atomic distribution and coordination structures of
HEA is suffering from the complex nearby coordination
environment.®! Particularly, the investigation of electro-
catalytic activity origin of HEA is limited by the conven-
tional computational research paradigm, which is only
applicable to system less than 100 atoms with specific surface
atomic configuration for exploring adsorption thermody-
namics of intermediates based on computational hydrogen
electrode (CHE) model (e.g. density functional theory).”)
However, due to the diverse surfaces caused by multiele-
ment distribution with larger atomic systems (at least more
than 400 atoms), it is hard to implement the traditional
density functional theory (DFT) calculation methods based
on the CHE model proposed by Ngrskov to directly
investigate the thermodynamic adsorption process of ele-
mentary reaction and theoretically understand the electro-
catalysis on the HEA surfaces,"”! which severely hinders the
fundamental understanding of catalytic mechanism. In this
regard, Rossmeisl and co-workers have made very represen-
tative contributions in the structure determination, compo-
nent optimization, and performance prediction for HEA,
and developed corresponding machine learning methods
and tools.'! More importantly, the use of HEA for HOR
has been rarely reported, and the enhancement mechanism
of stability of HEA under HOR conditions is still elusive so
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far. Consequently, fundamentally understanding the cata-
Iytic mechanism and designing the efficient and stable
HEAs catalysts for HOR under alkaline conditions remain
challenging.

Recently, machine learning potential, trained by the data
sets from ab initio calculations, have emerged as a promising
theory approach, which can perform simulations close to
macro scale with both quantum accuracy and efficiency of
empirical potential'™ As a result, the thermodynamic
favorable surfaces of HEAs with complex atomic distribu-
tion can be accurately determined by machine learning-
based Monte Carlo (ML-MC) simulations,” for which the
Ngrskov’s approach can be carried out on the well-solved
surface atomic configurations of HEAs. Herein, HEA-
PdNiRulrRh nanoparticles (NPs) are fabricated through a
facile wet chemical synthetic method. Nickel is selected in
HEA because Ni-based materials are currently the most
promising non-noble metal catalysts for alkaline HOR.["!
Meanwhile, the Pd, Rh, Ru and Ir are chosen because these
PGM catalysts have been considered to be the highly
efficient electrocatalysts for alkaline HER/HOR except for
Pt, for which the alloys formed by these metals with Ni often
exhibit much higher catalytic activity than the monomeric
metals."! As expected, the HEA electrocatalyst achieves an
ultrahigh mass activity of 3.25 mA ug™' towards HOR under
alkaline electrolyte, which is 52, 26, 12, 7 and 8 times higher
than those of pristine Pd, Ru, Rh, Ir and commercial Pt/C,
respectively, outperforming most of state-of-the-art noble
metal alloy-based catalysts. Through ML-MC simulation, a
nanoparticle model of the obtained HEA is directly
simulated to comprehensively uncover the atomic distribu-
tion andcoordination environment, disclosing that the sur-
face atomic distribution mainly consists of Pd and Ni atoms.
Integrating the ML-MC simulation with the Ngrskov’s
method (CHE model), we demonstrate that the dominant
Pd—Pd—Ni and Pd—Pd-Pd bonding environments on the
HEA surface play a prominent role in the optimal
adsorption/desorption of adsorbed hydrogen (*H) inter-
mediate, which, together with the enhanced *OH adsorption
strength, contributes to the outstanding alkaline HOR
performance. Furthermore, combining cyclic voltammetry
tests with machine learning potential simulation, we reveal
that the stability enhancement of HEA is attributed to the
surface coordinated Pd and Ni components.

Results and Discussion

The single-phase HEA-PdNiRulrRh NPs were fabricated
through a facile wet-chemistry method via a low-temper-
ature fast reduction of equal molar amounts of five metal
precursors using preheated triethylene glycol solution
(TEG) as reducing agent and solvent. The atomic ratio of
Pd/Ni/Ru/Ir/Rh is calculated to be 26.5:26.2:14.8:16.8:15.7
(Table S1), through inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) results. As shown in
Figure la, the powder X-ray diffraction (PXRD) pattern
reveals that the HEA presents characteristic crystal struc-
ture features with a face-centered cubic (fcc) structure, in
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which the typical diffraction peaks located at about 40.4°,
47.1° and 68.7° can be assigned to (111), (200) and (220)
planes of fcc phase, respectively.’! The unit cell of HEA
with fcc crystal structure is schematically exhibited in the
insert of Figure la, in which five elements are randomly
distributed on all sites, including the eight vertices and six
face centers of the fcc unit cell. Notably, the diffraction
peaks positions of HEA NPs show positive shifts comparing
with that of Pd while negative shifts comparing with that of
Ni and Rh, suggesting the successful formation of single-
phase HEA (Figure S1).

The low-magnification high-angle annular dark-field
scanning transmission electron microscopy (HAADF-
STEM) and TEM images show the dispersed HEA NPs with
an average particle size of about 4.8 nm (Figure S2).
Aberration-corrected  atomic-resolution HAADF-STEM
was further performed to reveal the local atomic arrange-
ment and elemental distribution of HEA. As shown in the
atomic-resolution ADF-STEM image of HEA (Figure 1b),
the bright atomic columns are observed indexed along the
[011] zone axis, which represent the metal atoms in the Z-
contrast imaging mode. The average spacing of periodic
lattice fringes is measured to be 2.2 A, which matches well
with the (111) facet of crystal structure of HEA. The
corresponding fast Fourier transformation (FFT) pattern of
the HEA nanoparticle is shown in Figure 1c, wherein typical
selected area electron diffraction (SAED) patterns of fcc
structure with groups of (-11-1), (11-1) and (200) crystal
planes at the zone axis of [011] are marked with small
circles, in accordance with the simulated diffraction pattern
of fce crystal structure along the [011] direction (Figure 1d).
The corresponding model in (111) plan along the [011] zone
axis of fcc-phased HEA NPs is shown in Figure le. More-
over, a periodic array metal atomic columns along the [001]
direction can be distinguished, with lattice spacing of 1.92 A
assigned to the (200) plane (Figure 1f). The corresponding
FFT pattern of the highlighted HEA nanoparticle (Fig-
ure 1g) matches well with the simulated SAED pattern of
fce structure with groups of (—220), (020) and (220) crystal
planes indexed along the [001] zone axis (Figure 1h), further
demonstrating the fcc structured HEA NPs. The corre-
sponding atomic structure in (200) facet along the [001]
direction of fcc-phased HEA nanoparticles is shown in
Figure 1i. Furthermore, the linear intensity profile analysis
was performed to reveal the metal atom arrangement. Two
white dashed square regions are marked as aa’ and bb’ in
Figure 1f. As shown in Figures 1j and 1k, the peaks of
different intensities can be distinguished clearly in the
fluctuations of the line intensity, which is consistent with the
multielement composition characteristics of high entropy
alloys according to the principle of the Z-contrast of ADF-
STEM image.™™ In addition, the HAADF-STEM-EDX
elemental mappings reveal the well dispersion of five
elements within the nanoparticles, indicating the formation
of single-phase solid solution alloy (Figures 11-q, Figures S3,
and S4). The corresponding EDX spectra and element
content analyses are shown in Figures S3g and S4g. Taken
together, the idealized atomic model of HEA nanoparticle is
shown in Figure 1r.
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Figure 1. a) XRD pattern of HEA nanoparticles, the inset is the crystal structure (unit-cell) model of fcc HEA. b) Aberration-corrected atomic-
resolution ADF-STEM image of HEA nanoparticles projected along the [011] zone axis and c) the corresponding fast Fourier transform (FFT)
diffraction pattern. d) Simulated SAED pattern of fcc structure along the [011] zone axis. e) Simulated crystal structure in (111) plan along the [011]
zone axis of fcc-phased HEA. f) Aberration-corrected atomic-resolution ADF-STEM image of HEA nanoparticles projected along the [001] zone axis
and g) The corresponding fast Fourier transform (FFT) diffraction pattern. h) Simulated SAED pattern of fcc structure along the [001] zone axis.

i) Simulated crystal structure in (200) plan along the [001] zone axis of fcc-phased HEA. j), k) Line intensity profiles taken from the white dashed
square region (aa’, bb’), respectively. ) HAADF-STEM image and the corresponding EDX elemental maps of Ni (m), Pd (n), Ir (0), Rh (p) and Ru

(q)- r) Simulated idealized atomic model of HEA nanoparticle.

X-ray photoelectron spectroscopy (XPS) measurements
were carried out to reveal the surface elemental composition
and valence states of HEA. As shown in Figure S5a, a pair
of sharp peaks located at 3354 and 340.7eV can be
observed in the high-resolution XPS spectra of Pd3d,
corresponding to Pd’3ds, and Pd’3ds,, respectively. The
weak shoulder peaks at 336.6 and 342.1 eV belong to Pd*"
3ds, and Pd** 3d;,, respectively.’ In the high-resolution
XPS spectra of Ir4f (Figure S5b), two sharp peaks at
binding energies of 60.7 and 63.7 eV are assigned to Ir° 4f,,
and Ir° 4f;,, respectively. In addition, the weak shoulder
peaks located at 62.7 and 65.6 eV can be assigned to Ir*" 4f,,
, and Ir** 4f;,, respectively.'”! The XPS spectra of Ni2p;,
(Figure S5c) are divided into three peaks, which are
corresponding to Ni’2p;, Ni*"2p,, and shake-up
satellites."™ As for the XPS spectra of Rh3p,,, the main
peak located at 495.1 eV is assigned to Rh”3p;,, and the
small peak is attributed to the Rh?" 3p;, (Figure S5d).""
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The XPS spectra of Ru3p (Figure S5¢) shows a group of
sharp peaks at 461.3 and 483.3 eV, which are assigned to
Ru’3p;, and Ru’3p,,, respectively.”” The trace metal
oxidation states are possibly caused by surface oxidation
when the catalyst is exposed in air.”'! In addition, the surface
element quantitative analysis was conducted though XPS.
The comparison between the surface metal contents
detected by XPS and the bulk contents determined by ICP-
AES is shown in Figure S6 and Table S2. It can be clearly
seen that the surface contents of Pd and Ni derived by XPS
are greater than their bulk contents, indicating that these
two elements are enriched on the surface of HEA
catalysts./*

The HOR performance of HEA catalysts were assessed
by using the rotating disk electrode (RDE) voltammetry in
H,-saturated 0.1 M KOH electrolyte through a standard
three-electrode setup. The electrocatalytic activity toward
HOR of freshly synthesized Pd, Ni, Ru, Ir, Rh and bench-
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mark Pt/C (20 wt% commercial Pt on Vulcan XC-72R
carbon) were also investigated at the same condition for
comparison. The HOR polarization curves of these samples
were shown in Figure 2a, which were obtained by linear
sweep voltammetry (LSV) measurement at a rotation speed
of 1600 rpm. A rapidly increasing anode current can be
observed unambiguously in the HOR polarization curve of
HEA with the increase of potential. The HOR anode
current density of HEA increases much faster at around 0 V
vs reversible hydrogen electrode (RHE) than that of Pd, Ru,
Ir, Rh, and the state-of-the art commercial Pt/C, which is
confirmed by the micro-polarization region (—5 to 5mV)
(Figure 2b). As shown in Figure 2c, the HOR polarization
curves of HEA as a function of rotating speed from 625 rpm
to 2500 rpm in H,-saturated 0.1 M KOH were also studied
to obtain relevant kinetic parameters, wherein the plateau
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current density increases as the rotating speed increased,
due to the promotion of mass transport. As shown in the
inset of Figure 2c, the Koutecky-Levich plot was con-
structed at an overpotential of 0.2V, showing a linear
relationship between the j' and o * with a slope of
14.03 cm* per mA rpm', which is consistent with the
theoretical value of 14.8 cm® per mA rpm'?, confirming the
two-electron HOR process.” In addition, the HOR polar-
ization curves at different rotating speeds of the other
samples and the corresponding Koutecky-Levich plots were
shown in Figure S7, in which the slopes of these samples
match well with the theoretical value. The kinetic current
density () of the HEA catalyst was further measured by
Koutecky-Levich equation. The j* at 50 mV vs. RHE of the
HEA catalyst for HOR reaches 22.67 mAcm 2, which is
about 31, 24, 8 and 7times higher than those of Pd
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Figure 2. Electrocatalytic alkaline HOR performances. a) HOR polarization curves of HEA, Pd, Ru, Ir, Rh and commercial Pt/C in H,-saturated

0.1 M KOH at a rotation rate of 1600 rpm. b) Linear fitting curves of samples in the micro-polarization region. c) HOR polarization curves for HEA
at various rotation speeds, respectively. Inset curve is the corresponding Koutecky—Levich plot at an overpotential of 0.2 V. d) Tafel plots of HEA,
Pd, Ru, Ir, Rh and commercial Pt/C derived from (a) corresponding to the Butler—Volmer fitting. e) Comparison of the mass activities (™) at

50 mV and the ECSA-normalized exchange current densities () of HEA, Pd, Ru, Ir, Rh and commercial Pt/C. f) Comparison of j*™ of HEA with
those of recently reported advanced PGM-based catalysts, respectively. Details are listed in Table S3 and S4. g) The steady-state polarization curve
(blue circles) converted from the inset curve, which is current density vs. time response of HEA to the potential program applied with the potential
step of 25 mV, and the corresponding transient polarization curve obtained by CV. h) Comparison of the HOR polarization curves of Pt/C and HEA
in H,-saturated 0.1 M KOH before and after the chronoamperometry test. i) Chronoamperometry curves of Pt/C and HEA in H, (100 ppm CO)-

saturated 0.1 M KOH measured at 0.05 V vs RHE.
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(0.72mAcm?), Ru (0.94 mAcm?), Ir (2.67mAcm?), Rh
(3.08 mA cm™?), respectively, and even represents 6-fold
enhancement compared with the commercial Pt/C
(3.93mAcm?). Figure2d shows the Tafel plots of all
samples derived from the Butler-Volmer fitting, from which
the exchange current density () can be obtained. The
electrochemical surface area (ECSA) of catalysts were
evaluated by using copper underpotential deposition (Cu,q)
stripping voltammetry and cyclic voltammetry to determine
the exchange current density (denoted as j°%).”*! As shown in
Figure 2e, after being normalized by the ECSA (Figures S8
and S9), the value of j* of HEA is measured to be
1.19 mA cm 2, which is about 7, 11, 4 and 4 times higher than
those of Pd (0.179mAcm?), Ru (0.105mAcm), Ir
(0344 mAcm?), Rh (0273 mAcm™?), respectively, and
represents about 4-fold enhancement compared with the
commercial Pt/C (0.274 mA cm™?). It is worth noting that the
j* of HEA is higher than most of the reported state-of the-
art PGM HOR catalysts as shown in Table S3. In addition,
the values of j°* of these samples are consistent well with the
fitting data derived from the simplified Butler-Volmer
equation in the micro-polarization region (Table S4), in-
dicating the rationality of data fitting. Furthermore, the
alkaline HOR activity of binary (PdNi), ternary (PdNiRu),
quaternary (PdNilrRu) alloys and other HEA with different
component ratios (HEA-1, HEA-2) were also investigated.
As shown in Figures S10-S12 and Table S5, the HEA still
possesses the best catalytic performance among all the
samples. The mass activity denoted as j*™ of HEA at 50 mV
was also estimated by normalizing the metal loading on the
electrode measured based on the results of ICP-AES. As
shown in Figure 2e and Table S4, the value of ™ of HEA is
calculated to be 3.25 mA pg™', which is about 52, 26, 12, 7
and 8 times higher than those of Pd (0.063 mApg™"), Ru
(0124 mApg™"), Rh (0277 mApug™"), Ir (0.455mApug™),
and commercial Pt/C (0.386 mA pg™"), respectively. Most
notably, the ™ of HEA is superior to most of the reported
state-of the-art PGM HOR catalysts (Figure 2f and Ta-
ble S3), indicating the outstanding mass activity of HEA for
alkaline HOR. In order to avoid the interference of non-
Faradaic current, the HOR current density dependence on
steady state was determined experimentally. As shown in
the inset of Figure 2g, the HOR current density on time
response of the HEA catalyst was measured by applying
potential program. The steady state polarization curve (blue
circles) was collected from the current density vs. time
response curve, which is coincide well with the transient
state polarization curve (red solid line), indicating no
oxidation current of metals species under this potential
condition (Figure 2g).” The steady state curve (circle) at
the micro-polarization regions was also obtained by the
similar approach (Figure S13), which matches well with the
transient state curve (red solid line), further suggesting the
rationality of exchange current density calculation. Given
that the fuel cell system is inevitably poisoned by CO
impurity gas in hydrogen,* the CO tolerances of the
obtained catalysts were further evaluated. The chronoam-
perometry measurement was performed in H, gas mixed
with 100 ppm CO saturated 0.1 M KOH to evaluate the CO
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tolerance of HEA. The commercial Pt/C was also estimated
under the same condition for comparison. As shown in
Figure 2h, i, the rapidly decreased current density (de-
creased by 63 %) on Pt/C electrode during the chronoamper-
ometry test can be observed. As a result, the HOR polar-
ization curve suffers a seriously decline with the j° decreased
by 74.8 %, comparing with the initial state (Figure S14). In
contrast, the HOR polarization curve of HEA shows slightly
decline with j° decreased by 15.5%, comparing with the
initial state (Figure S14), suggesting the high durability and
excellent tolerance to CO poisoning of HEA.

Precisely revealing atomic structure and local coordina-
tion environment of HEA is crucial for further exploring the
origin of high activity and stability. However, it is challeng-
ing for traditional ab initio calculations due to the diverse
surfaces of HEA with larger atomic systems. To obtain the
thermodynamically favorable configuration of HEA with
atomic distribution, machine learning-based Monte Carlo
(ML-MC) simulation has been applied based on the
constructed high-dimensional neutral network potential of
Pd,Ni,Ru Ir,Rh, system (see SectionS1, Figures S15-
S18).”"" Figures S19 and S20 show the accuracy and reli-
ability evaluations of the obtained machine learning poten-
tial for HEA-PdNiRulrRh system. Then, the origin of
enhancement of activity and stability for HEA electro-
catalyst were investigated through combining the density
functional theory (DFT) calculations based on computa-
tional hydrogen electrode (CHE) model.'” As shown in
Figure 3a, the associated structure of HEA is modeled by
the truncated octahedron nanoparticle with a radius of
around 3 nm and optimized by the ML-MC simulation to
obtain the thermodynamic favorable structures. For the
optimized nanoparticle (right panel of Figure 3a), the layer-
dependent fraction of elements distribution in the surface,
sub-surface and third layers were performed. Figure 3b
shows clearly that most of Pd atoms are distributed in the
surface layer due to its relatively low surface energy,® while
Ni and Ir atoms are the main components in the sub-surface
and third layer, respectively. It is in line with previous
reports that the enrichment of one or more element(s) in
the surface layers of HEA often occurs.”” More impor-
tantly, it is noted that such elements distribution features
are not dependent on the HEA nanoparticle sizes (Figur-
es S21 and S22), which confirms the rationality and
reliability of the selected 3 nm particle model. Furthermore,
the atomic coordination environment for each element in
the nanoparticle is analyzed. Figure 3c and Figure S23 show
that in the nanoparticle model of HEA, each element
coordinates with various elements, which indicates the
relatively uniform distribution of each composition in HEA,
thereby creating diverse local coordination environments,
which is responsible for the enhanced HOR activity. It
worth noting that the wet synthesis approach in this work
might lead to a more equilibrium distribution of elements
near the surface of the nanoparticles, compared to the bulk.
Meanwhile, the ML-MC simulations achieve quasi-equili-
brium distribution of elements of HEA, thereby leading to
effectively simulated surface elements distribution and
coordination environment, which match well with the
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Figure 3. a) Structure optimization for the nanoparticle model of HEA through the ML-MC simulation. b) Layer-dependent fraction of elements
distribution analysis for the surface, subsurface and the third atomic layer in (111) facet of HEA nanoparticle. c) Analyses of the atomic
coordination environments for the HEA nanoparticle model. d) Identification of the types of hollow-fcc sites and the statistic of the proportion of
each type of hollow-fcc site for the (111) facet of HEA nanoparticle. The inset is adsorption structure of *H on the hollow-fcc site. ) Adsorption
free energies of *H on the hollow-fcc sites of HEA and pure metal (111) facet. f) Adsorption free energies of *OH on the top sites of various metal
centers on HEA nanoparticle surface. g) Adsorption free energies of *OH on the top sites of metal centers for the (111) surfaces of pure metals.
h) Adsorption structures of *OH on the top sites of HEA. i) The optimized nanoparticle model of PdNi alloy. j) Layer-dependent fraction of
elements distribution analysis for the surface, subsurface and the third atomic layer in (111) facet of PdNi nanoparticle. k) Identification of the
types of hollow-fcc sites and the statistic of the proportion of each type of hollow-fcc site for the (111) facet of PdNi nanoparticle. I) Comparison of
the adsorption free energies of *H on the Pd—Pd—Ni, Pd—Ni—Ni and Pd—Pd—Pd hollow-fcc sites for HEA and PdNi.

experimental results. Nevertheless, the development of
more efficient and accurate simulation strategies, such as
combining MC simulation and enhanced sampling
methods,™ will be highly necessary to obtain the true
equilibrium configurations of complex HEA catalysts, which
should be explored in the future.

Based on the above thermodynamically favorable struc-
ture of HEA, the origin of the high alkaline HOR activity is
explored combining with the ab initio calculations (see
Section S2). Due to the limitation of size in DFT method,
the appropriate cut surface model is constructed through
cutting the (111) facet of HEA nanoparticle (Figure S24), to
calculate the adsorption energetics of key reaction inter-
mediates (*H and *OH) in alkaline HOR process. First, for
the *H intermediate, it is widely believed that the hydrogen
atom is generally adsorbed on the hollow-fcc site of (111)

Angew. Chem. 2023, 135, 202217976 (6 of 10)

surface,®! which consists of three atoms. In this regard, the
aforementioned coordination environment analyses show
that the relatively uniform element distribution will create
multifarious adsorption sites. Therefore, the types of hollow-
fcc sites were first identified, and the proportion of each
type of hollow-fcc site was counted. As shown in Figure 3d,
the hollow-fcc sites consisting of Pd and Ni elements
(Pd—Pd—Ni, Pd—Pd—Pd and Pd—Ni-Ni) on the HEA nano-
particle surface are predominant, due to the predominant
Pd and Ni atoms on the surface. The adsorption structure of
*H on the hollow-fcc site of HEA nanoparticle is shown in
the inset of Figure3d. The hydrogen adsorption free
energies (AGy.) on these three dominant hollow-fcc sites of
HEA are much more thermo-neutral compared to those on
the (111) surfaces of various pure metals (Figure 3e), which
is beneficial to the enhanced HOR kinetics. Moreover, it
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can be seen that the dominant Pd—Pd—Pd and Pd-Pd—Ni
hollow-fcc sites on the HEA surface also possess the most
optimal AGy. among various hollow-fcc sites (Figure S25),
further confirming the vital role of the Pd—Pd-Ni and
Pd—Pd—Pd bonding environments in accelerating the alka-
line HOR process.

It was reported that a moderately enhanced adsorption
strength of *OH is beneficial to reducing the energy barrier
of Volmer step according to the Brgnsted-Evans-Polanyi
(BEP) relation and thereby facilitating the alkaline HOR
process.’”l Therefore, the adsorption free energy of *OH
(AG.op) on the HEA nanoparticle surface and the (111)
surfaces of various pure metals were calculated. The top
sites of surface metal atoms are considered for *OH
adsorption according to the adsorption configuration of
*OH intermediate measured by Li and co-workers.” It can
be seen clearly that each component on HEA surface
possesses a stronger adsorption strength for *OH intermedi-
ate, compared to the (111) surfaces of various pure metals,
except the Ni component (Figures 3f and g). The adsorption
structures of *OH on the top sites of HEA are shown in
Figure 3h. Furthermore, it can be seen unambiguously that
for both the HEA and pure metals, the Ru and Ni possess
the most oxophilic sites, which implies that these two
components in the HEA are very likely the active sites of
*OH intermediate. Although the adsorption strength of
*OH on the pure Ni(111) surface is stronger than that on
the Ni sites of HEA, the experimental alkaline HOR activity
is still much poorer compared to HEA, which can be
attributed to the unfavorable adsorption of *H intermediate.
These results indicate that both optimized adsorption
strengths of *H and *OH intermediates are essential for
alkaline HOR.

On the other hand, the nanoparticle model of PdNi
binary alloy has also been simulated through the ML-MC
method to understand the roles of Ru, Rh and Ir elements
in boosting alkaline HOR activity, which are predominant in
the sub-surface. The optimized atomic structure of PdNi
alloy and the layer-dependent fraction of elements distribu-
tion analysis are shown in Figures 3i and j. Figure 3k shows
that on the PdNi nanoparticle surface, the Pd—Pd—Ni,
Pd—Ni—Ni and Pd—Pd—Pd hollow-fcc sites are also predom-
inant, which is in line with the HEA nanoparticle. Never-
theless, as shown in Figure 31, the adsorption strength of *H
intermediate on these three kinds of hollow-fcc sites for
PdNi alloy are more deviant from thermo-neutral, compared
to those on HEA. This result indicates that the Ru, Rh and
Ir components in HEA can regulate the electronic structures
of Pd and Ni components, thereby results in the optimized
hydrogen binding energy on HEA, and significantly pro-
moted alkaline HOR performance.

The favorable stability of HEA under operating con-
ditions has usually been praised due to the unique high-
entropy mixing states.’¥ However, the stability
enhancement mechanism of HEA for alkaline HOR has not
been investigated. Based on the deep machine learning
potential simulation, we have first explored the origin of
superior stability of HEA toward HOR. The electrochem-
ical stability of HEA nanoparticle is evaluated by the
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dissolving capacity of surface metal atoms from the stable
(111) facet to form a vacancy (Figure 4a). In order to further
compare the electrochemical stability of HEA with that of
pure metal, the relative dissolving capacity between them
have been obtained by calculating the difference of reaction
energy (AE,) of the dissolving processes on HEA nano-
particle (111) facet and pure metal (111) surface (see section
S3 for details). A more positive AE, value represents the
higher electrochemical stability of HEA nanoparticle than
pure metal. Figure 4b shows that the Ni component on the
HEA nanoparticle surface is much more stable comparing
with the pure Ni (111) surface, providing a great contribu-
tion to the excellent electrochemical stability of HEA. For
the surface enriched Pd component, it can be seen that
almost all Pd sites possess a positive AE, value, indicating
that the Pd atom possesses a significant enhancement of
stability in HEA compared to pure Pd metal. Moreover, as
for the Ru, Rh and Ir components with less surface
distribution in HEA, they display balance on stability
compared with the pure metal, which implies that the
excellent electrochemical stability of HEA is mainly derived
from the coordination of surface enriched Pd and Ni atoms.
To further understand the enhancement mechanism of
HEA, the heat maps of AE, for all metal sites on the (111)
facets of HEA nanoparticle were analyzed (Figure 4c). It
clearly shows that the Pd sites adjacent to the Ru, Rh and Ir
components usually possess more negative AE, values
(marked by the red dashed box); while for the remaining
surface regions without the distributions of Ru, Rh and Ir,
all the Pd and Ni sites display more positive AE, values,
demonstrating surface coordination of Pd and Ni compo-
nents contributes to the electrochemical stability of HEA.

To verify the above simulation results, the accelerated
durability tests (ADT) were conducted to evaluate the
stability of catalysts though performing 1000 cycles of cyclic
voltammetric (CV) measurement in 0.1 M Ar-saturated
KOH solution. As shown in Figures 4d—g, the HOR polar-
ization curve of HEA are almost coincides with the initial
state after 1000 CV cycles. Moreover, the XRD pattern of
HEA after stability test reveal the stable crystalline phase
(Figure S26), further indicating the good stability of HEA
toward alkaline HOR. In contrast, the polarization curves of
the reference samples decreased rapidly after 1000 CV
cycles (Figure 4e—g and Figure S27). Moreover, detailed
kinetic analyses were performed. As shown in Figure 4h, the
value of j° on HEA electrode has only decreased by 4.8 % of
its original value, indicating the superior stability of HEA,
which is consistent with the ML-MC simulation. However,
the j° decreased by 20.6 %, 31.5%, 31.5%, and 35.3% for
Pd, Ru, Rh and Ir, respectively, indicting the poor electro-
chemical stability.

Conclusion

In summary, a HEA-NiPdRulrRh electrocatalyst with
superior stability for alkaline HOR has been developed by
using facile wet-chemical strategy. Machine learning poten-
tial-based Monte Carlo (ML-MC) simulations unveil the
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Figure 4. a) The schematic of the dissolving process of surface metal stom in HEA nanoparticle to evaluate the stability. The energies of various
nanoparticle systems are obtained based on the trained machine learning potential. b) Statistic of the AE, value for each component on the HEA
nanoparticle (111) facet to represent the stability. c) The AE, heat map of the HEA nanoparticle (111) facets. The upper panels are the atomic
structure, and the lower panels are the corresponding heat map. d)—g) Accelerated durability tests for (d) HEA, (e) pure Ir, (f) pure Ru and (g) Pd.

h) Comparison of j° before and after 1000 CVs.

atomic distribution of element components, surface atomic
structures and local coordination environments of HEA,
identifying the predominant surface atomic distribution of
Pd and Ni atoms. By integrating the ML-MC simulation
with the ab initio calculations based on CHE model, we
reveal that the dominant Pd—Pd-Ni/Pd—Pd—Pd bonding
environments in the obtained HEA-NiPdRulrRh enable
optimal adsorption/desorption of *H intermediate, which
together with the enhanced *OH adsorption strength
derived from Ni and Ru oxophilic sites, contributes to the

Angew. Chem. 2023, 135, 202217976 (8 of 10)

remarkable alkaline HOR performance, with a mass activity
of 325mApg !, which is 52, 26, 12, 7 and 8 times higher
than those of the Pd, Ru, Rh, Ir and commercial Pt/C,
respectively. Moreover, the HEA shows excellent CO
tolerance than that of commercial Pt/C. Combining CV tests
with machine learning potential simulation, we demonstrate
that the surface coordination of Pd and Ni components play
a critical role in enhancing stability of HEA. This study
sheds light on atomic distribution and local atomic structures
of HEA for fundamentally understanding the catalytic
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mechanism and paves a new avenue for developing
advanced HOR electrocatalysts.
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