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ABSTRACT High-entropy alloys (HEAs) have been widely
studied due to their unconventional compositions and unique
physicochemical properties for various applications. Herein,
for the first time, we propose a surface strain strategy to tune
the electrocatalytic activity of HEAs for methanol oxidation
reaction (MOR). High-resolution aberration-corrected scan-
ning transmission electron microscopy (STEM) and elemental
mapping demonstrate both uniform atomic dispersion and
the formation of a face-centered cubic (FCC) crystalline
structure in PtFeCoNiCu HEAs. The HEAs obtained by heat
treatment at 700°C (HEA-700) exhibit 0.94% compressive
strain compared with that obtained at 400°C (HEA-400). As
expected, the specific activity and mass activity of HEA-700 is
higher than that of HEA-400 and most of the state-of-the-art
catalysts. The enhanced MOR activity can be attributed to a
shorter Pt-Pt bond distance in HEA-700 resulting from
compressive strain. The nonprecious metal atoms in the core
could generate compressive strain and down shift d-band
centers via electron transfer to surface Pt layer. This work
presents a new perspective for the design of high-performance
HEAs electrocatalysts.

Keywords: high-entropy alloys, lattice strain, methanol oxida-
tion, platinum-based catalysts, electrocatalysis

INTRODUCTION
The direct methanol fuel cell (DMFC) is one of the most

Chandra Veer Singh” and Shuangyin Wang'

promising energy conversion devices. The performance of
DMEGC is hindered by the inefficient methanol oxidation
reaction (MOR) which occurs at the anode. Currently, the
most efficient electrocatalysts for the MOR are Pt-based
[1,2]. However, due to their high cost, low utilization rate,
and poor stability which is caused by the dissolution and
agglomeration of Pt, and is especially sensitive to toxicity
of the intermediate CO, the practical application of Pt-
based catalyst is limited [3,4]. Therefore, it is significantly
important to rationally regulate the components and
electronic structure of the anode to improve the CO
poisoning resistance and catalytic activity of Pt-based
materials.

Multi-component alloys formed from Pt and some
transition metals (such as Fe, Ni, Cu and Co) can sig-
nificantly reduce the cost, while potentially increasing the
overall catalyst activity resulting from synergistic effects
(electronic and/or strain effects). The introduction of
transition metals not only increases the stability of the
material system, but also improves the tolerance of CO on
the Pt surface [5]. As a paradigm of the multi-component
alloys, high-entropy alloys (HEAs) are emerging materials
which have attracted tremendous attention in many fields
due to their tunable composition and tailoring of func-
tional properties [6-11]. Unlike conventional alloys
which do not exceed three elements, HEAs are usually
defined as alloys containing five or more main elements
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in an equal or near-equal atomic percentage (at%) with
no distinction between subject and object elements, and
these constituent atoms are uniformly distributed in a
single-phase solid solution [12,13]. Owing to the strong
synergistic effects among constituent elements, HEAs
often exhibit unique characteristics such as the high-
entropy effect, the sluggish diffusion effect, severe lattice-
distortion, and the cocktail effect [14-17].

In recent years, researchers have been seeking various
methods and strategies to improve the electrocatalytic
activity and stability of HEAs. For instance, Lacey et al.
[18] prepared multi-component alloy nanoparticles with
controlled compositions for oxygen electrocatalysis by a
harsh synthetic method. Similarly, Qiu et al. [19] devel-
oped a simple and scalable strategy to prepare ultrafine
nano-porous HEAs for the oxygen reduction reaction
(ORR). Qiu et al. [20] also prepared nano-porous HEAs
using a controllable and traditional method for the oxy-
gen evolution reaction (OER). Given that adjusting the
surface strain has become one of the most effective stra-
tegies to improve the catalytic performance of electro-
catalysts [21,22], Strasser et al. [23] demonstrated that
appropriate compressive strain can enhance the catalytic
activity of Pt-based alloys by changing the electronic band
structure of platinum. Therefore, it is very important to
develop Pt-based HEAs and adjust the surface strain of
the electrocatalyst to enhance the catalytic activity
[24,25].

Herein, we successfully synthesized a class of HEAs
with face centered cubic (FCC) structure through an
impregnation followed by thermal reduction at different
temperatures (400 and 700°C) under H,/Ar atmosphere.
Importantly, HEA-700 (lattice fringes with spacings of
2.12 A) exhibits a typical compressive strain compared
with HEA-400 (lattice fringes with spacings of 2.14 A). As
far as we know, this is the first time that a surface strain
strategy is used to enhance the catalytic activity of HEAs.
Interestingly, both HEA-400 and HEA-700 achieve ex-
cellent MOR activity in acidic solution with the specific
activities (mass activities) of 2.35 mA cm ~ (1.30 A mgfl)
and 3.29 mA cm ~ (1.40 A mg '), respectively, which are
1.57 (2.32) and 2.20 (2.50) times higher than that of Pt/C,
respectively. In particular, HEA-700 displays higher cat-
alytic activity compared with HEA-400, suggesting that
the surface compressive strain in HEAs is able to boost
MOR performance. Extended X-ray absorption fine
structure (EXAFS) tests reveal that the enhanced MOR
activity could be attributed to a shorter Pt-Pt bond dis-
tance in HEA-700 resulting from the compressive strain,
which can significantly improve the electrocatalytic ac-

October 2021 | Vol.64 No. 10

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

tivity by downshifting of d-band centers. In addition,
density functional theory (DFT) calculations indicate that
the compression strain shifts the d-band centers away
from the Fermi energy, resulting in a weaker adsorption
of CO on the HEA-700 surface and consequently, a
higher MOR performance.

EXPERIMENTAL SECTION

Synthesis of HEA-400

Vulcan XC-72 carbon supported PtFeCoNiCu/C with
20 wt% metal content was prepared by an impregnation
reduction process. The typical synthesis of PtFeCoNiCu/
C involved the use of five metal precursors, H,PtCls
6H,0, CoCl,-6H,0, NiCl,-6H,0, CuCl,-2H,0 and FeCl,.
These precursors with controlled molar ratios (metal
molar ratio is 1:1:1:1:1) were dissolved in deionized water,
and then a given amount of Vulcan XC-72 carbon sup-
port treated by O, plasma for 30 min was added into the
above mixture. The suspension was stirred overnight, and
then heated under magnetic stirring until the water eva-
porates formed a smooth thick slurry. The resulting
powder was ground in an agate mortar after drying in an
oven at 60°C for 12 h, yielding the HEA precursor. The
HEA-400 was finally obtained by calcinating the pre-
cursor at 400°C under 10% H,/Ar for 2 h. Pt/C (20 wt%),
binary PtFe/C, ternary PtFeCo/C, quaternary PtFeCoNi/
C and HEAs with different Pt contents (including 5, 10,
and 20 wt%, denoted as x%-HEA-400/700, where x is the
Pt content) were also prepared by the above method.

Synthesis of HEA-700
The as-prepared HEA-400 sample was annealed at 700°C
under 10% H,/Ar for 2 h to get HEA-700.

Characterization

The morphology and microstructures of all samples were
characterized by a transmission electron microscope
(TEM, FEI, F20 S-TWIX). High-resolution aberration-
corrected scanning TEM (STEM) bright-field and map-
ping images for HEAs were collected from a probe-cor-
rected JEOL ARM200F. The crystal phase of the products
was examined by X-ray diffraction (XRD, Bruker, D8-
Advance). The actual metal contents in the HEAs were
determined by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES, Spectro Blue Sop). The X-
ray photoelectron spectroscopic (XPS) measurements
were carried out with an ESCALAB 250Xi. X-ray ab-
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sorption spectroscopy was conducted at TLS BL17C. The
specific surface area of the samples was calculated using
the Brunauer-Emmett-Teller (BET) method.

Electrochemical measurements

All of the electrochemical measurements were performed
with a CHI 760D electrochemical workstation with a
three-electrode system at room temperature. The catalyst
dropped on a glassy carbon electrode (5 mm in diameter,
0.196 cm®) was used as the working electrode, graphite
rod was used as the counter electrode and saturate calo-
mel electrode (SCE) was used as the reference electrode.
All potentials in this study were given versus SCE. The
electrochemical activities of HEA-400, HEA-700 and Pt/C
electrocatalysts were measured for the electro-oxidation
of methanol. Generally, 4 mg of electrocatalyst sample
was ultrasonically dispersed in 950 uL isopropanol and
50 uL Nafion solution (5wt%, Du Pont) to form a
homogeneous ink followed by dropping 10 pL of the
electrocatalyst ink onto the surface of a glass carbon
electrode (GCE) and dried under room temperature. The
electrochemical active areas of all electrocatalysts were
measured in a N,-saturated 0.1 mol L' HCIO, solution at
a scan rate of 50 mV s . The electrocatalytic activity for
the MOR was measured in a nitrogen-saturated
0.1 mol L' HCIO, and 1.0 mol L' CH,OH solution at a
scan rate of 50 mV s . The electrocatalytic activity of the
HEA-700 toward CO oxidation was contrasted with
HEA-400 and Pt/C catalysts in 0.1 mol L' HCIO, elec-
trolyte at a scan rate of 10 mV s . High purity CO was
bubbled into the electrolyte solution for 20 min while
keeping the electrode potential at —0.1 V to achieve
maximum coverage of CO at the Pt centers.

The electrochemically active surface areas (ECSAs) of
HEA-400, HEA-700 and Pt/C were calculated by mea-
suring the charge from the CO adsorption peaks, with the
assumption that the smooth Pt electrode gives the CO
adsorption a charge of 420 uC cm *, which represents the
quantity of charge corresponding to the adsorption of a
monolayer of CO on Pt site. CO stripping voltammetry
was applied to evaluate the ECSA of the catalyst, and the
ECSA is calculated by
%%» M
where Qo is the charge due to the CO adsorption in the
CO stripping voltammograms, 420 represents the charge
density (uC cm ) which is required to oxidize a mono-
layer of CO on the Pt site, and My, is the loading of Pt
catalyst on the working electrode.

ECSA =
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Calculation of entropy value in HEAs

According to the Boltzmann’s thermodynamic statistics
principle and Sterling formula, the configurational en-
tropy (AS.oq) in system is dominant over the other three
contributions including vibrational entropy, magnetic
dipole entropy and electronic randomness entropy.
Therefore, the quantitative relationship between the en-
tropy and randomness of the system is given by

AS,..s = —R[c|Inc;+ --- +¢c,Inc,]

conf —
=-R) clnc, (2)
i=1

where R is the gas constant, and ¢; is the mole fraction of
the i element, and # is the number of the components.
When ¢, = ¢, = ¢; = ... = ¢, the entropy of the HEAs
system reaches its maximum value.

DFT calculation methods

All calculations were implemented by spin-polarized DFT
in the Vienna Ab initio Simulation Package (VASP). The
projector augmented wave (PAW) pseudopotential and
Perdew-Burke-Ernzerhof (PBE) functional of the gen-
eralized gradient approximation (GGA) were utilized to
describe the interactions between valence electrons and
ionic cores, and the exchange-correlation effects. The
kinetic energy cutoff for the wave function calculations
was 550 eV with the smearing width of 0.2 eV. The su-
percell of 4 x 4 and the vacuum gap of about 15 A were
used for negligible interactions between the systems and
their mirror images. The van der Waals interaction was
described through zero damping DFT-D3 method of
Grimme. The geometry relaxation was stopped if the total
energy change and forces between two steps were smaller
than 1 x 10 ° eV and 0.05 eV A", respectively. The Bader
charge analysis was considered for understanding the
charge transfers.

The surface structures of HEAs with four atomic layers
were created by the random distribution of metal atoms
and the two bottom layers were fixed during geometric
relaxation. The top layer only contained Pt atoms because
the other metals were dissolved in the initial catalytic
process, identified by experimental results. The designed
content (Pt,sFegCo,oNigCuy;) and lattice constant of
HEAs were based on the experimental values. The ad-
sorption energy (E,y) of CO on different catalysts was
defined as

Ead = ECO* - (Ecatalysts + ECO)J (3)
where Ecox, Ecyysir a0d Eco indicated the total energies
of CO adsorbed on catalysts, isolated catalysts, and CO
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molecule, respectively.

RESULTS AND DISCUSSION

In synthesis, H,PtCl,-6H,0O and transition metal chlorides
(MCl,-nH,0, M = Fe, Co, Ni and Cu) were chosen as the
starting materials, Vulcan XC-72 was used as the carbon
support. As shown in Scheme S1, we have successfully
prepared a class of HEAs at different temperatures under
a flowing H,/Ar atmosphere. Notably, when the alloy
becomes a disordered FCC structure, different atoms will
occupy the lattice position randomly, resulting in severe
lattice distortion because of the different atomic radii of
the constituent atoms (Fig. 1a).

As indicated by the XRD pattern of Fig. 1b, the HEA-
400 shows a typical platinum-like FCC structure. The
three main peaks are consistent with those of a typical
FCC structure, corresponding to the (111), (200) and
(220) planes. However, the peak positions shift to a
higher angle than pure Pt, which indicates that transition
metals (Fe, Ni, Cu and Co) were successfully alloyed with
Pt to form a single-phase solid solution with some lattice
contraction (Fig. S1). Unexpectedly, after heat-treatment
at 700°C, the HEA-700 maintains the FCC structure well
rather than converting to an ordered alloy as usual

[26,27]. This may be because the high mixing entropy not
only effectively reduces the free energy in the alloy system
(AG = AH,,;x — TAS,,;,) but also offsets the strain en-
ergy, making alloying atoms randomly distributed on the
lattice position, thereby reducing the tendency of the alloy
atom ordering and segregation, and inhibiting the for-
mation of intermetallic compounds and the occurrence of
phase separation [16,28,29]. The diffraction peaks of
HEA-700 move to higher angles compared with HEA-400
due to the compressive strain [22,24]. This also demon-
strates the HEA-700 had a better alloy structure. In ad-
dition, the calculations results agree well with the
respective experimental data (Fig. S2), and the calculated
lattice constant of HEA-700 (a = 3.67 A) is less than that
of HEA-400 (a = 3.71 A). To some extent, this also
confirms the existence of compressive strain. ICP-OES
was used for qualitative and quantitative analysis of ele-
ments in HEAs. Experimental data show that the five
elements have approximately equal molar ratios (Table
S1). High-resolution aberration-corrected STEM EDS
pattern (STEM-EDS) of the HEAs also confirmed the
existence of the above five elements (Fig. 1c and Fig. S3a).
In addition, the AS,,,; of the HEAs is about 1.61R (R is
the gas constant), satisfying the definition of HEAs [12].

a b Cc
~ s - Element wt%
- —— HEA-400 = Pt - lements
=Y Pt 4733
| ( Component substitution & = Cii Fe 12.00
\ — |,> G . ) co 13.42
P & =2 e > s Ni 1027
2 W 2 (] ¢ cu 16.98
\7; < 5 i g
< B =
® 0 - "PDF#06.0696 = bt FeCo Ni Cu .
o . - Co PDF#15-0806
Fcc Pt Fe Co Ni Cu Fcc | Porros0ss0 I l I | I T
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Figure 1

Structural, morphological, and elemental characterizations. (a) Schematic diagram of the transformation from pure metal element FCC

structure to HEAs FCC structure. (b) The XRD patterns of HEA-400 and HEA-700. (c) STEM-EDS spectrum, (d, e) TEM images, (f) high-resolution
STEM image, and (g) STEM-EDS elemental mapping of HEA-400. (h, i) TEM images, (j) high-resolution STEM image, and (k) STEM-EDS elemental

mapping of HEA-700.
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The morphology and microstructure of the HEAs were
observed by TEM, high-resolution TEM (HRTEM), and
high-resolution aberration-corrected STEM. As shown in
Fig. 1d, e, h and i, the low magnification TEM images of
HEA-400 and HEA-700 show a morphology of ultra-
small nanoparticles. Specifically, the average sizes of HEA
nanoparticles for HEA-400 and HEA-700 are 1.41 and
2.37 nm, respectively (Fig. S4). This is the smallest na-
noparticle size for HEAs reported in the references
[9,11,30,31]. This facilitates exposing more reactive sites
for the electrocatalytic process due to the large specific
surface area (Table S2). High-resolution STEM image of a
single HEA-400 nanoparticle (Fig. 1f and Fig. S3b) shows
lattice fringes with a spacing of 2.14 A, which is close to
but smaller than that of (111) plane of cubic Pt crystal
(2.22 A, JCPDS No. 04-0802), indicating the incorpora-
tion of transition metal (Fe, Ni, Cu and Co) atoms into
the Pt nanostructure. After the high temperature treat-
ment, the high-resolution STEM image of a single HEA-
700 nanoparticle (Fig. 1j and Fig. S3c) shows lattice
fringes with a spacing of 2.12 A, which exhibits about
0.94% compressive strain compared with HEA-400, in-
dicating that the high temperature treatment induced the
generation of compression strain in HEAs. These TEM
results are consistent with the XRD results. In addition,
we found no apparent elemental segregation or phase
separation for the HEA-400 and HEA-700 nanoparticles
(Fig. 1j, k) using STEM elemental mapping. High-
resolution aberration-corrected STEM and elemental
mapping also demonstrate both uniform atomic scale
mixing and the formation of an FCC crystalline structure.

To understand the surface valence states of the HEAs,
XPS analysis was conducted. Fig. 2a shows the Pt 4f XPS
spectra of the HEA-400 and HEA-700. The binding en-
ergy of HEA-700 has a positive shift compared with that
of HEA-400, indicating the downshift of the d-band
centers [24,32]. The large change in Pt 4f binding energy
will be conducive to reducing the CO adsorption energy
and facilitating the C-H bond fracture on Pt sites [33].
The Pt 4f XPS spectra of HEAs show two peaks that can
be attributed to Pt 4f;, and Pt 4f;,,, and can be further
divided into two modules, corresponding to the metallic
Pt and Pt oxide species. Another feature between 68 and
70 eV belongs to the characteristic peak of Ni 3p related
to Ni*" in HEAs [34]. This phenomenon is often observed
in PtNi alloy systems, which may be because that Ni has a
strong affinity for oxygen [35]. Fig. S5a shows the Fe 2p
XPS spectra of HEAs catalysts. The metallic Fe peak is
located at 709.7 eV, while the peaks at 711.8 and 713.8 eV
can be assigned to Fe’' and Fe'" in HEAs, respectively.
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The Co 2p XPS spectra of the HEAs are given in Fig. S5b,
the binding energies of the Co 2ps;, and Co 2p,,, peaks at
779.6 and 794.6 eV are characteristics of metallic Co, and
the couple peaks at 781.7 and 796.7 eV are the feature of
Co’*. Similarly, the Ni 2p XPS spectra (Fig. S5¢) also
reveal that the HEAs contains metallic Ni and its oxides.
In the Cu 2p XPS spectra (Fig. S5d), a higher Cu 2ps,
peak located at 932.7 eV and an associated Cu 2p,,, peak
at 952.5 eV are assigned to the metallic Cu species. The
peaks at 933.8 and 953.5 eV are attributed to the oxida-
tion of Cu.

In order to quantitatively express the influence of
compression strain on the electronic structure of HEAs in
MOR, the surface valance band photoemission spectrum
(VBS) was carried out (Fig. 2b, c). Obviously, compared
with HEA-400, the HEA-700 has a lower d-band centers
due to the compressive strain, which can regulate the
adsorption/desorption capacities of activating reactant or
intermediates and improve the electrocatalytic activity in
MOR [36-38]. This result is consistent with the above
XPS analysis of the Pt 4f XPS spectra. To identify the
atomic-coordination nature and electronic structure of
the lattice-strained HEAs, we performed X-ray absorption
near-edge structure (XANES) spectra and the EXAFS
measurements. The absorption features of HEA-400 and
HEA-700 are different from pure Pt, suggesting alloying
of Pt with transition metals adjusted the electronic
structure (Fig. 2d, e). The white-line intensities in these
spectra reflect the oxidation states of the Pt species in the
different samples [39]. Notably, the higher white-line
intensity in HEA-400 than that in HEA-700 (inset in
Fig. 2d) suggests that the Pt in HEA-400 carried more
positive charge [40]. In addition, compared with the Pt
XPS spectra of HEA-400, it was also observed that Pt
showed a higher proportion of metallic states on the
surface of HEA-700 catalysts. Therefore, HEA-700 ex-
hibits a significantly lower oxidation state of the Pt spe-
cies compared with HEA-400, which may be attributed to
better oxidation resistance and higher degree of alloying
in HEAs under the influence of higher temperature
treatment [41]. Fig. 2e and Fig. S6 show the radial dis-
tribution function (RDF) and the corresponding fitted
data, respectively. The HEAs have a shorter bond length
than that of pure Pt, which indicates that transition me-
tals were successfully alloyed with Pt to form a single-
phase solid solution with some lattice contraction, con-
sistent with the XRD and TEM analysis. The fitted Pt L;-
edge EXAFS results of the HEA-400 and HEA-700 are
described in Fig. S6 and Table S3, respectively. For the
HEA catalysts, Pt-O bond was found, which may be

October 2021 | Vol.64 No. 10



SCIENCE CHINA Materials

ARTICLES

a Ptar, _ptar_ Ptai| b HEA400| € HEA-700
~ | 35 3
S & s
3 &
< = 2
2 g 5
] c <
2 £
82 80 78 76 74 72 70 68 66 -12 -10 -8 -6 -4 -2 0 -12 -10 -8 -6 -4 -2 0
Binding energy (eV) Binding energy (E-E., eV) Binding energy (E-E., eV)
d " = e f p— i
PtL,-edge || K Pt R-space — Pt foil Fe R-space — Eg gon
/“‘ 2 | - N\ —PtO, -
\ 5 2 [ —HEA700 | 2
~ / £ g [ —HEA400 | &
3 \ 11560 11570 11580 = [
S Photon energy (eV) w tt
- ) S)
2 g E
k9] — Pt foil g £
£ —Pto, 5 S
— HEA700 | £ <
——HEA-400
11520 11550 11580 11610 11640 0 1 2 4 5 6
Photon energy (eV) Radial distance (A) Radial distance (A)
h - i
9 Co R-space Co foil Ni R-space Ni foil Cu R-space Cu foil
— ——Co0 — —Ni,0, z — Cu,0
2 —Co,0, = —NiO e —— Cu0
~ ——HEA-700 ~ ——HEA-700 ~ —— HEA-700
T ——HEA400 | T ——HEA400 | T
bS] bS] ‘G
Q [0} [}
© kel °
= ) =2
2 = 2
jo)) jo)) jo))
© © ©
= = =

0 1 2 3 4 5 6 0 1 2
Radial distance (A)

Radial distance (A)

4 5 6 0 1 2 3 < 5 6
Radial distance (A)

Figure 2 Local structure analyses. (a) Pt 4f XPS spectra of HEAs. Surface valence band photoemission spectra of (b) HEA-400 and (c) HEA-700.
(d) Pt Ly-edge XANES of HEAs as well as the reference samples. Inset shows the enlarged spectra at Pt L;-edge. The Fourier transform (FT) of the
EXAFS spectra of HEAs as well as the reference samples: (e) Pt L;-edge, (f) Fe K-edge, (g) Co K-edge, (h) Ni K-edge, and (i) Cu K-edge.

because the catalysta are exposed to the air [42]. More
importantly, judging from the fitted results (Table S3),
the Pt—Pt bond distance (Rp,p, = 2.57885 A) in HEA-700
is smaller than that of HEA-400 (Rp.p, = 2.69068 A).
According to previous research, the shorter Rp.p, can
significantly improve electrocatalytic activity by tuning d-
band centers [43,44]. In addition, transition metal dis-
tributions in HEAs were also investigated by collecting
their XANES and EXAFS. We find that Fe and Ni in
HEA-400 are mainly in an oxidation state, while Co and
Cu are relatively stable and only slightly oxidized (Fig. S7
and Fig. 2f-i); this may be because Fe and Ni have a
strong affinity for oxygen and are often studied in simple
binary Pt-based alloys [45]. Correspondingly, the EXAFS
of the Fe and Ni closely resembles that of FeO and NiO,
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respectively (Fig. 2f, h). Interestingly, they change dra-
matically in HEA-700 with the Fe-O and Ni-O bond
peaks at 1.5 A disappears, and almost all transition metal
elements in HEA-700 are alloying phase. The higher de-
gree of alloying for HEA-700 compared with HEA-400 is
very beneficial to the electrochemical cycling stability of
the catalyst under operating conditions. The above ana-
lyses together prove that the Fe and Ni in the HEA-400
are in the multiple valence of M™" (M = Fe and Ni) and
Pt-based alloying phase. According to previous reports,
these surface Fe and Ni species will have no effect on the
MOR activity because they will be completely dissolved in
the early activation stage. Nevertheless, the Fe and Ni in
the core is conducive to MOR not only because they in-
crease the utilization of Pt but also optimize the electronic
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structure of the surface Pt sites by generating the com-
pressive strain [23]. This is consistent with the fitted Pt
L;-edge EXAFS results (Fig. S6 and Table S3).

The electrochemical behaviors of HEA-400, HEA-700
and Pt/C catalysts were measured (Fig. 3a) by cyclic
voltammetry (CV). The reduction peak potential for Pt-
OH,4 of HEA-700 is shifted forward compared with those
of HEA-400 and Pt/C, which indicates HEA-700 has the
weakest adsorption for oxygen-containing species [46].
Combining ECSA and ICP-OES analyses (Tables S4 and

liver superior MOR performance in N,-saturated
0.1 mol L' HCIO, + 1 mol L' CH,OH solution with the
specific ~activities (mass activity) of 2.35mA cm
(1.30 A mg_l) and 329 mA cm > (1.40 A mg_l), respec-
tively, which are 1.57 (2.32) and 2.20 (2.50) times that of
Pt/C (Fig. 3c) and higher than most of the state-of-the-art
catalysts in recent reports (Table S6). In particular, HEA-
700 displays a higher catalytic activity compared with
HEA-400. The high activity is partly caused by different
surface compressive strain between them. As another

S5), as displayed in Fig. 3b, HEA-400 and HEA-700 de-  important index, the ratio of peak current density of the
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Figure 3 Electrocatalytic performance. (a) Cyclic voltammograms of Pt/C, HEA-400 and HEA-700 catalysts in N,-saturated 0.1 mol L' HCIO,
solution at a scan rate of 50 mV s . (b) Electrocatalytic activities of Pt/C, HEA-400 and HEA-700 catalysts in N-saturated 1 mol L' CH;OH +
0.1 mol L HCIO, solution at a scan rate of 50 mV s’ () Specific activities and mass activities of Pt/C, HEA-400 and HEA-700 catalysts. (d) CO
stripping voltammograms of HEA-700, HEA-400, and Pt/C catalysts in 0.1 mol L' HCIO, solution. (e) Chronoamperometric curves of the Pt/C,
HEA-400 and HEA-700 catalysts in 1 mol L' CH,OH + 0.1 mol L~" HCIO, solution at 0.60 V for 5000 s. (f) In operando Nyquist plots of EIS for
MOR on HEA-700 catalyst at 0.25-0.65 V. The inset shows Nyquist plots at 0-0.20 V, where the applied voltage is referenced to the SCE.
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forward-to-backward scans (I/I;) can be applied to
evaluate the tolerance of electrocatalysts to the poisoning
of intermediate carbonaceous species in MOR [46,47].
The ratio (Fig. S8) indicates that HEA-700 (I/I, = 1.21)
has better poisoning tolerance than HEA-400 (I/I, =
1.09) and Pt/C (I/I, = 0.58). In addition, we further in-
vestigated the CO tolerance of Pt/C, HEA-400 and HEA-
700 catalysts by CO stripping test in 0.1 mol L' HCIO,
(Fig. 3d and Fig. S9). The CO stripping curve of HEA-700
shows lower onset potential and peak potential (0.434 V)
than those of HEA-400 (0.448 V) and Pt/C (0.491 V),
indicating HEA-700 has a higher CO tolerance. The sta-
bility of the electrocatalysts were evaluated by CV cycling,
as shown in Fig. S10. After 1000 cycles, the peak current
density retention rate of HEA-700, HEA-400 and Pt/C are
72.5%, 69.4% and 53.5%, respectively, demonstrating that
HEA-700 has enhanced catalytic stability. Moreover, the
durability of HEAs were then tested using chron-
oamperometry (Fig. 3e). It can be found that the current
density decreased rapidly in the beginning, which was
attributed to the adsorption of intermediate species on Pt
surface in MOR [48]. As time progressed, the anodic
current density of catalysts achieved a stable state, this
may be due to that the intermediate adsorbing and oxi-
dizing rate reached a balance. Obviously, the HEA-700
had a better ability to overcome catalytic poisoning than
HEA-400 and Pt/C, and therefore showed consistently
higher current density in duration measurements. In
addition, we synthesized a series of HEAs with different
Pt contents (including 5, 10 and 20 wt%) to explore the
effect of Pt content in high-entropy PtFeCoNiCu alloys
on lattice strain, catalytic activity and catalytic stability.
We found that the electrocatalytic activity for MOR
gradually enhanced with the increase of Pt content in
HEAs. Obviously, all the HEAs obtained by heat treat-
ment at 700°C exhibit better activity, CO tolerance and
stability compared with that obtained at 400°C (Fig. S11).

In order to further understand the mechanism of MOR,
in operando EIS of HEA-700 electrodes towards MOR at
various potentials are described in Fig. 3f, and Figs S12
and S13. The EIS indicates that the MOR on HEA-700 at
different potentials show distinguishing impedance
characteristics [49]. At low voltages, a large arc was ob-
served, and this spectral feature indicated the presence of
impedance. The reaction has undergone a slow kinetic
process because the reaction intermediate CO blocked the
Pt site and prevented the adsorption and dehydrogena-
tion of methanol [50]. At the above stage, methanol de-
hydrogenation is the rate-determining step. As the
potential increased, the charge-transfer resistance for
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MOR gradually decreased. Interestingly, a classic pseudo-
inductive behavior was observed at 0.25 and 0.35V,
where a small arc appeared in the fourth quadrant and its
diameter decreased sharply as the potential increased
[51,52]. At this stage, the CO,q4, intermediate can be re-
moved by oxidation and Pt active sites were regenerated.
Therefore, the MOR rate was accelerated. At 0.60 and
0.65V, a negative Faradaic impedance can be observed in
the second quadrant. This interesting phenomenon fur-
ther indicates the existence of an inductive component.
The inductive behavior can be attributed to the formation
of hydroxyl species on Pt sites. Generally, this hydroxyl
species had the ability to oxidize and remove the ad-
sorbed CO intermediates on the catalyst surface to pro-
mote MOR [53,54]. It can be seen that the impedance
analysis result is consistent with those of CV measure-
ments and I/I, value. In addition, when the potential is
higher than 0.70 V, the impedance plots return to the first
quadrant and the diameter of the arc firstly decreases
(from 0.70 to 0.90 V) and then increases (0.90 to 1.0 V).
The increase of charge transfer resistance (R.) can be
attributed to the oxidation of the Pt surface [54]. More-
over, the R is an important parameter for electrocatalytic
reactions. The fitted EIS results indicate that the R, of
HEA-700 is smaller than that of the HEA-400 (Fig. S10d),
confirming the better electrocatalytic activity with faster
charge transfer for MOR.

In order to investigate the HEAs stability after MOR,
we studied structural changes of HEAs. As shown in
Fig. S14, after 1000 cycles, the XRD pattern demonstrated
that the HEAs maintained the stability of their own FCC
structure without any phase separation. However, the
peak position was shifted to a lower angle compared with
the original HEAs (Fig. 1b), which could be due to the
dissolution of the transition metals at the edge of the
catalyst. The dissolution of these transition metals often
results in catalysts having some Pt rich surfaces. These Pt
atoms are in a defect-rich and highly reactive state and
are often considered to be electrocatalytically active sites
[24,55]. Moreover, we detected the actual Pt, Fe, Co, Ni
and Cu contents in HEA-400 and HEA-700 after stability
test by ICP-OES analysis. From the perspective of HEA
definition, experimental data showed that the five ele-
ments in HEA-400 did not satisfy the requirement of
equal mole ratios (Table S7). However, the molar ratio of
Pt to transition metal M (M = Fe, Co, Ni and Cu) in
HEA-700 was close to 3:1 (Table S8). To a certain extent,
this shows that HEA-700 has better structural stability
than HEA-400. This is mainly attributed to HEA-700
having a higher alloying degree than HEA-400 and thus a
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slower dissolution rate of transition metals was obtained
during stability testing. Subsequently, in order to obtain
more surface information of the catalyst and observe the
change of surface morphology, we performed TEM
measurements after 1000 cycles. The results indicate that
the surface morphologies of HEAs are retained well
(Fig. S15a, c). Interestingly, HRTEM images of single
HEA-400 and HEA-700 nanoparticles (Fig. S15b, d) show
lattice fringes with spacings of 2.22 A, which fits nicely
with that of (111) plane of cubic Pt crystal (2.22 A, JCPDS
No. 04-0802). It shows that the HEAs have a Pt-rich
surface after 1000 cycles, which is consistent with the
above XRD analysis. Further, we tested XPS of HEAs due
to its high sensitivity to the surface of the electrocatalyst
after the stability test. It was clear that the Pt 4f XPS
spectrum had a strong signal, whereas other transition
metals had almost no signal due to their low content on
the catalyst surface (Fig. S16). The XPS results are also
highly consistent with the above XRD, TEM and ICP-
OES measurements. These results suggest that the HEA-
700 had a better structural stability than HEA-400 due to
the effect of compressive strain and higher alloying de-
gree.

To gain further atomistic insights into the catalytic
mechanisms of developed HEAs, DFT calculations were
performed. We kept the bond length of Pt-Pt consistent
with the experimental values (HEA-400: 2.69 A; HEA-
700: 2.58 A), by setting the lattice constants of HEA-400

a f | :
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5 i ‘0000
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and HEA-700 to 10.76 and 10.32 A, respectively, as de-
picted in Fig. 4a. As the atomic radii of Fe, Co, Ni, and Cu
are smaller than that of Pt, the resultant HEA induces a
compressive strain on the surface Pt layer, resulting in the
shortened bond distance of Pt-Pt (2.69 A for HEA-400,
2.58 A for HEA-700) from the original bond distance of
Pt-Pt (2.81 A) on Pt(111). Fig. 4b displays the adsorption
energies of CO on the (111) surface of Pt, HEA-400 and
HEA-700, wherein it is indicated that the adsorption
energies of CO on HEA are much weaker than that on Pt
(111). Note that after high-temperature treatment, the
achieved smaller bond length of Pt-Pt (2.58 A) in HEA-
700 would lead to a weaker adsorption of CO, indicating
a high CO tolerance and promoting methanol oxidation.
Moreover, as reported in our previous study, the ad-
sorption sites of HEAs are very complex, including ligand
effect (spatial arrangement of different elements) and
coordination effect (different crystal facets and defects)
due to the nature of high entropy [56]. In the current
work, 16 surface Pt atoms are considered with different
ligand environments, as shown in Fig. S17 and Table S9.
We find that electrons transfer to the surface Pt atoms
from transition metal atoms. Interestingly, the adsorption
energy of CO is observed to be linearly dependent on the
electron transfer, as demonstrated in Figs S18 and S19,
which could provide a meaningful route for further de-
sign of HEA catalysts. To reveal the CO adsorption
properties on HEA surface, the electronic structures were

1 PH(111)-d

Local density of states (electrons/eV)

Energy (eV)

Figure 4 DFT calculations. (a) Geometrically optimized atomic structures of Pt(111), HEA-400 and HEA-700. Sliver, yellow, purple, pink, and blue
balls represent Pt, Fe, Co, Ni, and Cu atoms. The small sliver balls indicate the surface Pt atoms. (b) Adsorption energies of CO on Pt(111), HEA-400
and HEA-700. (c) d-Orbitals of surface Pt atoms in the systems of Pt(111), HEA-400 and HEA-700. The dotted line represents the d-band centers.
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analyzed by plotting the local density of states for the d-
orbitals (Fig. 4c). Importantly, this figure shows that the
d-band centers of Pt(111), HEA-400, and HEA-700 are at
—1.91, —2.13 and —2.38 eV, respectively, suggesting that
the compression strain in HEA makes the d-band center
of surface Pt layer moving away from the Fermi energy,
resulting in a weaker adsorption of CO on HEA-700. The
DFT results also indicate that HEA-700 has a high CO
tolerance, which agrees with our experimental results.

CONCLUSIONS

To summarize, we have successfully synthesized a class of
ultra-fine PtFeCoNiCu HEAs by the impregnation re-
duction method, which exhibits remarkable specific ac-
tivity and CO tolerance for MOR. EXAFS measurements
reveal that the enhanced MOR activity could be due to a
shorter Pt-Pt bond distance in HEA-700 resulting from
compressive strain, which can significantly improve the
electrocatalytic activity by tuning d-band centers. More-
over, DFT calculations indicate that compression strain
shifts the d-band centers away from the Fermi energy,
resulting in a weaker adsorption of CO on HEA-700
surface and consequently, a higher MOR catalytic activity.
For all we know, this is the first time that the strain
engineering has been used to regulate the electronic
structure of HEAs for robust MOR performance. This
work suggests that tailoring surface strains in HEAs is a
promising strategy for developing advanced catalytic
materials.
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