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High-entropy alloys (HEAs) have emerged as promising electrocatalysts due to
their unique structural and electronic properties. In this study, we report the synthesis
of a class of site-specific atomic ordering high-entropy alloy nanoparticles supported

on hollow mesoporous carbon spheres (Pt-HEA-x/HMCSs), whereby a silica-confined

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

synthesis strategy guided by precise thermal field engineering promotes site-specific

substitution and the emergence of a chemically ordered phase The special-aberration-

Open Access Article. Published on 31 March 2026. Downloaded on 4/1/2026 12:30:39 AM.

corrected high-angle annular dark-field scanning transmission electron microscopy

(cc)

(AC-HAADF-STEM)  characterization  revealed  that  Pt-HEA-6/HMCSs
(PtFeNiCuCoRu/HMCSs) possess an ordered atomic structure with compressive lattice
strain. The typical sample Pt-HEA-6/HMCSs displays pronounced lattice compression
and an optimized coordination environment, as evidenced by X-ray absorption fine
structure (XAFS) results. This is directly demonstrated by the contraction of the Pt-M
(M: Cu, Ni, Ru, Co, Fe, and Pt) bond length to 2.31 A from 2.53 A in pristine Pt foil
and modified coordination environment (Pt-Pt coordination number:11.24 vs. 12),
which collectively lead to the modulation of its electronic structure. In addition,
ultraviolet photoemission spectroscopy (UPS) and X-ray photoelectron spectroscopy

(XPS) analyses revealed the modulation of the electronic structure, which optimized
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the Pt d-band center, and a consequent enhancement of the electrocatalytic actiwity:0Ehe/osiMoo028s

aforementioned characteristics collectively contribute to enhanced electrocatalytic
performance. Specifically, the Pt-HEA-6/HMCSs catalyst demonstrates a mass activity
(MA) of 1.54 mA ugp;! and a specific activity (SA) of 1.07 mA ¢m, which are 6.42
and 3.45 times that of the commercial Pt/C benchmark, respectively. At a fixed
potential of 1.0 V vs. RHE, Pt-HEA-6/HMCSs also exhibits the highest MA and SA
among all catalysts. Furthermore, it exhibits improved CO tolerance, demonstrated by
a 206 mV negative shift in the CO oxidation onset potential compared with the Pt/C
and the complete oxidation of adsorbed CO at 0.5 V as revealed by in situ Fourier
transform infrared-diffuse reflection (FTIR), alongside enhanced stability with only
12.7% current density loss after accelerated durability testing. The enhance
performance is attributed to the synergistic effects of chemical ordering, lattice strain
and strong metal-metal interactions. This work provides a feasible pathway for
designing highly efficient and stable HEA-based electrocatalysts for fuel cell
applications.

Keywords: Methanol oxidation reaction; Site-specific substitution; Atomic ordering;

Electronic modulation, High-entropy alloys.

1 Introduction

Direct methanol fuel cells (DMFCs) have attracted considerable attention as clean
energy conversion devices owing to their superior energy density and environmental
friendliness.'* However, the widespread commercialization of DMFCs is hindered by
the sluggish kinetics of the anode alcohol oxidation reactions and the severe poisoning
of Pt-based catalysts by CO-like intermediates.’" Although significant efforts have
been devoted to developing Pt-based alloy catalysts to improve catalytic activity and
anti-poisoning ability, conventional binary or ternary alloys still suffer from limited
active sites, poor stability, and insufficient tunability of electronic structures.”' >

Recently, high-entropy alloys (HEAs) have opened new avenues for designing

advanced electrocatalysts.””-*> The unique cocktail effect, lattice distortion, and high-
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entropy stabilization endow HEAs with tunable electronic structures and exceptiotiab/o6iMo0028s
catalytic properties.’® Moreover, the incorporation of multiple transition metals can
modulate the d-band center of Pt, thereby weakening the adsorption of poisonous
species and enhancing the oxidation efficiency.’” However, the vast majority of
reported HEA electrocatalysts are random solid solutions, synthesized under harsh
conditions (e.g., rapid high-temperature pyrolysis) that promote elemental mixing but
lack atomic-level control.*® This often results in a disordered atomic arrangement,
which fails to fully exploit the potential for optimizing specific active sites and falls
short of achieving the theoretically predicted synergistic effects.’” Furthermore, the
ubiquitous challenges of nanoparticle agglomeration and weak metal-support
interaction further impede their practical application.* Consequently, the precise
synthesis of site-selective atomic ordering HEA nanoparticles with uniform dispersion
and robust metal-support interaction remains a formidable challenge.

Herein, we developed a silica-confined, thermally regulated synthesis strategy to
address these limitations. By employing precise control over the heating rate, annealing
temperature, and dwelling time, we circumvent the formation of disordered solid

solutions. This meticulous thermal field engineering promotes site-specific substitution

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and preferential nucleation, guiding the formation of a unique class of Pt-based HEA

nanoparticles with a chemically ordered intermetallic structure, which are firmly
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anchored on hollow mesoporous carbon spheres (HMCSs). The resulting catalysts thus

(cc)

possesses a chemically ordered atomic arrangement, compressive lattice strain, and
optimized electronic structure, which collectively contribute to enhance electrocatalytic
performance for both methanol and ethanol oxidation reactions. This orderly
arrangement is mainly due to the fact that various transition metal atoms occupy
specific lattice positions of Pt, and alternate with Pt. The claim of "site-specific atomic
ordering" refers to the precise arrangement where different atoms occupy designated
crystallographic positions rather than random mixing. The special-aberration-corrected
high-angle annular dark-field scanning transmission electron microscopy (AC-
HAADF-STEM) provides direct evidence for the site-specific atomic ordered structure
in Pt-HEA-6/HMCSs. Simultaneously, Pt-HEA-6/HMCSs displays characteristic
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lattice compression, with measured interplanar spacings of d111=0.243: icangh/p6iM000288
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d110=0.269nm. X-ray absorption fine structure (XAFS) analysis reveals the presence
of under-coordinated Pt sites in Pt-HEA-6/HMCSs (coordination number :11.24) and a
contracted Pt-M bond length of 2.31 A, compared to 2.53 A in Pt foil, collectively
indicating effective electronic structure modulation and lattice strain. In addition,
ultraviolet photoemission spectroscopy (UPS) and X-ray photoelectron spectroscopy
(XPS) analyses revealed the modulation of the electronic structure, which optimized
the Pt d-band center, and a consequent enhancement of the electrocatalytic activity.
Specifically, the Pt-HEA-6/HMCSs catalyst demonstrates a mass activity (MA) of 1.54
mA pgp.! and a specific activity (SA) of 1.07 mA cm2, which are 6.42 and 3.45 times
that of the commercial Pt/C benchmark, respectively. Furthermore, it exhibits improved
CO tolerance, demonstrated by a 206 mV negative shift in the CO oxidation onset
potential compared with the Pt/C and the complete oxidation of adsorbed CO at 0.5 V
as revealed by in situ Fourier transform infrared-diffuse reflection (FTIR), alongside
enhanced stability with only 12.7% current density loss after accelerated durability
testing. Through a combination of structural characterization and electrochemical
analysis, we elucidate the roles of chemical ordering, lattice strain, and multi-element
synergy in enhancing the catalytic activity and stability. This study not only presents a
highly efficient HEA electrocatalyst but also offers deep insights into the design

principle of multi-metallic catalysts for energy conversion technologies.

2 Results and discussion

2.1 Microstructural and crystallographic analysis

Fig. la shows the synthesis process of ordered HEA/HMCSs NPs. Firstly,
SiO,@Si10,/RF nanospheres with a core-shell structure were synthesized for use as a
hard template following a literature method.*'** The prepared SiO,@SiO,/RF

nanospheres is uniformly distributed and of uniform size (Fig. S1). Following this, a
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Fig. 1 (a) Schematic of ordered HEA/HMCSs NPs synthesis; XRD pattern of the as-synthesized (b) Pt-HEA-4/HMCSs, (c) Pt-HEA-

5/HMCSs and (d) Pt-HEA-6/HMCSs.

precise thermal annealing under controlled atmosphere facilitated the co-reduction and

Open Access Article. Published on 31 March 2026. Downloaded on 4/1/2026 12:30:39 AM.

carbonization steps, after which a selective etching process removed the silica

(cc)

framework to reveal the well-defined hollow carbon spheres supporting the HEA
nanoparticles (HEA/HMCSs). The positive shift in the X-ray diffraction (XRD)
diffraction peaks to higher 20 angles for the as-prepared samples, relative to Pt/C (Fig.
1b-d), confirms their single-phase solid solution nature.** Meanwhile, loading Pt single
metal onto HMCSs for comparison (Fig. S2). The presence of the (110) superlattice
diffraction peak at 26 = 33.27° in the samples, coupled with its consistency with
standard FePt/CoPt patterns (PDF#43-1359, PDF#43-1358), suggests the establishment
of a face-centered tetragonal phase. The intensity ratio of the (110) to (111) reflections

was employed to quantify the ordering degree in the HEA catalysts.* Lattice
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parameters and order degree determined from XRD data, are listed in Tableo$ko/oeimMooo2ss

Interestingly, with the introduction of the Co atom, degree of ordering of Pt-HEA-
6/HMCSs (0.43) and HEA-5/HMCSs (0.41) are significantly higher than that of Pt- and
Pt-HEA-4/HMCSs (0.33). Simultaneously, the lattice strain observed for Pt-HEA-
x/HMCSs, calculated from the Pt (111) Bragg reflection, increases sequentially (2.81%
for Pt-HEA-4/HMCSs, 3.26% for Pt-HEA-5/HMCSs, and 4.44% for Pt-HEA-
6/HMCSs; Table S1). This synergistic enhancement suggests that integrating multi-
level co-catalytic components is an effective strategy for concurrently optimizing the
site-specific atomic ordered structure and enhancing the lattice strain.

A suite of characterization techniques was employed to probe the microstructural
features and atomic configurations of the samples, including transmission electron
microscopy (TEM), scanning electron microscope (SEM), AC-HAADF-STEM,
energy-dispersive X-ray spectroscopy (EDX), and energy-loss spectroscopy (EELS).
After further high-temperature co-reduction carbonization treatment and acid etching,
the obtained sample particles are evenly distributed, and the partially collapsed particles
initially indicate the hollow structure within (Fig. S3). Fig. 2a further demonstrated the
hollow structure and surface porous structure of the sample. Fig. 2b shows that HEA
NPs are uniformly distributed in the form of nanoparticles on the surface of HMCSs,
with an average particle size of 2.92 nm (Fig. S3a). This diminution in particle size thus
enhances the accessibility of atomic-scale reaction centers, thereby maximizing the
utilization of the enlarged specific surface area.*® At the same time, which means that
after annealing treatment, SiO, shells can successfully avoid agglomeration and
sintering of HEA NPs. AC-HAADF-STEM imaging and the corresponding Fourier
transform (FFT) analysis (Fig. 2c, inset) reveal a site-specific atomic order arrangement
within the Pt-HEA-6/HMCSs, confirming a Crystalline phase. The measured (111) and
(110) lattice spacings of 0.213 nm and 0.269 nm for Pt-HEA-6/HMCSs indicate the
presence of compressive stress, attributed to atomic mismatch from multielemental
doping. Furthermore, the homogeneous distribution of all elements, as confirmed by
EDS mapping (Fig. 2d1-d7) and the absence of segregation in EELS line scans (Fig.

2e), verify the atomic-scale mixing and high-entropy nature of the NPs.*’ In addition,
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The HMCSs exhibit acore diameter of 314 nm and an average shell widthi@f/peimooo2ss
approximately 90 nm. Coupled with the surface porous structure, this morphology
provides a large surface area, thereby exposing more active sites during the reaction. In
addition, detailed characterization of the HMCSs' porous structure was performed via
N, adsorption-desorption measurements (BSD-PM2 analyzer). The Brunauer-Emmett-
Teller (BET) method and Barrett-Joyner-Halenda (BJH) model were employed to
determine the specific surface area and pore size distribution, respectively. As shown
in Fig. S5a, the recorded isotherm was a type IV isotherm with an H3-type hysteresis
loop, which might be caused by the surface hierarchical porous structure.* Meanwhile,
a specific surface area of 1185.3 m? g! provides more site attachment points for high-
entropy alloy nanoparticles to acceleratethe kinetics of electrocatalytic reactions. The
pore size distribution map indicates that there are mesoporous structures of about 2nm
and 5-9nm on its surface, further verifying its hierarchical porous structure (Fig. S5b).

HAADF-STEM

d,, =0.269 nm "

110

o Pt
e M (Fe, Ni, Cu, Co,Ru)

100 200 300 400

Distance (nm)
co| dr

Fig. 2 Pt-HEA-6/HMCSs catalyst characterized by (a and b) TEM; (c) AC-HRTEM-STEM.; (d and e) Composition of Pt-HEA-6/HMCSs

probed by EDX elemental mapping and associated EELS data.
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Fig. 3 (a) Pt L3-edge XANES, (b) FT-EXAFS and (f) wavelet transform plots for Pt foil, PtO,, and Pt-HEA-6/HMCSs; (c) Fitting result of
the R-space EXAFS spectrum for Pt-HEA-6/HMCSs; (d) XPS spectra of Pt/C and Pt-HEA-x/HMCSs; (e) Voltammetry for electro-

oxidation of adsorbed CO of the catalysts in 0.1 M HCIO, at a scan rate of 30 mV s’..

XAFS analysis delineated the atomic coordination and electronic configuration in
Pt-HEA-6/HMCSs. The Pt L;-edge X-ray absorption near-edge structure (XANES)
spectrum (Fig. 3a) indicated a metallic state for Pt, with an absorption peak intensity at
the L3;-edge comparable to that of Pt foil, suggesting a near-metallic state with modified
electronic structure. ended X-ray absorption fine structure (EXAFS) analysis (Fig. 3b)
showed a primary coordination peak at ~2.31 A, attributed to Pt-Pt/Pt-M bonds, which
is notably shorter than that in Pt foil (2.53 A), indicating significant lattice compressive
strain, consistent with XRD results (Table S1). EXAFS fitting (Fig. 3c and Fig. S6) and
wavelet transform (WT) analysis (Fig. 3f) further confirmed the distinct local
coordination environment of Pt. Quantitative analysis yielded a Pt coordination number
of 11.24, lower than the value of 12 for bulk Pt (Table S2). The above-mentioned
experiment confirms the presence of compressive lattice strain and an optimized

coordination environment in the synthesized samples, which collectively contribute to
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the enhanced electrocatalytic performance.*’ DOI: 10.1039/D6IM000288
X-ray photoelectron spectroscopy (XPS) analysis confirmed surface elemental
makeup and valence states of the as-prepared samples (Fig. S8, Table S3). The
observed negative shift in Pt 4f binding energy relative to commercial Pt/C (Fig. 3d)
indicates electron transfer from less electronegative transition metals to Pt, which
reduces CO adsorption energy and enhances C-H bond activation, thereby improving
electrocatalytic activity.”” Deconvolution of the Pt 4f spectra revealed metallic and
oxidized states (Fig. S9), while spectra of other transition metals are also presented
(Fig. S10 and S11). In the Ru 3d XPS spectrum of Pt-HEA-6/HMCSs (Fig. S12), the
peaks at 280.4, 281.1, and 281.3 eV can be deconvoluted into contributions from
metallic Ru and ruthenium oxides. Elemental loadings quantified by XPS and EELS
are summarized in Table S6, with results consistent with ICP analysis (Tables S4 and
S5). Previous studies have linked the binding energy shift to improved anti-CO
poisoning capability.’! To verify this assumption, CO stripping experiments were
carried out. The CO stripping voltammetry was performed in 0.1 M HCIO4 to evaluate
the catalysts' anti-poisoning properties and electrochemical surface area (ECSA). As

demonstrated in Fig. 3e, the CO oxidation onset potentials progressively

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

decreased from 0.742 V for Pt-HEA-4/HMCSs to 0.654 V for Pt-HEA-5/HMCSs and
further to a low of 0.544 V for Pt-HEA-6/HMCSs, representing negative shifts of 8, 96,

Open Access Article. Published on 31 March 2026. Downloaded on 4/1/2026 12:30:39 AM.

and 206 mV relative to commercial Pt/C (0.750 V). This trend originates

(cc)

from the electronic modulation of Pt by the transition metals, consistent with XPS
results. The onset potential for Pt/HMCSs (0.744 V) shifts negatively relative to the
Pt/C benchmark (Fig. S13), owing to metal-support interactions that weaken *CO
adsorption by engineering the electronic structure of Pt. Furthermore, the CO
dissolution voltammogram of PtRu/C in Fig. S14 shows that its onset potential is 706
mV, which is 44 mV lower than that of Pt/C. This indicates that the incorporation of
Ru significantly amplifies the negative shift, as the oxophilic Ru promotes the
generation of hydroxyl group (OHads) species, accelerating CO oxidation at lower
potentials.””> ECSA values derived from CO stripping (Table S7) increased with the
HEA order degree: Pt-HEA-4/HMCSs (122.6 m? gp;!), Pt-HEA-5/HMCSs (130.7 m?
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gp’!), and Pt-HEA-6/HMCSs (144.5 m? gp,'!), all exceeding Pt/C (77.8 m? gpph). [T/ D6iM000288

indicates that the highly ordered Pt-HEA-6/HMCSs, with its optimal particle size,

exposes more active sites, thereby enhancing MOR activity.

C
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Fig. 4 UPS spectra of (a) Pt-HEA-4/HMCSs, (b) Pt-HEA-5/HMCSs, and (c) Pt-HEA-6/HMCSs of the synthesized catalysts obtained from

UPS analysis; (d) Schematic diagram of the downward shift of the center of the HEAs d band.

To further understand the electronic structure of the sample, the ultraviolet
photoemission spectroscopy (UPS) is conducted to investigate the electronic properties
of catalysts. As shown in Fig .4a-c, the work functions of the synthesized catalysts
follow a decreasing trend: Pt-HEA-4/HMCSs (6.01 eV) > Pt-HEA-5/HMCSs (5.93
eV) > Pt-HEA-6/HMCSs (5.89 eV). This reduction, facilitated by Co or Ru doping,
correlates with enhanced electron transfer efficiency and activated reaction
thermodynamics.”> The minimal work function of Pt-HEA-6/HMCSs signifies
enhanced electrical conductivity. Additionally, the ionization potential offers insights
into the catalyst's electron-donating propensity, where high electronegativity induces
an electron-deficient environment. As indicated above, the incorporation of transition
metals endows the HEA samples with a higher ionization potential relative to Pt/C (Fig.

S15, E=7.69 eV), which further optimizes the adsorption of oxygen-containing
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intermediates during the reaction process. Furthermore, Pt-HEA-6/HMCSs reache®@/06/M000288
maximum of approximately 2.32 eV, outperforming Pt-HEA-5/HMCSs (2.29 eV), Pt-
HEA-4/HMCSs (2.22 eV), and Pt/C (1.66 eV), indicating a downshift of the valence
state center in HEAs away from the Fermi level upon transition metal doping.’*As
shown in Fig. 4d, the shift of the valence state center away from the Fermi level
manifests as a downward displacement of the HEA’s d-band center. This weakens the
adsorption of the toxic intermediate CO* and enhances the catalyst’s anti-poisoning

performance.”
2.2 The AOR activity of the HEA catalyst

The electrocatalytic performance of the as-prepared Pt-HEA/HMCSs
electrocatalysts for the methanol oxidation reaction (MOR) and ethanol oxidation
reaction (EOR) was systematically evaluated using cyclic voltammetry (CV). Initial
electrochemical characterization in 0.1 M HCIO, is provided in Fig. S16. Fig. Sa
displays the MOR polarization curves, the Pt-HEA-6/HMCSs catalyst exhibited a peak
current density of 23.93 mA cm2, which is 3.17-fold, 1.67-fold, and 1.24-fold superior
than those of Pt/C (7.55 mA cm?), Pt-HEA-4/HMCSs (14.34 mA c¢cm™?), and Pt-HEA-
S5/HMCSs (19.24 mA cm™). For reference, the current density achieved by Pt/HMCSs

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

was also superior (9.58 mA cm™) than Pt/C (Fig. S17a). The shift in peak potential to

Open Access Article. Published on 31 March 2026. Downloaded on 4/1/2026 12:30:39 AM.

slightly higher values reflect differences in surface kinetics and intermediate

adsorption/desorption behavior. The MOR onset potential of Pt-HEA-6/HMCSs was

(cc)

measured at 0.33 V (Fig. 5b), demonstrating negative shifts of 110, 90, and 50 mV
compared to the Pt/C (0.44 V), Pt-HEA-4/HMCSs (0.42 V), and Pt-HEA-5/HMCSs
(0.38 V). These findings confirm the enhanced electrocatalytic performance of the HEA
nanoparticles, attributed to their site-specific atomic ordered arrangement, strong
intermetallic interactions, and the large specific surface area of the porous carbon
support. MA and SA, normalized by Pt loading and electrochemical surface area
(ECSA), respectively, were further quantified. As shown in Fig. 5S¢, Pt-HEA-6/HMCSs
achieved a MA of 1.54 mA pgp;! and a SA of 1.07 mA cm2, outperforming Pt-HEA-
5/HMCSs (1.17 mA pgpi!, 0.90 mA cm?) and Pt-HEA-4/HMCSs (0.83 mA pgp!, 0.68


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6im00028b

Open Access Article. Published on 31 March 2026. Downloaded on 4/1/2026 12:30:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Industrial Chemistry & Materials

Page 12 of 26

View Article Online
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Fig. 5 Electrooxidation performance in 0.1 M HCIO,. (a) MOR CV curves at 50 mV s! in 0.5 M CH30H; (b) Corresponding onset potentials;

(c) MA and SA at the peak potential; (d) EOR CV curves in 0.5 M CH3CH,OH; (e) Corresponding onset potentials; (f) MA and SA at the

peak potential; In situ FTIR spectra during MOR on (g-i) Pt-HEA-x/HMCSs.

those of Pt/C (MA:0.24 mA pgp!, SA: 0.31 mA cm2). At a fixed potential of 1.0 V vs.

RHE, Pt-HEA-6/HMCSs exhibits the highest mass and specific activities among all

catalysts (Fig. S19). A comprehensive comparison of MOR performance is summarized

in Table S7. Fig. S20a shows Pt-HEA-6/HMCSs has higher methanol oxidation activity

than PtRu/C, confirming the enhancement arises from entropy effects and strain

engineering beyond Ru's bifunctional mechanism. EIS results (Fig. S20b) reveal its

smallest charge transfer resistance, indicating the fastest reaction kinetics. To assess the

general applicability of the catalysts for alcohol oxidation, ethanol oxidation reactions

(EOR) were also conducted. In 0.5 M CH;CH,OH + 0.1 M HCIO; (Fig. 5d), Pt-HEA-
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6/HMCSs delivered a peak current density of 19.55 mA c¢cm, which is 2.12, 1260;caagh/061M000288
1.18 times greater than those of Pt/C (9.23 mA cm?), Pt-HEA-5/HMCSs (16.63 mA
cm?), and Pt-HEA-4/HMCSs (12.24 mA cm?). P/HMCSs (8.78 mA cm?) again
surpassed Pt/C (Fig. S17b). The EOR onset potential for Pt-HEA-6/HMCSs was 0.31
V (Fig. 5e), lower than those of Pt-HEA-5/HMCSs (0.34 V), Pt-HEA-4/HMCSs (0.39
V), and Pt/C (0.51 V) by 30, 80, and 200 mV, respectively. The corresponding MA and
SA for EOR followed a similar trend (Fig. 5f), with Pt-HEA-6/HMCSs showing the
highest values. PtHMCSs also exhibited improved MA and SA over the commercial
Pt/C benchmark (Fig. S18b). A full comparison of EOR performance is provided in
Table S8. To elucidate the potential-dependent pathways of methanol oxidation, in situ
Fourier transform infrared-diffuse reflection (FTIR) measurements were carried out in
an N,-saturated solution of0.1 M HCIO4 and 0.5 M CH3;OH. The spectra, collected
between 0.1 and 1.0 V vs. RHE (Fig. 5g-1), revealed distinct absorption features in the
2600-1200 cm™! region. The discernible ~1500 cm™! band, assigned to the symmetric
bending (scissoring) of adsorbed methyl species, was persistently discerned in catalysts,
corroborating the chemisorption of methanol.”®>” Furthermore, reaction intermediates

including *COr, 0HOH,4, and COOH- were identified. At potentials below 0.5 V, *COr

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

signals became observable on all catalysts. Upon increasing the potential, on Pt-HEA-

6/HMCSs, the *COL spectral signature disappeared almost simultaneously with the

Open Access Article. Published on 31 March 2026. Downloaded on 4/1/2026 12:30:39 AM.

emergence of the CO, band at 0.5 V, indicating its efficient oxidation. In contrast, the

(cc)

*COL features on Pt-HEA-5/HMCSs and Pt-HEA-4/HMCSs only began to diminish at
0.7 V, while the signal on Pt/C persisted even at 1.0 V (Fig. S21). This complete
oxidation process liberated the Pt active sites, ensuring the persistence of methanol
adsorption and oxidation. Such enhancement is primarily due to the tailored electronic
structure, which weaks intermediate adsorption and collectively accelerates the reaction
kinetics.’® The improved performance, with Pt-HEA-6/HMCSs being the most active,
originates from the synergistic effects of site-specific atomic ordering, an optimized
electronic structure, and marked compressive lattice strain, further enhanced by the Ru-
induced bifunctional mechanism.

Stability tests was tested for the HEA NPs catalysts using chronoamperometry
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(2000 s). As shown in Fig. 6a and 6¢, from 500 s to 2000 s, Pt/C, Pt-HEA-4/HMC8sg/061M000288

Pt-HEA-5/HMCSs, and Pt-HEA-6/HMCSs exhibited current density losses of 29.8%,

b c
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Fig. 6 (a) CA curves of the catalysts recorded at a constant potential in N,-saturated 0.1 M HCIO; + 0.5 M CH;0H for 2000 s; (b) CV of
the catalysts before and after 800-cycle accelerated durability tests at a scan rate of 50 mV s*'; Histograms comparing the current density

decay rates after the (c) CA test and (d) 800-cycle durability test.

20.5%, 14.2%, and 10.7%, respectively. All catalysts exhibited a rapid current decay in
the initial stage, which is commonly associated with the poisoning of active sites by
adsorbed CO and other reaction intermediates.’” Accelerated durability tests over 800
cycles in the same electrolyte further confirmed the superior stability of the HEA NPs
(Fig. 6b and 6d). The current density losses after cycling were 12.7% for Pt-HEA-
6/HMCSs, 15.4% for Pt-HEA-5/HMCSs, 19.8% for Pt-HEA-4/HMCSs, and 29.1% for
Pt/C. Similar trends were observed in ethanol oxidation. CA tests (Fig. 7a and 7c)
revealed current density declines of 11.8% (Pt-HEA-6/HMCSs), 16.7% (Pt-HEA-
5/HMCSs), 19.9% (Pt-HEA-4/HMCSs), and 28.6% (Pt/C). After 800 accelerated
durability tests cycles (Fig. 7b and 7d), the corresponding losses were 11.2%, 18.2%,
20.0%, and 28.4%. For reference, Pt/HMCSs also exhibited better stability than Pt/C,
with current density declines of 22.8% (CA) and 23.2% (accelerated durability tests) in
methanol, and 25.2% (CA) and 24.7% (ADT) in ethanol (Fig. S22 and S23). Compared
with PtRu/C, the 10000s CA test and the 800 cycles of accelerated durability tests both

demonstrated that Pt-HEA-6/HMCSs exhibited better durability and stability (Fig. S24).
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Furthermore, 5000 cycles of accelerated durability CV tests also demonstrated>that Pgo/06iM000288

HEA-6/HMCSs have excellent durability (Fig. S25). The enhanced stability and
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Fig. 7 (a) CA curves of the catalysts in N,-saturated 0.1 M HCIO,4 + 0.5 M CH;CH,OH for 2000 s; (b) CV of the catalysts before and after
800-cycle durability tests at a scan rate of 50 mV s!; Histograms comparing the current density decay rates after the (c) CA test and (d)

800-cycle durability test.

durability of HEA NPs over Pt/C stem from a synergistic effect between the corrosion-
resistant HMCSs support and the anchored metal atoms. This is exemplified by Pt-

HEA-6/HMCSs, which delivers the best performance due to a higher degree of site-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

specific atomic order, substantial lattice strain, and optimized coordination

environment.
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3 Conclusions

(cc)

In summary, we constructed the Pt-HEA-x/HMCSs electrocatalysts toward high-
performance  MOR, achieving nanoparticles (NPs) with precisely controlled
compositions and site-specific ordering on HMCSs by employing a precision thermal
field-guided silica confinement strategy that drives site-specific substitution into a
chemically ordered phase. AC-HAADF-STEM imaging confirmed a site-specific
atomic ordered structure exhibiting compressive lattice strain, evidenced by the
interplanar spacings of d;11 = 0.213 nm and d;10 = 0.269 nm. XAFS data confirm the
presence of contracted metal-metal bonds in Pt-HEA-6/HMCSs, showing a shortened
Pt-M bond length (2.31 A) compared to Pt foil (2.53 A). The reduced Pt-Pt coordination

number (11.24) indicates an optimized coordination environment and modulated
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electronic structure, which collectively enhance CO tolerance and aceelerate/psimooo2ss

electrocatalytic kinetics. More importantly, the introduction of Co atoms leads to a
significant enhancement in its structural ordering. Furthermore, the bifunctional
mechanism introduced by the subsequent incorporation of Ru enhances the tolerance
of the toxic intermediate, thereby promoting the electrocatalytic reaction kinetics.
Specifically, the improved electrocatalytic performance of the Pt-HEA-6/HMCSs
electrocatalyst, attributed to its site-specific atomic ordering and optimized
coordination environment, was manifested by a 6.42-fold increase in MA and a 3.45-
fold increase in SA relative to the Pt/C, paired with superior CO resistance evidenced
by a -206 mV shift in onset potential. And the enhanced active originates from the site-
specific atomic ordering and optimized coordination environment, combined with the
lattice compressive strain, as well as the structural advantages of small particle diameter
and high surface area of the HMCSs support, which collectively expose abundant active
sites, complemented by entropic stabilization and strong metal-support coupling. While
the higher ECSA contributes to the enhanced apparent activity, the intrinsically higher
catalytic efficiency per active site, demonstrated by the 3.45-fold higher specific
activity, and the systematic increase in ordering degree from 0.33 to 0.43 across the
HEA samples, together with the contracted Pt-M bond length (2.31 A) and the 206 mV
negative shift in CO oxidation onset potential, confirm that the performance
improvement arises from synergistic contributions beyond surface area, including
optimized electronic structure, lattice strain, and atomic ordering. The strategy
presented herein enables the construction of site-specific atomic ordering HEA
electrocatalysts that exhibit demonstrated superior activity, extended stability, and CO
resistance in MOR and EOR. These improvements represent a key step toward viable
DMFCs.

4 Experimental section
4.1 Materials

The synthesis utilized aqueous solutions of the following metal precursors:

H,PtCls.6H,0 (19.75 mg mL), Fe(NO3);-6H,0 (0.5 M), NiCl, (0.1 M), CuSO, (0.1
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M), Co(NO3), 6H,0 (0.5 M) and RuCl; (18.15 mg mL""), ammonium hydrogide/simooo2ss
(NH3.H;0, AR, 25-28%), HCI (0.1 M), tetrapropyl orthosilicate ((CH;CH,CH,0),S1,
TPOS, 97wt.%), tetraethyl orthosilicate (Si(OC,Hs)s, TEOS, 98wt.%), resorcinol
(C¢HgO,, AR, 99%), formaldehyde (CH,O, 37-40 wt.%), HF (30 wt.%), CH;CH,OH
(AR, >95.5 wt.%), were purchased from Macklin. Deionized (DI) water from Milli-Q
System (Millipore, Billerica, MA) was used in all our experiments. Swt % Nafion
solution was purchased from Aldrich. The commercial Pt/C catalyst (JM, 20wt% Pt
loading) was procured from Sunlaite. The 20wt% Pt/C catalyst is ~3 nm Pt
nanoparticles loaded on Vulcan XC-72 carbon support. All the chemicals were used as
purchased without any further purification.
4.2 Preparation of Si0,@Si0,/RF

To prepare the precursor solution, 70 mL of CH3CH,OH, 10 mL of ultrapure water,
3 mL of ammonium hydroxide, and 3.5 mL of TPOS were mixed under ultrasonic
treatment for 15 minutes. Then, 0.4 g of resorcinol and 0.56 mL of formaldehyde were
mixed with the as-preparOed solution to obtain resorcinol-formaldehyde (RF) resin.
After stirring at room temperature for 24 h, the SiO,@SiO,/RF nanospheres were

collected by centrifugations with ethanol for several times.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

4.3 Preparation of PtFeNiCuCoRu/HMCSs
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The precursors were chosen for their compatible reduction potentials to enable co-

reduction and atomic-scale mixing. Annealing at 800 °C (2 °C'min™', 120 min)

(cc)

overcomes mixing enthalpy barriers and achieves homogeneous alloying without
excessive particle growth. Although rapid heating/cooling rates (>10* K-s™') can
suppress phase separation, our moderate rate within the silica-confined strategy
maintains dispersion while ensuring complete reduction. The hollow mesoporous
carbon spheres provide high surface area and spatial confinement to prevent
agglomeration. This synthesis builds on previous thermal shock and silica-templating
methods for HEAs and porous carbons.

250 mg of Si0,@Si0,/RF, 20 mL of CH;CH,OH, and 20 mL of ultrapure water

was ultrasonically dispersed for 30 minutes. Metal precursors (865 puL. H,PtCls-6H,0,
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200 pL each of Fe(NO3);, NiCl,, CuSO4, Co(NOs),, RuCl3) were combined Witk the/DeiMoo02ss

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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initial mixture and stirred at room temperature for 24 h. Subsequently, 3 mL
Si(OCH,CHs)4 2 mL HCI were added; after 30 minutes of stirring, the mixture was
dried at 60 °C for 24 h. The product was then annealed under 5% H; and 95% N,/ (with
a temperature program from 20°C to 800°C at 2°C min’!, followed by a 120-minute
hold) to concurrently form PtFeNiCuCoRu, meanwhile the carbonization of
silica@silica/resorcinol formaldehyde (SiO,@SiO,/RF) yields SiO,@SiO,/C. The
silica template was etched by stirring in 30 wt.% HF for 24 h to yield hollow
mesoporous  carbon  spheres (HMCSs). The final Pt-HEA-6/HMCSs
(PtFeNiCuCoRu/HMCSs) were collected via centrifugation, underwent five washing
cycles with ethanol/water, and dried. Pt-HEA-4/HMCSs (PtFeNiCu/HMCSs), Pt-HEA -
4/HMCSs (PtFeNiCuCo/HMCSs) and Pt/HMCSs were synthesized analogously by
adjusting the precursor composition.

All potentials reported in this work are referenced to the reversible hydrogen

electrode (RHE).
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