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Supplementary Material

Physical characterization

X-ray diffraction patterns were collected on a Bruker X-ray diffractometer (model D8
ADVANCE) using Cu Ka radiation and a scan rate of 5°min’!. Transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM)
images were obtained on a Tecnai TF20 operated at an acceleration voltage of 200 kV.
High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) and energy dispersive X-ray spectroscopy (EDS) analyses were performed on
a Chen-Sheng OPtics SC-LX41M operating at 200 kV with a cold field-emission gun
and aberration corrector. The N, adsorPtion—desorPtion isotherms were measured using
a BSD-PM2 gas adsorPtion analyzer to determine the specific surface area and average
pore size distribution of materials. X-ray photoelectron spectroscopy (XPS) data were
collected on a Shimadzu SGLC-Axis Supra spectrometer. All the peaks were adjusted
using the C s peak at 284.8 eV as the reference. The ultraviolet photoemission
spectroscopy (UPS) data of the samples were obtained using a PHI 5000 Versaprobe

IIT with an He I ultraviolet light. The ICP-OES analysis was manipulated on an Elan



DRC-e instrument. In situ Fourier transformed infrared (FTIR) spectra were collected
on a Thermo Scientific Nicolet 6700 FT-IR spectrometer equipped with attenuated total
reflection (ATR) configuration using a liquid nitrogen cooled MCT-A detector.
Sample Preparation for Physical Characterization

XRD: Powder samples were ground finely in an agate mortar to ensure uniform particle
size. Approximately 20 mg of the ground sample was loaded onto a zero-background
silicon sample holder, carefully flattened with a glass slide to create a smooth, even
surface, and gently pressed to avoid preferential orientation effects. The prepared holder
was then immediately transferred to the diffractometer for measurement.

Microscopy (TEM/STEM): Approximately 1 mg of catalyst powder was dispersed in
5 mL of ethanol by ultrasonication for 15-20 minutes to obtain a homogeneous
suspension. A drop of the suspension (about 5-10 puL) was then carefully deposited onto
a holey carbon-coated copper grid (200 mesh) using a micropipette. The grid was
placed on filter paper to absorb excess liquid and dried under ambient conditions for at
least 2 hours before insertion into the microscope column.

N: Adsorption: Approximately 50-100 mg of sample was accurately weighed and
placed into a glass analysis tube. The tube was attached to the degassing port and heated
at 200 °C under vacuum (107 Torr) for 6-8 hours to remove any adsorbed moisture or
volatile impurities. After degassing, the tube was backfilled with nitrogen, transferred
to the analysis port, and nitrogen adsorption-desorption isotherms were measured at 77
K using liquid nitrogen as coolant.

XPS: Powder samples were pressed onto double-sided carbon tape adhered to a
stainless steel sample holder, ensuring complete coverage of the tape surface. The
prepared holder was then introduced into the spectrometer's load lock chamber and
degassed under high vacuum (107¢ Torr) for 2 hours to remove volatile contaminants
before transferring to the analysis chamber for measurement.

UPS: Sample preparation followed the same procedure as XPS. Additionally, to obtain
clean surfaces representative of the bulk material, samples were subjected to gentle
argon ion etching (1 kV, 1 pA, for 2 minutes) inside the preparation chamber to remove

any surface adventitious carbon or adsorbed species before UPS analysis.



In situ FTIR: The working electrode was prepared by drop-casting the catalyst ink
onto a glassy carbon disk electrode and drying under ambient conditions. A custom-
built spectroelectrochemical cell equipped with a CaF, prism as the IR window was
used, with the working electrode pressed against the prism to create a thin-layer
configuration. The cell was assembled with the catalyst-modified electrode, a platinum
wire counter electrode, and an Ag/AgCl reference electrode, then connected to the
potentiostat and FTIR spectrometer. Electrolyte (0.1 M HCIO4 + 0.5 M CH3;0H) was
introduced, and spectra were collected during potential steps while maintaining optical
alignment. The in situ FTIR measurements were performed on a Thermo Scientific
Nicolet 6700 FT-IR spectrometer equipped with a liquid nitrogen-cooled MCT-A
detector and an attenuated total reflection (ATR) configuration. A custom-built
spectroelectrochemical cell was used, featuring a CaF, prism as the IR window at the
bottom. The working electrode was a thin Pt-HEA-6/HMCSs catalyst film deposited on
a glassy carbon disk, the counter electrode was a platinum wire, and the reference
electrode was Ag/AgCl (3 M KCl). All potentials were converted to the RHE scale.
Spectra were collected during potential steps from 0.1 V to 1.0 V vs. RHE in N,-
saturated 0.1 M HCIO, containing 0.5 M CH;OH. Each spectrum was acquired by
accumulating 32 interferograms with a spectral resolution of 4 cm!. The background
spectrum was collected at 0.1 V vs. RHE before methanol oxidation.

ICP-OES: Approximately 10 mg of sample was accurately weighed and transferred to
a PTFE digestion vessel. Freshly prepared aqua regia (3:1 HCI/HNOs, 5 mL) was
added, and the vessel was sealed and heated at 80 °C on a hot plate for 2 hours with
occasional swirling to ensure complete digestion. After cooling to room temperature,
the digested solution was quantitatively transferred to a 50 mL volumetric flask and
diluted to the mark with 2% HNOs. The solution was filtered through a 0.22 um syringe
filter before analysis to remove any undigested carbon residues. Each sample was

prepared in triplicate for statistical reliability.

Reference electrode calibration

The reference electrode (Ag/AgCl in 3 M KCI) was calibrated against a reversible



hydrogen electrode (RHE) in the same electrolyte (0.1 M HCIO,4) prior to all
measurements. The calibration was performed in a standard three-electrode cell using
a platinum wire as the working electrode and a platinum plate as the counter electrode.
High-purity hydrogen gas was bubbled into the electrolyte to saturate the solution, and
the open circuit potential between the Ag/AgCl reference electrode and the platinum
wire (which acts as a reversible hydrogen electrode under these conditions) was
recorded. The measured potential was stable at +0.222 V vs. RHE. All potentials
reported in this work were converted to the RHE scale using the equation: E (V vs.

RHE) = E (V vs. Ag/AgCl) + 0.222 V.

Electrochemical measurements

Electrochemical measurements were performed in a three-electrode cell interfaced with
an electrochemical workstation (Dong-Hua DH7000). A graphite rod and an Ag/AgCl
(3 M KCl) electrode were adoPted as the counter and reference electrodes, respectively.
The reference electrode was corrected to a reversible hydrogen electrode (RHE) in the
identical electrolyte before measurements. The working electrodes were prepared by
applying catalysts inks onto glassy carbon (GC) disk electrodes. The working electrode
was a glassy carbon disk electrode with a geometric area of 0.19625 cm? (diameter: 5
mm). Catalyst inks were prepared by dispersing the catalyst (2 mg) in a mixed solution
containing 5 uL. of 5 wt.% Nafion solution and 800 uL of ethanol under sonication for
a minimum of 30 min. Then, 12 uL of a homogeneous catalyst ink was then pipetted
onto the GC surface. After drying in air at room temperature, a drop of a 0.01 wt.%
Nafion solution was applied on the top surface of the catalyst layer and the resulting
modified electrode dried in air at room temperature. A commercial Pt/C catalyst (E-
TEK, 20 wt. % Pt, Pt particle size: 2-5 nm) was used in this work as a benchmark AOR
catalyst. The electrolyte was “not stirred” during any of the electrochemical
measurements, including cyclic voltammetry, CO stripping, chronoamperometry, and
accelerated durability tests. All experiments were conducted under static conditions to
ensure consistent mass transport conditions and avoid forced convection that could

affect the reaction kinetics.



The MOR measurements were performed in a potential range of 0.05 to 1.2 V vs. RHE,
which corresponds to approximately -0.17 to 0.98 V vs. Ag/AgCl in 0.1 M HCIO,. The
CO stripping experiments were conducted from 0.05 to 1.2 V vs. RHE (-0.17 t0 0.98 V
vs. Ag/AgCl). The chronoamperometry tests were performed at 0.75 V vs. RHE (0.53
V vs. Ag/AgCl). All potential conversions were calculated using the calibrated value of
E(RHE) = E(Ag/AgCl) + 0.222 V in 0.1 M HCIO,. Before electrochemical
measurements, all the electrodes were pre-conditioned by cycling the potential between
0.05 V and 1.2 V vs. RHE at a scan rate of 50 mV s'! for 100 cycles to remove any
surface impurities.

The onset potential for methanol oxidation reaction (MOR) is defined as the potential
at which the oxidation current density reaches 0.1 mA-cm™, after subtracting the
background current measured in the absence of methanol. This value was consistently
applied to all catalysts to enable fair comparison. The onset potentials were extracted
from the forward scan of the cyclic voltammograms recorded in N,-saturated 0.1 M
HCIO, containing 0.5 M CH;0H at a scan rate of 50 mV:-s™'. The background current
was obtained from CV scans in the same electrolyte without methanol. For each
catalyst, the onset potential was determined using the electrochemical workstation
software by identifying the potential corresponding to the threshold current density.
The alcohol oxidation reactions (AORs) tests were conducted in a N,-saturated 0.1 M
HCIO, solution containing 0.5 M methanol (ethanol) at room temperature. The CO
stripping experiments were performed in a 0.1 M HCIO, electrolyte. CO gas was
bubbled into electrolyte for about 20 min. Then the CO feed was replaced by a high-
purity N, feed for 0.5 h. Chronoamperometry was performed at a potential of 0.75 V
(vs. RHE) in 0.1 M HCIO4 + 0.5 M CH30H (CH;CH,0OH) solution for 2000 s. The
accelerated durability tests (ADT) were conducted by consecutive cyclic voltammetry
scans in Nj-saturated 0.1 M HCIO,4 containing 0.5 M CH3OH at a scan rate of 50
mV-s!, cycling between 0.05 and 1.2 V vs. RHE for 800 (or 5000) cycles. The
durability was evaluated by comparing the final CV curve after the specified cycles
with the initial one.

The electrochemical surface area (ECSA), mass activity and specific activity of the



catalysts were calculated using the following equation:

ECSA = Qco/(0.42%[Pt])

where Q¢ is the charge associated with the integrated area of the CO dissolved peak;
0.42 mC cmp? is the electrical charge parameter related to monolayer adsorPtion of
hydrogen on Pt; [Pt] (mg) is the amount of Pt on the working electrode.

Lattice contraction and strain by XRD

The lattice contraction and strain in the MOAs were calculated using the Debye-
Scherrer equation, specifically the following equation:

L=1/2d

where L is the lattice parameter and d represents the interplanar spacing of a selected
crystal plane. Here we selected the (111) crystal plane for lattice contraction and strain
analyses, since the (111) reflection of the MOA NPs was the most intense in the XRD
patterns of all the catalysts.

L, strain% = (L;-L,)/L,

where L,% is the percentage change of the lattice parameter of MOA NPs compared to
a standard sample (Pt/C in this case), L; represents the lattice parameter of the Pt/C,

and L, is the lattice parameter of the MOA samples.



Supplementary figures

Figure S1. The SEM images of Si0,@Si0O,/RF composite, (a) 1 um, (b) 500 nm, (c)
100 nm.
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Figure S2. The XRD patterns of Pt/C and Pt/HMCSs.
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Figure S3. (a) TEM images and corresponding Pt nanoparticle size distributions for

the Pt-HEA-6/HMCSs catalyst. (b) The atomic fraction of the Pt-HEA-6/HMCSs

catalyst from EDX.

Figure S4. The SEM images of Pt-6-HEA/HMCSs composite (SiO,@SiO,/RF

adsorbs metal cations and then carbonizes and reduces in a N,/H, atmosphere), (a) 1
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Figure S5. (a) N, adsorPtion-desorPtion isotherms and (b) pore size distribution and

pore distribution curves of Pt-6-HEA/HMCSs.
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Figure S6. The EXAFS fitting curve Pt L;-edge of Pt foil (a) and PtO, (b) at R-space.
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Figure S7. Pt L3-edge EXAFS (points) and curve-fit (line) for (a)Pt foil; (b) Pt-HEA-
6/HMCSs and (c) PtO, shown in k3-weighted k-space. Pt L3-edge EXAFS (points)
curve-fit (line) (d)Pt foil; (e) Pt-HEA-6/HMCSs and (f) PtO, shown in k3-weighted in
inverse FT-EXAFS.
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Figure S8. The XPS survey spectrum of commercial Pt/C, Pt-HEA-4/HMCSs, Pt-
HEA-5/HMCSs and Pt-HEA-6/HMCSs catalysts.
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Figure S9. XPS spectra of Pt 4f for commercial Pt/C catalyst, Pt-HEA-4/HMCSs, Pt-
HEA-5/HMCSs and Pt-HEA-6/HMCSs samples.
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Figure S10. The XPS spectra of Fe 2p (a) and Ni 2p (b) for Pt-HEA-4/HMCSs, Pt-
HEA-5/HMCSs and Pt-HEA-6/HMCSs samples.

Figure S11. The XPS spectra of Cu 2p for Pt-HEA-4/HMCSs, Pt-HEA-5/HMCSs and
Pt-HEA-6/HMCSs samples (a) and Co 2p for Pt-HEA-5/HMCSs and Pt-HEA-
6/HMCSs samples (b).
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Figure S12. The XPS spectra of Ru 3d Pt-HEA-6/HMCSs.
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Figure S13. The CO stripping voltammograms of Pt/HMCSs in 0.1 mol L™! HCIO,4

solution at a scan rate of 30 mV s-1.
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Figure S14. The CO stripping voltammograms of PtRu/C in 0.1 mol L' HC1O,

solution at a scan rate of 30 mV s-1.
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Figure S15. UPS spectra of P/C.
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Figure S16. (a) Cyclic voltammograms of 0.1 M HCIO4 on the Pt/C, Pt-HEA-
4/HMCSs, Pt-HEA-5/HMCSs and Pt-HEA-6/HMCSs catalysts at a scan rate of 50 mV
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Figure S17. Cyclic voltammograms of (a) 0.5 M CH30H + 0.1 M HCIO,4 and (b) 0.5
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Figure S18. (a) The mass activity (MA) and specific activity (SA) of the Pt/HMCSs

for MOR. (b) The mass activity (MA) and specific activity (SA) of the Pt/HMCSs for

EOR.
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Figure S20. (a) Cyclic voltammograms of 0.5 M CH;0H + 0.1 M HCIO4 on the

Pt/C, PtRu/C and the Pt-HEA-6/HMCSs at a scan rate of 50 mV s-1, (b) The EIS

diagrams of Pt/C, Pt-HEA-4/HMCSs, Pt-HEA-5/HMCSs and Pt-HEA-6/HMCSs.

Pt/C

CO:

Absorbance

0.1V

AR

CHsOH HCOO
8HOHad
cOL

2600 2400 2200

2000 1800 1600 1400 1200

Wavenumbers (cm™)

Figure S21. In situ FTIR spectra for methanol oxidation on commercial Pt/C catalyst.



J (mA cm?)

MOR MOR

PYHMCSs Pt/HMCSs

50th

800th
1 | 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 00 02 04 06 08 10 12

T (s) E/V vsRHE (V)

Figure S22. In N, saturated 0.1 M HCIO, + 0.5 M CH;0OH solution,
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Figure S23. In N, saturated 0.1 M HCIO, + 0.5 M CH;CH,OH solution, (a)

chronoamperometric (CA) curves of Pt/HMCSs for 2000 s. (b) Cyclic voltammograms

of Pt/HMCSs before and after 800 cycle durability tests at a scan rate of 50 mV s-1.
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Figure S24. In N, saturated 0.1 M HCIO4 + 0.5 M CH;OH solution, (a) Cyclic
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Figure S25. In N, saturated 0.1 M HCIO; + 0.5 M CH;OH solution, Cyclic

voltammograms of (a) Pt/C and (b) Pt-HEA-6/HMCSs before and after 5000 cycle

durability tests at a scan rate of 50 mV s-1.




Supplementary tables

Table S1. Lattice parameters and induced strain for Pt-HEA-4/HMCSs, Pt-HEA-

5/HMCSs and Pt-HEA-6/HMCSs. based on XRD data.

Lattice Li1o/T1n
20/degrees Strain
Catalyst parameter
(111) (%)
(1/R4)

Pt/C 39.770 0.2207 -
Pt-HEA-4/HMCSs 40.923 0.2269 2.81 0.33
Pt-HEA-5/HMCSs 41.115 0.2279 3.26 0.41
Pt-HEA-6/HMCSs 41.595 0.2305 4.44 0.43

Table S2. EXAFS fitting parameters at the Pt L;-edge for various samples.

R
Sample Path CN R A) o2 (A?) AEO0 (eV)

factor

Pt foil Pt-Pt 12% 2.76+0.0038 0.0039+0.0005  7.01+0.63  0.010
Pt-Pt  6.85+0.23 2.68+0.0172 0.0090:£0.0012

Pt-HEA-6/HMCSs 7.37+0.59  0.011
Pt-M  4.39+0.35 2.61£0.0107 0.0127+0.0023

PtO, Pt-O 5.68+0.46 2.010.0246 0.0034+0.0033  10.24+0.42  0.011




Table S3. XPS spectrum content for various samples.

Name

Catalysts (g Ols Pt4f Fe2p Ni2p Cu2p Co2p Ru3d
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Pt/C 76.31 5.04 18.65 - - - - -

Pt-HEA-

84.65 5.20 7.85 1.14 0.56 0.60 - -
4/HMCSs
Pt-HEA-

85.04 4.77 6.48 1.19 0.75 0.64 1.13 -
5/HMCSs
Pt-HEA-

85.26 4.71 6.17 1.22 0.72 0.51 1.07 0.34
6/HMCSs

Table S4. The elemental atomic loadings of Pt-HEA-4/HMCSs, Pt-HEA-5/HMCSs
and Pt-HEA-6/HMCSs catalysts by using ICP.

ICP Loading by Atomic%

Pt Fe Ni Cu Co Ru
Catalysts
loading loading loading loading loading loading
(At%) (At%) (At%) (At%) (At%) (At%)
Pt-HEA-4/HMCSs 49.71 19.50 17.59 13.20 - -
Pt-HEA-5/HMCSs 43.01 16.07 12.22 11.42 16.48 -

Pt-HEA-6/HMCSs 39.71 15.67 12.40 10.61 14.53 7.08




Table SS5. The elemental weight loadings of Pt-HEA-4/HMCSs, Pt-HEA-5/HMCSs

Catalysts

ICP Loading by Weight%

Pt Fe Ni Cu Co Ru
loading loading loading loading loading loading
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)

Pt-HEA-4/HMCSs

Pt-HEA-5/HMCSs

Pt-HEA-6/HMCSs

76.34 8.65 8.33 6.68 - -

71.15 8.19 6.13 6.23 8.30 -

66.76 7.55 6.28 5.85 7.38 6.18

and Pt-HEA-6/HMCSs catalysts by using ICP.

Table S6. The elemental loadings of Pt-HEA-4/HMCSs, Pt-HEA-5/HMCSs and Pt-

HEA-6/HMCSs catalysts by weight percent of Pt, Fe, Ni, Cu, Co and Ru using ,by

EELS line scan and XPS.

XPS
EELS line scan
ICP Loading Loading
Loading
by Weight% by
Catalysts by Weight%
Weight%
Pt-HEA-4/HMCSs Pt-HEA-S/HMCSs Pt-HEA-6/HMCSs
Pt 76.34 - 7734 71.15 - 63.59 66.76 7541 61.52
Fe 8.65 - 1123 819 - 11.67 755 646 12.16
Ni 8.33 - 552 613 - 736 628 3.79 7.18
Cu 6.68 - 591 623 - 629 585 429 5.08
Co - - - 830 - 11.09 7.38 6.24 10.67

Ru

- - - - - 6.18 3.81 3.39




Table S7. Pt loading and, ECSAo, mass activity and specific activity, forward peak

current, onset potential, I¢I, in 0.1 M HCIO4 + 0.5 M CH30H solution for various

samples.
Forward
Pt Mass Specific Onset
ECSA peak
Catalysts loading activity activity potential  I¢/I,
(m?/g current
(ng) (mA/pgp)  (mA/cm?) V)
(j/mA/cm?)
Pt/C 6.21 77.8 0.24 0.31 7.55 0.43 0.82
Pt-HEA-
3.39 122.6 0.83 0.68 14.34 0.42 1.23
4/HMCSs
Pt-HEA-
3.24 130.7 1.17 0.90 19.24 0.38 1.17
5/HMCSs
Pt-HEA-
3.05 144.5 1.54 1.07 23.93 0.33 1.18
6/HMCSs
Pt/HMCSs 4.57 83.2 0.41 0.49 9.58 0.43 1.22




Table S8. Pt loading and, ECSAo, mass activity and specific activity, forward peak

current, onset potential, I/, in 0.1 M HCIO,4 + 0.5 M CH;CH,OH solution for various

samples.
Forward
Pt Mass Specific Onset
ECSA peak
Catalysts loading activity activity potential I¢I,
(m?/g current
(ng) (mA/pgp)  (mA/cm?) V)
(j/mA/cm?)
Pt/C 6.21 77.8 0.29 0.37 9.23 0.51 1.09
Pt-HEA-
3.39 122.6 0.71 0.58 12.24 0.39 0.99
4/HMCSs
Pt-HEA-
3.24 130.7 1.01 0.77 16.63 0.34 1.15
5/HMCSs
Pt-HEA-
3.05 144.5 1.26 0.87 19.55 0.31 1.03
6/HMCSs
Pt/HMCSs 4.57 83.2 0.38 0.46 8.78 0.48 1.19




Table S9. Comparisons of the MOR performance of Pt-HEA-6/HMCSs and other

recently reported Pt-based electrocatalysts.

Mass
Referenc
Catalysts activity Electrolyte
e
(mA/pgy)
0.1 M H,SO4,+1.0M
Pt3Pd1/CGOz 0.85 [1]
CH;0H
1.0 M HCIO4+ 1.0 M
Pt/CeO,/CNTs 0.63 [2]
CH;0H
0.5MH,SO4+1M
PtBi nanoplates 1.10 [3]
CH;0H
0.5MH,SO4+1M
PtZn/MWNT 0.61 [4]
CH;0H
0.5 M H,SO,+1.0M
Cu-Pts ,Ru; 0.64 [5]
CH;0H
0.5MH,SO4+1M
PEDOT/DLHCs/Pt 0.81 [6]
CH;0H
0.1 M HCIO4+ 1 M
Pds,Ptss Nanodendrites 0.83 [7]
CH;0H
0.5 M H,SO,+1.0M
PtRuFe Nanodendrities 1.14 [8]
CH;0H
0.5 M H,SO,+0.5M
PthulColNil NPQAS 0.45 [9]
CH;0H
0.5MH,SO4+1M
Pt nanowires 0.34 [10]
CH;0H
0.1 M HCIO4+ 0.5M
Pt-HEA-6/MWCNTs 1.54 This work

CH;OH




Table S10. The precursor solution of the prepared sample and its concentration.

Catalysts Precursor solution
H,PtCls.6H,O
Pt/HMCSs (19.75 mg/mL) - - - - -
865 uL
HthC166H20 FG(NO3)36H20 NiCl.  CuSOq
Pt-HEA-
(19.75 mg/mL) (0.5M) (0.1 M) (0.1 M) - -
4/HMCSs
865 uL 200 puL 200 uL 200 pL
H,PtCls.6H,O Fe(NO3);-6H,O NiCl. CuSOs Co(NOs):-6H20
Pt-HEA-
(19.75 mg/mL) (0.5 M) (0.1 M) (0.1 M) (0.5 M) -
5/HMCSs
865 ulL 200 pL 200 uL 200 pL 200 puL
RU.C13,
HthC166H20 FC(NO3)3 : 6H20 NiCl.  CuSOq CO(NO3)2 ‘6H20
Pt-HEA- (18.15
(19.75 mg/mL) (0.5M) (0.1 M) (0.1 M) (0.5 M)
6/HMCSs mg/mL)
865 uL 200 puL 200 pL 200 pL 200 pL
200 pL
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