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Microwave-assisted synthesis of mesoporous
high-entropy alloy and core–shell nanoparticles†

Chuyi Ni, Suni Guo, Cole Butler and Jonathan G. C. Veinot *

Mesoporous high-entropy alloy nanoparticles (mp-HEA NPs) are an emerging class of nanostructured

materials that bring together the distinctive solid-solution structure and multi-element compositions of

their non-porous counterparts and highly accessible surfaces that characterize mesoporous materials. In

this study, we present the facile synthesis of mp-HEA NPs (RhAgCuPdPt) via microwave-assisted heating.

The structural, compositional, and morphological characteristics of the mp-HEA NPs were assessed using

Brunauer–Emmett–Teller (BET) surface area analysis, X-ray diffraction (XRD), Fourier-transform infrared

spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy

(TEM). We subsequently extended our approach to realize mesoporous Au core-HEA (RhAgCuPdPt) shell

NPs (Au-HEA NPs) and investigated the thermal conversion of the Au-HEA NP to HEA NPs

(AuRhAgCuPdPt) using in situ heating TEM. We determined that this conversion involves gradual grain

growth at temperatures below 600 °C followed by a rapid grain growth process at elevated temperatures

accompanied by the collapse of the mesostructure.

Introduction

High-entropy alloy nanoparticles (HEA NPs) have emerged as a
captivating new class of materials.1,2 These nanomaterials
possess multi-elemental compositions and distinctive high-
entropy solid-solution structures that provide access to exqui-
sitely tunable reactivity and stability.3 A variety of methods
have been presented that provide access to HEA NPs including
“carbo-thermal shock”,4 vapor phase spark discharge, rapid
radiative heating or annealing, low-temperature hydrogen spil-
lover, microwave heating and the colloidal method.5–13

Porous metallic materials bearing high surface areas and
tunable pore structures constitute an important class of nano-
materials.14 Classical mesoporous metal alloy nanoparticles
prepared using wet-chemical reduction methods predomi-
nantly comprise two or three metal elements.15,16 Expanding
the number of constituent metal elements to five (or more) in
these systems presents a significant challenge presumably
because of the diverse physicochemical properties and differ-
ences in Ered of the metals.17 The Liu group reported a hard
template-assisted synthesis of mesoporous HEA NPs. They
used KIT-6 as template and synthesized PtPdFeCoNi HEA NPs
inside the ordered mesopores, following by HF etching to
provide mesoporous HEA NPs with an ordered polyhedral mor-

phology.18 The Faustini group introduced a straightforward
route to synthesize ordered macro- and mesoporous
PtPdRuRdIr HEA NPs with uniform pore size and high surface
area that relies on spray-drying aqueous solutions comprising
five different noble metal precursors onto polymer latex
beads.19 The polymer latex template was decomposed via
thermal annealing under Ar, resulting in the formation of
ordered porous HEA NPs. An alternative approach presented
by the Yamauchi group used “one-pot” wet-chemical reduction
to synthesize mesoporous PtPdRhRuCu HEA NPs using a
diblock polymer as a soft template.20 These mesoporous nano-
particles exhibited a core–shell structure with a Pd-rich core
and Rh/Ru-rich shell that was attributed to the differences in
reduction order during the prolonged heating.

Using microwave heating in nanomaterial preparation has
become increasingly popular.21 Its attractive attributes,
include rapid heating that minimizes of temperature gradi-
ents, accelerate reaction rates and facilitates HEA NP syn-
thesis.9 Herein, we present a microwave-assisted heating pro-
cedure for preparing mesoporous HEA NPs (RhAgCuPdPt) with
the aim of reducing the reaction time and minimizing the for-
mation of a core–shell structure. Using this method, we suc-
cessfully synthesized mesoporous HEA NPs (RhAgCuPdPt) by
using F127 and L-ascorbic acid (L-AA) as pore-directing and
reducing agents, respectively. With these promising results in
hand, we explored predictably introducing an Au while target-
ing the synthesis of mesoporous Au core-HEA shell NPs (Au-
HEA NPs). Moreover, we delved into the thermal conversion of
Au-HEA NPs to HEA NPs (AuRhAgCuPdPt) using in situ heating
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transmission electron microscopy. The experimental obser-
vations revealed that at elevated temperatures (i.e., 300 °C), the
high-entropy components began to diffuse into the Au.
Initially, this process is slow, but the rate of the diffusion
increases at temperatures exceeding 600 °C.

Synthesis of mesoporous HEA NPs
(RhAgCuPdPt)

The synthesis of mesoporous HEA NPs (RhAgCuPdPt) was
achieved using an adaptation of a microwave heating method
previously employed to prepare bimetallic and trimetallic
mesoporous particles (Scheme 1).22 Formation of
F127 micelles was induced by adding aqueous HCl and water
to a F127/DMF solution (Experimental section). Subsequently,
the micelle suspension was combined with an aqueous solu-
tion containing equimolar concentrations of the desired metal
salts (i.e., RhCl3, AgNO3, CuCl2, PdCl2, PtCl4) and the mixture
was heated in a laboratory microwave reactor to 130 °C for
1 min.

Powder X-ray diffraction (XRD) was used to examine the
crystal structure of mesoporous HEA NPs (RhAgCuPdPt). The
XRD pattern (Fig. S1a†) indicates the mesoporous HEA NPs
display a characteristic face-centred cubic structure as evi-
denced by (111), (200), (220) and (311) reflections appearing at
39.5°, 45.7°, 66.7° and 80.3°, respectively. Those reflections are
consistent with the reference determined using Vegard’s Law
when considering the elemental compositions obtained from
EDX (Fig. S1a†). No reflections arising from the individual
metals were observed consistent with the formation of a
single-phase alloy structure without phase segregation. The
broadening of HEA NPs reflections was analyzed using the
Scherrer equation and provided an estimated crystallite size of
84 ± 3 nm.23 After considering the dependence of reflection
broadening on diffraction angle, the broadening distribution
of mesoporous HEA NPs (RhAgCuPdPt) (Fig. S1b†) shows that
there is also strain-induced broadening.24 Small-angle X-ray
scattering (SAXS) (Fig. S1c†) afforded a broad peak at 0.22°
that provided a pore-to-pore spacing of 18.5 nm in the present
mesoporous HEA NPs (RhAgCuPdPt).

The surface area and pore structure of mesoporous HEA
NPs (RhAgCuPdPt) were evaluated using N2 adsorption–de-
sorption. The resulting isotherms (Fig. S2a†) were character-
istic of Type-IV materials with a hysteresis loop, which rep-
resents the capillary condensation and indicated the existence
of mesopores.25 In addition, the BET surface area was found to
be 18.968 m2 g−1 and is comparable with previously reported
multimetallic mesoporous PdPtCu NPs.22 The pore size distri-
bution curve (Fig. S2b†) derived from adsorption branches
using density functional theory (DFT) method also suggest
that the sample possessed pores size of 6.8 nm.

To further investigate the nature of mesoporous HEA NPs
(RhAgCuPdPt), we probed the materials using Fourier-trans-
form infrared (FTIR) and X-ray photoelectron spectroscopy
(XPS). Before removal of the soft template the FTIR spectrum
(Fig. S3†) of the mesoporous HEA NPs (RhAgCuPdPt) exhibited
prominent features attributed to the F127. Following removal
of the micelles, the FTIR spectrum of the resulting meso-
porous HEA NPs (RhAgCuPdPt) displayed no discernible fea-
tures consistent with complete removal of the F127 at the sen-
sitivity of the FTIR method.

XPS provides additional insight into the material compo-
sition, bonding environment, and oxidation states of elements
in the present materials. The survey XP spectrum of meso-
porous HEA NPs (RhAgCuPdPt) revealed evidence of corres-
ponding metal emissions (Fig. S4†). Integrating the emission
peaks in the survey XPS spectra allowed quantification of the
elemental compositions of mesoporous HEA NPs
(RhAgCuPdPt). The calculated atomic percentages for each
metal were approximately 20 atomic %, indicating a near equal
molar composition (Table S1†). The high-resolution XP spectra
of mesoporous HEA NPs (RhAgCuPdPt) revealed emissions
associated with the corresponding metals (Rh, Ag, Cu, Pd, and
Pt) (Fig. S5†). The XP spectra of each metal showed emissions
with binding energies characteristic of their corresponding
metallic state (i.e., Rh 3d5/2, 307.4 eV; Ag 3d5/2, 368.0 eV; Cu
2p3/2, 932.1 eV; Pd 3d5/2, 335.1 eV; Pt 4f7/2, 71.0 eV).

Electron microscopy techniques were employed to investi-
gate the morphology of mesoporous HEA NPs (RhAgCuPdPt).
Secondary electron scanning transmission electron microscopy
(SE-STEM) imaging (Fig. 1a and S6a†) and high-angle annular
dark-field scanning transmission electron microscopy

Scheme 1 A pictorial illustration of the formation of mesoporous high-entropy alloy nanoparticles (HEA NPs: RhAgCuPdPt) via microwave heating.
An aqueous solution containing metal salts (i.e., RhCl3, AgNO3, CuCl2, PdCl2, and PtCl4) was added into the solution of F127 solution, followed by
adding L-AA. The solution was then microwave heated to 130 °C for 1 min. Mesoporous HEA NPs were obtained following the removal of the tem-
plate with acetone.
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(HAADF-STEM) imaging (Fig. 1b) confirmed the formation of
mesoporous spherical HEA NPs with dimensions 88 ± 16 nm
(Fig. S6b†) and uniformly sized mesopores 10 nm (Fig. S6a†).
High resolution transmission electron microscopy (HRTEM)
images showed lattice fringes with interplanar crystal spacings
of 0.22 nm corresponding to the (111) plane of fcc HEA NPs
(RhAgCuPdPt) (Fig. S6c†). EDX mapping confirmed the co-
localization (Fig. 1c–h) and uniform elemental distribution of
all metal, as confirmed by line-profile analysis (Fig. S6d†). We
attribute this uniform distribution to the rapid heating during
the microwave synthesis that facilitates the co-reduction of all
the metal constituents.9 The EDX spectrum (Fig. S7†) showed
all five target metals (i.e., ca. 5 atom %) signals. Collectively,
these findings, in combination with XRD and XPS, support the
conclusion that the present mesoporous HEA NPs
(RhAgCuPdPt) are homogeneous.

Synthesis of mesoporous Au core-HEA
(RhAgCuPdPt) shell NPs

Having demonstrated the microwave heating affords meso-
porous HEA NPs, we explored the incorporation of Au core into
the mesoporous HEA NPs (Scheme S1†). While previous noble
metals were only reduced by L-AA with the assistance of micro-
wave, the direct reduction of Au by L-AA facilitates formation of
the Au core for the subsequent preparation of the mesoporous
Au core-HEA (RhAgCuPdPt) shell NPs (Au-HEA NPs). To
address this, we synthesized mesoporous Au-HEA NPs by
initially mixing F127 micelles with a solution comprising
metal salts (i.e., AuCl3, RhCl3, AgNO3, CuCl2, PdCl2, PtCl4) fol-

lowed by the addition of L-AA solution. Contrary to our pre-
vious observations for systems lacking a gold precursor, the
reaction mixture immediately turned black (Fig. S8a and b†).
TEM imaging (Fig. S8c†) showed the presence of only Au nano-
particles suggesting Au ions were reduced first. Subsequent
microwave heating led to the formation of the mesoporous
HEA NPs shell.

The crystal structure and bonding of mesoporous Au-HEA
NPs were investigated through XRD and FTIR spectroscopy.
XRD analysis (Fig. S9a†) showed characteristic reflections con-
sistent with the mesoporous HEA NPs (39.5°, 45.7°, 66.7° and
80.3°). In addition, reflections corresponding to Au core were
observed at slightly lower angles (38.1°, 44.3°, 64.5°, 77.6°).
Scherrer analyses provided an estimate of the HEA shell crys-
tallite size of 89 ± 6 nm and Au core size around 142 ± 9 nm.
The broadening distribution of the HEA shell indicated a
strain-induced broadening, while the broadening distribution
of the Au core indicated a size-induced broadening (Fig. S9b†).
A SAXS pattern (Fig. S9c†) showed a peak at 0.23° that corres-
ponds to a pore-to-pore distance of 17.6 nm. In the FTIR spec-
trum of the mesoporous Au-HEA NPs before washing
(Fig. S10†), the characteristic features of F127 were observed.
After purification, the FTIR spectrum showed no substantial
features related to F127, suggesting complete removal of the
soft template.

To investigate the surface area and pore structure, meso-
porous Au-HEA NPs were also examined by N2 adsorption–de-
sorption experiments. A typical Type-IV isotherm with a hyster-
esis loop (Fig. S11a†) were observed for the sample suggesting
the existence of mesopores.25 A comparatively lower BET
surface area were calculated as 8.597 m2 g−1 relative to meso-

Fig. 1 TEM and EDX analyses of mesoporous HEA NPs (RhAgCuPdPt). (a) SE-STEM image, (b) HAADF-STEM image and (c–h) corresponding EDX
mapping of the indicated elements and mixed mapping.
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porous HEA NPs, presumably because of the presence of the
Au core. The pore size distribution curve (Fig. S11b†) suggests
that samples possessed a mesopore size of 6.8 nm.

XPS was used to investigate the elemental composition and
oxidation states of resulting mesoporous Au-HEA NPs. The
survey spectrum (Fig. S12†) showed the expected metal emis-
sions from the HEA NPs (approximately 14 atomic %). There is
no Au emission observed due to the limit of XPS probing
depth, consistent with the incorporation of the Au core inside

HEA NPs. The high-resolution spectra of each metal exhibited
characteristic metallic state (Fig. S13†), including Rh 3d5/2,
307.5 eV; Ag 3d5/2, 368.0 eV; Cu 2p3/2, 932.0 eV; Pd 3d5/2, 335.1
eV; Pt 4f7/2, 71.0 eV.

SE-STEM and HAADF-STEM images (Fig. 2a and b) con-
firmed the formation of mesoporous Au-HEA NPs and its
dimensions were measured to be 238 ± 26 nm with Au core
size of 145 ± 21 nm (Fig. S14a and b†). The size of the outer
HEA shell is approximately 93 nm which was consistent with

Fig. 2 TEM and EDX analysis of mesoporous Au-HEA NPs. (a) SE-STEM image, (b) HAADF-STEM image and (c–h) corresponding EDX mapping of
the indicated elements.

Fig. 3 HAADF-STEM images of mesoporous Au-HEA NPs at the same location during the in situ heating experiment from room temperature to
850 °C (a–h). The sample slightly shifted due to the thermal drift.
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the estimate provided by XRD. EDX mapping provided evi-
dence of the co-localization of morphological features for Au
core and HEA NPs shell in HAADF-STEM image and confirmed
the presence of the five target metals (Rh, Ag, Cu, Pd, Pt), as
confirmed by the line profile results (Fig. S14c†). The Au shell
and Pt core signals were falsely mapped due to the overlapping
of Au and Pt Mα/Mβ signals (Fig. S15†). The EDX spectrum
(Fig. S15†) further indicated an elemental composition of Rh
(1.6 atom %), Ag (1.5 atom %), Cu (1.3 atom %), Pd (1.1 atom
%) and Pt (1.4 atom %) with higher Au concentration from the
core (6.4 atom %).

In situ transformation of mesoporous
Au-HEA NPs to HEA NPs

Drawing inspiration from the conversion of two-phase core–
shell NPs into single-phase HEA NPs by thermal
annealing,13,26 we have explored the transformation of meso-
porous Au-HEA NPs to HEA NPs via in situ heating STEM and
presented in Movie S1.† The SE- and HAADF-STEM images of
the same location (Fig. 3 and S16†) captured the morphologi-
cal changes of mesoporous Au-HEA NPs as they were heated
from room temperature to 800 °C, leading to the formation of
HEA NPs. There was no observed change observed below
300 °C. Above 300 °C, metal atoms diffused into the Au core
accompanying with the shrinkage of the mesopores. Notably,
the Au core gets larger slowly below 600 °C, but grows rapidly
at 600 °C and above, resulting in the complete collapse of the
mesoporous structure. EDX mapping (Fig. S17†) further con-
firmed presence of the Au core and mesoporous HEA NPs
shell before heating. Post-heating EDX mapping (Fig. S18†) is
consistent with the formation of HEA NPs (AuRhAgCuPdPt).
Line profile analysis further confirms the conversion of core–
shell NPs to single phase system (Fig. S19†). The EDX spec-
trum (Fig. S20†) showed the signals corresponding to Au and
the other five metal signals remained around 3 atomic % after
heating. This finding suggests the transformation from meso-
porous Au-HEA NPs to HEA NPs (AuRhAgCuPdPt).

Conclusions

The present study has demonstrated a straightforward method
for preparing mesoporous high-entropy alloy nanoparticles
(HEA NPs: RhAgCuPdPt) via microwave-assisted heating. The
synthesis of the mesoporous HEA NPs was verified by X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS),
which provided evidence of the desired elements and their oxi-
dation states. The mesoporous structure of the HEA NPs was
confirmed by s small-angle X-ray scattering (SAXS) and N2

adsorption–desorption experiments. Transmission electron
microscopy (TEM) analysis further revealed that the HEA NPs
possessed a mesoporous structure and exhibited a hom-
ogenous distribution of the metal elements throughout the
material. This method can be extended to synthesize meso-

porous Au core-HEA shell NPs (Au-HEA NPs). We further inves-
tigated the thermal conversion of the mesoporous Au-HEA NPs
(RhAgCuPdPt) to HEA NPs (AuRhAgCuPdPt) by in situ heating
STEM. The conversion involved a slow Au core growth process
through atom diffusion at temperatures below 600 °C, and
finally a rapid grain growth process with the collapse of the
mesopores at higher temperatures.

Experimental
Materials

L-Ascorbic acid (L-AA, 99.99%), gold chloride (AuCl3, 99.99%),
silver nitrate (AgNO3, 99.9999%), copper chloride (CuCl2,
99.999%), palladium chloride (PdCl2, 99.9%), rhodium chlor-
ide (RhCl2·xH2O, 98%), platinum chloride (PtCl4, 99.999%)
and Pluorinc F127 were purchased from Sigma-Aldrich and
hydrochloric acid (HCl, 37% w/w), ethanol (anhydrous),
acetone (HPLC grade) and N,N-dimethylformamide (DMF,
HPLC grade) were purchased from Fisher Scientific. Milli-Q
(18.2 MΩ cm at 25 °C) water was used for all experiments. All
organic solvents were dried using an Innovative Technology,
Inc. Grubbs-type solvent purification system.

Microwave-assisted synthesis of mesoporous high-entropy
alloy nanoparticles (M-AgCuRhPdPt). The synthesis of meso-
porous high-entropy alloy nanoparticles (M-AgCuRhPdPt) was
achieved using a procedure that drew inspiration from a pre-
vious literature report.22 Briefly, F127 (5 mg) was dissolved in
0.8 mL DMF with stirring in a 20 mL microwave reactor tube.
Subsequently, 0.4 mL HCl (6.0 M), 0.2 mL Milli-Q water,
0.4 mL CuCl2 (40 mM), 0.4 mL PdCl2 (40 mM), 0.4 mL RhCl3
(40 mM), 0.4 mL PtCl4 (40 mM) and 0.4 mL AgNO3 (40 mM)
were added sequentially to the DMF mixture followed by an
aqueous L-AA solution (2 mL; 0.1 M). The microwave reactor
tube was sealed with a snap cap fitted with a silicone septum
and placed in the microwave reactor (Biotage Initiator). The
mixture was heated to 130 °C in 1 min and held for 1 min with
vigorous stirring at this temperature, after which it was cooled
to 55 °C. The product was then recovered by centrifugation
and washed with acetone/Milli-Q water (1 : 1) for three times.
The product was dried for 12 h in vacuo and subsequently
characterized using XRD, XPS, and TEM. Typical mass yields
for this procedure were 10 mg.

Microwave-assisted synthesis of mesoporous Au core-high-
entropy alloy nanoparticles shell (M-AuAgCuRhPdPt). The syn-
thesis of mesoporous high-entropy alloy nanoparticles
(M-AgCuRhPdPt) were modified from previous literature.22

F127 (5 mg) was dissolved in 0.8 mL DMF with stirring in a
20 mL microwave tube. Then, 0.4 mL HCl (6.0 M), 0.2 mL
Milli-Q water, 0.4 mL AuCl3 (40 mM), 0.4 mL CuCl2 (40 mM),
0.4 mL PdCl2 (40 mM), 0.4 mL RhCl3 (40 mM), 0.4 mL PtCl4
(40 mM) and 0.4 mL AgNO3 (40 mM) were added to the above
solution. Subsequently, 2 mL L-AA solution (0.1 M) was
injected into the mixed solution. The tube was sealed with a
snap cap fitted with a silicone septum and placed in the
microwave reactor (Biotage Initiator). The mixture was heated

Paper Nanoscale

6076 | Nanoscale, 2025, 17, 6072–6078 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 6
:1

8:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr05019c


to 130 °C in 1 min and held for 1 min with vigorous stirring at
this temperature, after which it was cooled to 55 °C. The
product was then recovered by centrifugation and washed with
acetone/Milli-Q water (1 : 1) for three times. The product was
dried for 12 h in vacuo and subsequently characterized using
XRD, XPS, and TEM. Typical mass yields for this procedure
were 10 mg.

Characterization

Electron microscopy. Transmission electron microscopy
(TEM) bright and dark field images were acquired using a
JEOL JEM-ARM200CF S/TEM electron microscope at an accelerat-
ing voltage of 200 kV. High resolution (HR) TEM images were pro-
cessed using Gatan Digital Micrograph software (Version 3.4.1).
TEM samples were prepared by depositing a drop of a dilute
toluene suspension of the sample in question onto a holey or
ultra-thin carbon coated molybdenum grid (obtained from
Electron Microscopy Inc.). The grid bearing the sample was kept
in a vacuum chamber at a base pressure of 0.2 bar for at least
24 h prior to data collection. The particles size distribution was
assembled as an average shifted histogram as described by
Buriak et al. for at least 300 particles in TEM.27

In situ heating TEM experiments were conducted using the
DENSsolutions Wildfire in situ heating TEM sample holder.
TEM samples were prepared by depositing a drop (5 μL) of a
dilute ethanol suspension of metal salts and GeNSs onto a
DENSsolutions Wildfire Si3N4 nano-chip. The heating program
was monitored by DENSsolutions Impulse software. After col-
lecting the images and EDX mapping at room temperature, the
samples were heated up to 800 °C at 1 °C s−1 and kept at
800 °C for 10 min. Then the samples were cooled down to
room temperature at 20 °C s−1.

X-ray photoelectron spectroscopy (XPS). XPS analyses were
performed using a Kratos Axis Ultra instrument operating in
energy spectrum mode at 210 W. The base and operating
chamber pressure were maintained at 10−7 Pa. A monochro-
matic Al Kα source (λ = 8.34 Å) was used to irradiate the
samples, and the spectra were obtained with an electron take-
off angle of 90°. CasaXPS software (VAMAS) was used to inter-
pret high-resolution spectra. All spectra were internally cali-
brated to the C 1s emission (284.8 eV) of adventitious carbon.
After calibration, a Shirley-type background was applied to
remove most of the extrinsic loss structure.28 For the high-
resolution XP spectra of metals, the spin–orbit couple energy
separation and area were fixed and the spectral envelope was
fit using a Lorentzian asymmetric line shape LA (a, b, n) where
a and b define the asymmetry and n defines the Gaussian
width. The various spectral regions were fit as follows: Au 4f
was deconvoluted into the Au 4f7/2 and 4f5/2 spin–orbit couple
and the energy separation of these doublets was fixed at 3.70
eV and the Au 4f5/2 to 4f7/2 area ratio was fixed at 0.75.29 Ag 3d
was deconvoluted into the Ag 3d5/2 and 3d3/2 spin–orbit couple
and the energy separation of these doublets was fixed at 6.00
eV and the Ag 3d3/2 to 3d5/2 area ration was fixed at 0.67.30 Cu
2p was deconvoluted into the Cu 2p3/2 and 2p1/2 spin–orbit
couple and the energy separation of these doublets was fixed

at 19.75 eV and the Cu 2p1/2 and 2p3/2 area ratio was fixed at
0.50.31 Pd 3d was deconvoluted into the Pd 3d5/2 and 3d3/2
spin–orbit couple and the energy separation of these doublets
was fixed at 5.26 eV and the Pd 3d3/2 to 3d5/2 area ratio was
fixed at 0.67.32 Pt 4f was deconvoluted into the Pt 4f7/2 and
4f5/2 spin–orbit couple and the energy separation of these
doublets was fixed at 3.35 eV and the Pt 4f5/2 to 4f7/2 area ratio
was fixed at 0.75.33 Rh 3d was deconvoluted into the Rh 3d5/2
and 3d3/2 spin–orbit couple and the energy separation of these
doublets was fixed at 5.26 eV and the Rh 3d3/2 to 3d5/2 area
ratio was fixed at 0.67.34

Powder X-ray diffraction (XRD) analysis. XRD was performed
using a Bruker D8 Advance diffractometer (Cu-Kα1 (λ = 1.5406 Å)
and Kα2 (λ = 1.5444 Å) radiation). Samples were prepared by
mounting the powder in question on a zero background Si crystal
sample holder. XRD patterns were scanned between 2θ ranges of
10–80° with a scan step of 0.06° s−1. The instrumental broaden-
ing effect was considered by measuring a NIST LaB6 standard
sample with a same scanning speed. Jade 6 was used to fit the
peak broadening with both size and strain effect.

Small angle X-ray scattering (SAXS) analysis. SAXS was per-
formed using a Bruker D8 Discover Plus diffractometer (high
intensity Mo (λ = 0.7107 Å) IµS microfocus X-ray tube). The
sample was loaded into a 0.4 mm ID capillary tube. Beam size
was 0.3 mm enabled by primary pinhole and collimator. The
detector was positioned at 330 mm from the sample, enabling
2theta coverage of 3 degrees in plane and 6 degrees out of
plane. A 2D snapshot with 600 s duration was used for the
measurement. The 2D image was further integrated along azi-
muthal angle to yield the intensity profile.

Nitrogen sorption analysis. The nitrogen adsorption–desorp-
tion isotherms were measured at 77 K with an automated gas
sorption analyzer (Autosorb-iQ, Quantachrome, America). The
Brunauer–Emmett–Teller (BET) and density functional theory
(DFT) methods were adopted to obtain the surface areas and pore
size distributions of prepared mesoporous materials, respectively.
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