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ARTICLE INFO ABSTRACT

Keywords: Hollow noble metal nanostructures have broad applications in catalysis and other fields. Herein, we report that

Noble metal nanostructures Ag@metal (Ag@M, M = Ru, Os, Ir, Pt, PtRu, PtRuOs) core@shell nanoparticles synthesized in oleylamine can

E‘J?@Sheu transform into hollow AgM alloy nanoparticles via prolonged heating. The structural evolution mechanism is
ollow

attributed to the Kirkendall effect, driven by unbalanced interdiffusion of Ag and M atoms: Ag atoms (with higher
mobility) diffuse from the core to the shell more rapidly than M atoms, inducing vacancy flow and interface shift,
ultimately forming hollow alloys with slightly reduced particle sizes. X-ray photoelectron spectroscopy reveals
binding energy shifts of Ag and Pt in hollow AgPt alloys due to electronegativity differences. Electrochemical
tests show that despite the lower electrochemically active surface area of hollow AgPt alloys caused by Ag-
induced Pt dilution, their methanol oxidation reaction activity and onset potential are comparable to the core-
shell precursors. This is because the ensemble effect from Ag-Pt alloying weakens CO adsorption on Pt sites,
offsetting the dilution-induced negative effect. This study provides insights for designing efficient Ag-based

Kirkendall effect
Methanol oxidation reaction

nanoalloy electrocatalysts.

Given the important applications of hollow nanomaterials in fields
such as catalysis [1-9], nanoreactor [10], sensing [11-13], battery [14,
15], supercapacitor [16], and drug delivery [17,18], we have previously
reported a universal strategy for preparing hollow monometallic and
alloyed noble metal nanoparticles [19,20]. This method uses silver (Ag)
nanoparticles as templates: core-shell structured nanoparticles are first
fabricated with Ag as the core and monometal or alloy as the shell; these
nanoparticles are then treated with either bis(p-sulfonatophenyl)
phenylphosphane dihydrate dipotassium salt (BSPP) or saturated so-
dium chloride (NaCl) solution. The former has a strong complexing
ability with Ag to form water-soluble complexes [19,21,22], while the
latter first reacts with Ag to form silver chloride (AgCl) precipitates,
which are then dissolved [20]. Both treatments can effectively remove
the diffused Ag component, ultimately yielding hollow noble metal
nanostructures.
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However, in recent experiments, we found that after the preparation
of Ag@M (where M represents a single noble metal or alloy) core@shell
structured nanoparticles in oleylamine, simply extending the heating
time can also induce the hollowing of the core-shell structure, ultimately
yielding hollow nanoparticles. Of course, the shell layer of the hollow
structure obtained in this way is not composed of a single noble metal or
original alloy component, but an alloy formed by them and Ag. There-
fore, in this study, based on the fundamental knowledge of materials
science, we propose a reasonable structural evolution mechanism by
tracking the transformation of Ag@M core-shell structures into hollow
AgM alloy nanoparticles via transmission electron microscopy (TEM).
Considering that in the widely used wet-chemistry methods, it is difficult
to synthesize alloys of Ag with other noble metals even through the one-
pot approach due to the differences in their redox potentials, this
structural evolution is particularly significant for the preparation of Ag-
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based nanoalloys. Finally, we selected the hollow AgPt nanoparticles
obtained after structural evolution as a typical sample and methanol
electrocatalytic oxidation as a model reaction to investigate the effect of
the Ag component in the hollow shell on the catalytic activity of noble
metals, aiming to establish some experimental foundations for the
design of high-efficiency electrocatalysts.

Oleylamine was employed as a capping agent and solvent as well as
reducing agent to synthesize Ag nanoparticles, whose morphology, size,
and crystallinity were characterized via TEM, size distribution analysis,
and X-ray diffraction (XRD). Fig. Sla of Supplementary Material (SM)
for the TEM image reveals well-dispersed, spherical nanoparticles with
no observable aggregation, typical of oleylamine-stabilized metal
nanoparticles [19,23]. The contrast (dark particles on a lighter back-
ground) is typical for metallic nanoparticles in TEM imaging, arising
from electron scattering differences between the Ag particles and the
supporting substrate. Quantitative size analysis (SM Fig. S1b) yields an
average particle diameter of 7.4 nm with a standard deviation (o) of
4.9 nm, indicating relatively narrow size uniformity (consistent with the
appearance in TEM). The XRD pattern (SM Fig. Slc, 26 range: 30-90°)
confirms the crystalline structure of the Ag nanoparticles. The diffrac-
tion peaks are indexed to the face centered cubic (fcc) phase of metallic
Ag (JCPDS 04-0783), with characteristic reflections at ca. 38°, 44°, 64°,
77°, and 81° for (111), (200), (220), (311), and (222) crystal planes,
respectively, of which the strongest (111) peak is typical for fcc metals
due to its highest atomic packing density. In addition, the peak widths
(related to particle size via the Scherrer equation) align with the nano-
scale dimensions measured in TEM.

Subsequently, the Ag nanoparticles were used as seeds to direct the
synthesis of core@shell nanoparticles, which serves as the prerequisite
step for observing structural evolution upon prolonged heating. Below,
we take the Ag-Ru binary system as a typical example to elaborate on the
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characterization of its core@shell structure and the subsequent evolu-
tion process. Fig. 1a shows the TEM image of the core@shell Ag@Ru
nanoparticles as-prepared in oleylamine, which exhibit quasi-spherical
morphologies and have an average particle size of ca. 12.4 nm (SM
Fig. S2a). Their core@shell construction could be validated by the
energy-dispersive X-ray (EDX)-based Ag and Ru profiles of an arbitrarily
selected single particle along the direction indicated by the white arrow
under the high-angle annular dark-field scanning TEM (HAADF-STEM)
mode. As suggested by Fig. 1b, the Ru signal presents throughout the
particle whereas the Ag signal is only detected in the core region.
Impressively, after further heating in oleylamine for 3 h at 320 °C, the
core@shell Ag@Ru nanoparticles are evolved into AgRu alloy nano-
particles with hollow interiors, as evinced by the TEM image (Fig. 1¢), in
which an increase in the image contrast between the core and shell re-
gion is clearly observed. Fig. 1d shows EDX-based Ag and Ru profiles of
an arbitrarily selected single particle after structural evolution, which
suggest consistent distribution of Ag and Ru signals across the entire
particle range, indicating a homogenization tendency of Ag and Ru
during the evolution of Ag@Ru core@shell structures into hollow
nanoparticles. Notably, after structural evolution, the as-obtained AgRu
hollow alloy nanoparticles have an average particle size of 11.3 nm (SM
Fig. S2b), which is slightly smaller than their core-shell predecessors
before evolution.

Before explaining the evolution mechanism, we first sampled at
different time and tracked the evolution process of Ag@Ru core@shell
nanoparticles into hollow structures using TEM. The observations are
shown in Fig. 2. After continuous heating for another 30 min, as shown
in Fig. 2a for the TEM image, there are no significant differences in size,
size distribution, or structure compared with the pre-formed Ag@Ru
core@shell nanoparticles. However, when the heating time is further
extended to 60 min, obvious changes in the particle structure can be
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Fig. 1. (a,c) TEM images of the as-prepared core@shell Ag@Ru nanoparticles and (b,d) EDX-based Ag and Ru profiles of an arbitrarily selected core@shell Ag@Ru
nanoparticle under STEM mode along the direction indicated by the white arrow before (a,b) and after structural evolution (c,d) in oleylamine at elevated tem-

perature, respectively.
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Fig. 2. Representative TEM images of the core@shell Ag@Ru nanoparticles
after further heating in oleylamine for 30 min (a), 60 min (b), 90 min (c), and
120 min (d), respectively.

observed under TEM, with distinct cavities appearing in most particles,
which exhibit significant contrast differences (Fig. 2b). After heating for
90 min, each particle exhibits further expanded cavities, as displayed by
Fig. 2c for the TEM image. When the heating time reaches 120 min, as
observed from the TEM image (Fig. 2d), each Ag@Ru core@shell par-
ticle evolves into a hollow-structured nanoparticle with an average size
smaller than their core@shell precursors; no significant structural and
size changes occur upon further heating thereafter, indicating that the
structural evolution process has been completed.

Ultraviolet-visible (UV-vis) spectroscopy was also employed to
monitor the structural evolution of Ag@Ru core@shell particles with
prolonged heating time. As seen in SM Fig. S3, The Ag seeds exhibit a
strong localized surface plasmon resonance (LSPR) peak cencered at ca.
408 nm, which is characteristic of Ag nanoparticles. For the as-prepared
Ag@Ru core@shell particles (0.0 h), the LSPR peak intensity decreases
and broadens compared to the Ag seeds, confirming the formation of the
Ru shell (which quenches Ag's plasmon response). As continuous heating
time increases (0.5 h-2.0 h), the residual Ag-related absorption (around
400 nm) continues to weaken and shift to longer wavelength, and the
overall absorbance across the wavelength range gradually diminishes.
This trend aligns with the structural transformation observed via TEM
(hollow structure formation and size reduction): the progressive atten-
uation of the Ag LSPR signal reflects the dissolution/migration of Ag (the
core) during heating, while the reduced absorbance corresponds to the
smaller average size of the final hollow nanoparticles. By 2.0 h, the
spectrum stabilizes, consistent with the TEM observation that structural
evolution is complete, as no further changes in absorbance (or particle
structure) occur with additional heating. Thus, the UV-Vis data provide
complementary optical evidence for the time-dependent core@shell-to-
hollow structural transition of Ag@Ru nanoparticles.

The hollowing process of Ag@Ru core@shell nanoparticles can be
described using the schematic diagram shown in Fig. 3, and the un-
derlying mechanism is the unbalanced interdiffusion between different
metals, namely the Kirkendall effect [24-26], which can be elaborated
through the following sequential processes. Firstly, the Ag@Ru core@-
shell structure itself constitutes a typical diffusion couple. Due to the
mismatch in crystal structures and lattice constants between Ag and Ru,
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significant atomic distortion occurs at their interface; this distortion
promotes the aggregation of crystal vacancies at the interface, and these
accumulated vacancies further serve as effective channels for subse-
quent atomic diffusion. The core of this mechanism lies in the atomic
diffusion discrepancy, which is the core manifestation of the Kirkendall
effect. At the experimental temperature, Ag atoms (with a lower melting
point) exhibit high mobility and thus diffuse rapidly in the Ru matrix,
while Ru atoms (with a higher melting point) show much slower diffu-
sion kinetics due to the experimental temperature being far below their
melting point. This obvious difference in diffusion rates leads to an
asymmetric atomic transport: the number of Ag atoms moving from the
Ag core to the Ru shell is significantly greater than the number of Ru
atoms diffusing in the opposite direction, ultimately forming a net flow
of Ag atoms toward the Ru shell.

This net atomic flow is inevitably accompanied by a net flow of
crystal vacancies in the reverse direction, i.e., vacancies move from the
Ru shell to the Ag core, resulting in a distinct concentration imbalance of
vacancies on both sides of the interface. Specifically, the continuous
migration of vacancies to the Ag core causes the vacancy concentration
on the Ru shell side to drop below the equilibrium value, while the Ag
core side accumulates a large number of vacancies, making its vacancy
concentration higher than the equilibrium value. When the system tends
to thermodynamic stability, the vacancy concentrations on both sides
gradually return to the equilibrium state. During this process, the Ru
shell, which previously has a low vacancy concentration, elongates as it
is replenished with vacancies, while the Ag core, which has an excessive
vacancy concentration, shortens as vacancies are eliminated; this
structural change directly drives the interface between Ag and Ru to
shift a certain distance toward the Ag core side.

Eventually, this interface shift leads to the complete transformation
of the original Ag@Ru core@shell structure into AgRu hollow alloy
nanoparticles. Due to the contraction of the Ag core and the directional
shift of the interface, the average particle size of the final hollow
nanoparticles is slightly smaller than that of the original core@shell
precursors, which is consistent with the structural characteristics
observed in TEM images.

The hollowing phenomenon based on the mechanism illustrated in
Fig. 3 is not exclusive to the Ag@Ru core@shell nanoparticles; similar
phenomena have been observed in other core@shell systems with Ag as
the core and other noble metals or alloys as the shell. Fig. 4a, e, i, m and
q are the TEM images of the Ag@Os, Ag@Ir, Ag@Pt, Ag@PtRu and
Ag@PtRuOs core@shell nanoparticles, which were synthesized by a
slightly modified method reported in the literature (see SM for experi-
mental details) [19]. In contrast, Fig. 4c, g, k, o and s are the TEM images
of the samples after further heating at the corresponding synthesis
temperature for 2 h. Obviously, the heat-treated particles exhibit
distinct hollow structures, and the contrast difference between the core
and the shell regions in their TEM images is more pronounced compared
with that of their core@shell precursors. Also, Similar to the Ag@Ru
core@shell particles, as illustrated by the particle size distribution his-
tograms in Fig. 4, after Ag@Os, Ag@Ir, Ag@Pt, Ag@PtRu, and Ag@P-
tRuOs core@shell nanoparticles are further heated and transformed into
their corresponding hollow alloy nanoparticles, their average particle
sizes all decrease to a certain extent. This is also attributed to the shift of
the core@shell interface toward the side of the metal with a faster
diffusion rate.

To investigate the effect of Ag residing in the core and diffusing into
the shell on the electrocatalytic performance of active metals, we
selected Ag@Pt core@shell nanoparticles and corresponding AgPt hol-
low nanoalloys after hollowing process as representative samples to
evaluate and compare their activity and stability toward the methanol
oxidation reaction (MOR). Prior to the electrocatalytic tests, we first
analyzed the chemical states of each metal in the Ag@Pt core@shell
nanoparticles and AgPt hollow alloy nanoparticles. As shown by
Fig. 5a—d, before and after the structural evolution of Ag@Pt core@shell
nanoparticles, the X-ray photoelectron spectroscopy (XPS) spectra of Ag
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Fig. 3. Schematic illustration showing the hollowing mechanism of core@shell Ag@Ru nanoparticles via unbalanced interdiffusion between different metals

(Kirkendall effect) at elevated temperature.

in the samples both exhibit a pair of peaks corresponding to metallic Ag
(0) (368.0 eV of 3ds,, and 374.0 eV of 3d3/, for Ag in Ag@Pt core@shell
nanoparticles; 368.4 eV of 3ds,; and 374.4 eV of 3ds/» for Ag in AgPt
hollow alloy nanoparticles) [27]. In contrast, the XPS spectra of Pt
display two pairs of peaks: the pair with lower binding energy (69.9 eV
of 4f; /5 and 73.3 eV of 4fs /5 for Pt in Ag@Pt core@shell nanoparticles;
69.5 eV of 4f;,; and 72.9 eV of 4f5 5 for Pt in AgPt hollow alloy nano-
particles) and higher signal intensity is attributed to metallic Pt(0),
while the pair with higher binding energy (71.4 eV of 4f;,5 and 74.7 eV
of 4f5 /5 for Pt in Ag@Pt core@shell nanoparticles; 70.9 eV of 4f;,2 and
74.3 eV of 4f5,, for Pt in AgPt hollow alloy nanoparticles) and lower
signal intensity corresponds to oxidized Pt species (e.g., PtO) [28-30].
However, as summarized in SM Table S1, compared with their core-shell
precursors (Fig. 5a and b), the binding energies of both Ag and Pt in the
hollow AgPt alloy nanoparticles formed after structural evolution
exhibit a shift (Fig. 5¢ and d): the former increases to a certain extent,
while the latter decreases slightly. This phenomenon may be related to
the electronegativity of Ag and Pt, which are 1.9 and 2.2, respectively. In
the homogeneous AgPt alloy, the influence of this electronegativity
difference on the XPS binding energies of the elements is more pro-
nounced than that in the core-shell structure, resulting in the observable
binding energy shifts in the XPS spectra.

The core@shell Ag@Pt nanoparticles before and after structural
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evolution were loaded on the Vulcan carbon substrate for estimating
their electrocatalytic activities for MOR at room-temperature. As
exhibited by SM Fig. S4 for the representative TEM images, both the
core@shell Ag@Pt nanoparticles and the hollow AgPt alloy nano-
particles as-prepared from structural evolution were evenly distributed
on the carbon substrate, with mass loading fixed at 20 wt% for total Ag
and Pt.

The electrochemically active surface areas (ECSAs) of core@shell
Ag@Pt nanoparticles before and after structural evolution were deter-
mined using cyclic voltammetry. As shown in Fig. 5e, the ECSAs
calculated by integrating the charge associated with the hydrogen
adsorption/desorption potential region after double-layer correction,
are 36.4 m> gﬁtl for core@shell Ag@Pt, and 20.5 m? gﬁtl for the hollow
AgPt alloy nanoparticles as-synthesized from structural evolution,
respectively. The relatively low ECSAs of the hollow AgPt alloy nano-
particles are probably attributed to the dilution effect of Pt atoms
induced by alloying with Ag atoms, and their inner surfaces are also
difficult to serve as effective active sites for the electrochemical
reactions.

The MOR voltammograms over core@shell Ag@Pt and hollow AgPt
alloy nanoparticles were shown in Fig. 5f. The peak current densities of
hollow AgPt alloy nanoparticles normalized by the total mass loaded on
the electrode for the forward and backward scans are 0.89 A mg~* and



Z. Zheng et al.

w
-]
h

¥

Reletive frequency ®4)
5 B

Parficle size (am)

¥ X 8

Relative frequency (%)
=

Parlicle size (nm)

5 8 B 8

Relative frequency ®4)

w

B n 2 B “ 5 16 17
Particle size (nm)

Mean= 159 nm

5 8 B

Reletive frequency (%)

n 13 M4 15 16 17 18 20
Particle size (nm)

4 5 6 7 8 9 10111213 14151617 18

0
10 11 12 13 M 15 16 17 183 19 20 21 22 8 24

o
39 101112lSHlSl‘"lBl’lenBM

m
50 ¢
Mean- 155 om )
o=37nm|
0
8
gsu
£
2
£
&
10

=33 | §
| ﬁ-
5

Progress in Natural Science: Materials International 36 (2026) 168-174

(d) Mean=1020m

- o=510m
30
S
&2
3
g%
&
°
{E1s
s
]
10
5
=1 =

5 6 7 %8 9 1011 1213 1415 16 17 18

size (nm)
* Meao— 152 om
© o=380m
3
%w
g
dn
k-
£y
o
10
5

lnlllzlﬂlllSlﬁ"l!lDZﬂZlnEm

Mean=161
» @ il
L3
B
2
g
&
2
L 815
y &
10
5
e —
9 10 11 1213 14 15 16 17 13 19 20 21 22 8 24
Partide size (nm)
® =
0
B
Eso
o
&
g” l
&
10
..“ n 12 13 M 15 16 17 18
Particle size (nm)
» Mean= 150
om
o <
S
B
v o
% 15
L3
k'
B0

-

nm 12 13 M4 15 16 17 18 19 20
Particle size (nm)

Fig. 4. (a,c,e,g,i,k,m,0,q,s)TEM images and (b,d,f,h,j,l,n,p,r,t) corresponding particle size histograms of the as-prepared core@shell Ag@Os (a-d), Ag@Ir (e-h),
Ag@Pt (i-1), Ag@PtRu (m-p), and Ag@PtRuOs nanoparticles (q-t) before (a,b,e,f,i,j,m,n,q,r) and after structural evolution (c,d,g,h,k,],0,p,s,t) in oleylamine at

elevated temperature, respectively.

1.42 A mg ™}, respectively, which are almost identical to those of their
core@shell Ag@Pt precursors (0.79 A mg~! and 1.23 A mg~, respec-
tively). In addition, as observed from Fig. 5f, these two samples also
exhibit almost no difference in the onset potential (crosspoint between
the x axis and the linear segment of the CV curves) for MOR. Theoreti-
cally, after the Ag@Pt core-shell nanoparticles evolve into hollow AgPt
alloy nanoparticles upon prolonged heating, the dilution effect of Ag
atoms on the Pt surface should render the hollow AgPt nanoparticles less
active than the corresponding Ag@Pt core-shell counterparts in the
MOR. However, the alloying of Ag with Pt gives rise to an ensemble
effect, which is defined as the influence of heteroatom doping in the

vicinity of active sites and is closely correlated with the composition of
heteroatoms [31]. Through density functional theory (DFT) calcula-
tions, Liu and Ngrskov have demonstrated that the ensemble effect can
be well-described by a simple linear interpolation model, wherein the
adsorption energy of small molecules at an ensemble site approximates
the average of its constituent components [32]. Considering that CO is
not only an intermediate product of the MOR but also the primary
species causing poisoning of Pt-based catalysts, and Ag is a
well-documented metal with weak CO adsorption capability owing to its
low d-band center [33-35], alloying with Ag can thus effectively weaken
the adsorption strength of CO on Pt active sites and thereby enhance the
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core@shell Ag@Pt, and hollow AgPt alloy nanoparticles in argon-purged HClO4 (0.1 M) with methanol (1 M) at a scan rate of 20 mV s

catalytic activity for MOR. This positive effect counteracts the negative
effect arising from the dilution of active surfaces, resulting in nearly
unchanged MOR activity of the alloy nanoparticles formed after hol-
lowing process.

In summary, in this study, we systematically investigated the struc-
tural evolution of Ag@M (M = Ru, Os, Ir, Pt, PtRu, PtRuOs) core@shell
nanoparticles synthesized in oleylamine upon prolonged heating. A
universal hollowing phenomenon was observed, with core@shell
structures transforming into hollow AgM alloy nanoparticles, which is
attributed to the Kirkendall effect induced by unbalanced interdiffusion
of Ag and M atoms. Ag atoms with higher mobility diffuse from the core
to the shell more rapidly than M atoms, triggering vacancy flow and
interface shift toward the Ag core, ultimately resulting in hollow alloys
with slightly reduced particle sizes. XPS analysis reveals that Ag and Pt
in hollow AgPt alloys exhibit binding energy shifts compared to their
core-shell precursors, which is associated with the more pronounced
electronegativity difference effect in homogeneous alloys. Electro-
chemical tests demonstrate that despite the lower electrochemically
active surface area of hollow AgPt alloys caused by Ag-induced Pt
dilution, their MOR activity and onset potential are comparable to the
core-shell counterparts. This balance stems from the ensemble effect of
Ag-Pt alloying, which weakens CO adsorption on Pt active sites and
offsets the dilution-induced negative effect. This work not only provides
a deep understanding of the heat-driven Kirkendall effect in Ag-
templated noble metal nanostructures but also offers a facile strategy

-1

for synthesizing Ag-based nanoalloys that are challenging to prepare via
conventional wet-chemistry methods. The insights gained herein lay
experimental foundations for the rational design of high-performance
noble metal electrocatalysts for energy conversion applications.
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