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A Bimetallic Strategy to Modulate Electronic Metal Support 
Interaction in Co3O4(111)-Based Catalysts: The Case of Supported 
Rh–Pt Core-Shell Nanoparticles
Jonas Hauner,a Alexander Simanenko,a Lukáš Fusek,b Tomáš Skála,b Nataliya Tsud,b Firas Faisal,a 
Sascha Mehl,c Jörg Libuda,a Yaroslava Lykhach*a

The electronic metal support interaction (EMSI) plays a decisive role in determining the activity, selectivity, and stability of 
noble metal catalysts supported on reducible oxides. While EMSI can enhance catalytic performance, excessively strong 
charge transfer at the metal/oxide interface often leads to oxidation and disintegration of metal nanoparticles, particularly 
in systems such as Rh/Co3O4(111). In this work, we explore how bimetallic Rh–Pt interactions modulate and counteract EMSI 
at the Rh/Co3O4(111) interface. Two types of core–shell Rh–Pt nanoparticles with precisely controlled compositions and 
architectures were prepared on well-ordered Co3O4(111) thin films on an Ir(100) substrate and investigated using 
synchrotron radiation photoelectron spectroscopy (SRPES). We found that incorporating Pt, either as the core in Pt@Rh or 
as the shell in Rh@Pt nanoparticles, significantly attenuates charge transfer, thereby stabilizing Rh in its metallic state and 
suppressing disintegration of the core@shell nanoparticles. This stabilization is attributed to strong Rh–Pt interaction and 
the ability of the two metals to form stoichiometric binary phases. These findings demonstrate that bimetallic interactions 
offer an effective strategy to tune EMSI, providing a fundamental basis for the design of electronically balanced and 
thermally stable catalysts supported on reducible oxides.

Introduction
The electronic metal support interaction (EMSI) has emerged as 
a powerful strategy to optimize catalytic activity and selectivity 
of noble metal nanoparticles supported on reducible oxides. 1-3 
This phenomenon arises from charge transfer across the 
metal/oxide interface, leading to partial oxidation or reduction 
of the noble metal nanoparticles and, correspondingly, partial 
reduction or oxidation of the oxide support. 4, 5 The magnitude 
of EMSI is primarily governed by the electronic properties of 
both the reducible oxide and the supported noble metal, 
namely by work function differences. 5-9 In the well-studied case 
of CeO2(111)-based catalysts, noble metal nanoparticles retain 
their metallic character. 4, 9, 10 However, under specific 
conditions, these nanoparticles can disintegrate into isolated 
atoms. 11, 12 Such conditions may occur due to defect formation 
induced by nanostructuring, 11 or may intrinsically exist on the 
defect-free, cation-terminated surfaces of reducible oxides 
such as Fe2O3, Fe3O4, and Co3O4. 13-17 In these systems, noble 
metal atoms substitute surface cations, adopting their local 

coordination environments. Such surface modifications can be 
exploited to enhance electrocatalytic activity in Co3O4 – based 
materials, taking advantage of the intrinsic stability of Co3O4 in 
alkaline electrolytes.18

Previously, we demonstrated that deposition of sub-monolayer 
Pt on Co3O4(111) results in partial substitution of Co2+ by Pt2+ 
cations. 17 Upon annealing, Pt atoms migrate into the 
subsurface region, substituting Co3+ and forming Pt4+ species. A 
similar phenomenon occurs for Rh, although the extent of Rh 
nanoparticle disintegration and oxidation under ultrahigh 
vacuum (UHV) annealing is markedly greater. 19 Such strong 
EMSI can be detrimental in catalytic systems where maintaining 
the metallic character of Rh nanoparticles is crucial, e.g., in 
electrocatalysis. 20

Developing strategies to mitigate or modulate EMSI is therefore 
essential for the rational design of stable, high-performance 
catalysts. 3, 6, 21 Several approaches have been proposed, 
including (i) tuning the electronic structure of the oxide support 
by doping or introducing oxygen vacancies,3, 8, 9, 21, 22 (ii) 
controlling the size of the supported nanoparticles, 3, 4, 9 and (iii) 
tailoring the composition and nanostructure of the supported 
nanoparticles by introducing a second metal. 3 Among these, 
the introduction of bimetallic interactions has emerged as an 
especially promising approach. The presence of a second metal 
can alter the electronic structure of the active phase, 
redistribute charge at the metal/oxide interface, and thus 
counterbalance excessive EMSI. 
In our earlier work on bimetallic Rh–Pd core–shell nanoparticles 
supported on Co3O4(111), 19 we found that the Rh–Pd 
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interaction was too weak to stabilize the metallic core–shell 
nanostructure. Upon annealing in UHV, the Rh–Pd core–shell 
nanoparticles readily disintegrated into separate Rh and Pd 
particles.
In the present study, we investigate the effect of bimetallic 
interactions in Rh–Pt nanoparticles supported on Co3O4(111). In 
contrast to palladium, Pt exhibits stronger metal–metal bonding 
with Rh, yielding bimetallic phases, 23-25 which is expected to 
mitigate charge transfer to the oxide. Using synchrotron 
radiation photoelectron spectroscopy (SRPES), we 
systematically examine the chemical state evolution and 
thermal stability of two types of Rh–Pt core–shell nanoparticles, 
Pt@Rh and Rh@Pt, supported on Co3O4(111). Through careful 
analysis of core level binding energy shifts, surface composition 
changes, and temperature-dependent transformations, we 
elucidate how Rh–Pt bimetallic interactions influence charge 
redistribution at the Rh/Co3O4(111) interface. Our results 
demonstrate that the incorporation of Pt into Rh nanoparticles 
can efficiently counterbalance the extent of charge transfer, 
preventing excessive oxidation of Rh and stabilizing the metallic 
phase under conditions that otherwise promote strong EMSI.

2. Experimental
SRPES experiments were performed at the Materials Science 
Beamline (MSB) of the Elettra synchrotron light facility in 
Trieste, Italy. The MSB was equipped with a bending magnet 
source and provided synchrotron light in the energy range of 
22–1000 eV. The UHV end-station (base pressure 2×10-10 mbar) 
was equipped with a hemispherical electron energy analyzer 
(Specs Phoibos 150) with a delay-line detector, a dual Mg/Al X-
ray source, a rear-view LEED optics, a sputter gun (Ar+), and a 
gas inlet system. In addition, electron-beam evaporators for Co, 
Pt, and Rh metal deposition were installed. 
The studies discussed below were performed using a surface 
science approach, which involves the preparation of Rh–Pt 
core–shell nanoparticles supported on a well-ordered 
Co3O4(111) film grown on a bulk Ir(100) single crystal substrate. 
Characterization of the structure of such model systems is not 
compatible with techniques typically used for powder 
samples.26

The Co3O4(111) film was prepared on an Ir(100) substrate using 
a multi-step procedure27-29 that has been previously used in 
other works. 19, 30 The sample temperature was controlled by a 
DC power supply passing a current through Ta wires holding the 
sample. The temperature was monitored by a K-type 
thermocouple spot-welded to the side of the sample. The 
Ir(100) single crystal (MaTecK, 99.99%) was first cleaned by 
several cycles of Ar+ sputtering (300 K, 60 min), followed by 
annealing in UHV (3 min), then in an oxygen atmosphere (1×10-

7 mbar, SIAD, 99.999%, 3 min), and again in UHV (3 min) at 1200 
K until no traces of carbon or other impurities were found in the 
photoelectron spectra. Subsequent annealing of the Ir(100) 
crystal in an oxygen atmosphere (5×10-7 mbar, 1200 K, 5 min) 
yielded the (2×1)–O reconstruction. An epitaxial Co3O4(111) film 
was then grown on the (2×1)–O/Ir(100) surface by physical 
vapor deposition (PVD) of Co metal (Goodfellow, 99.99%) in an 

oxygen atmosphere (2×10-6 mbar) at 273 K, followed by 
annealing in oxygen (2×10-6 mbar) at 523 K for 10 min and at 
603 K for 7 min, followed by annealing in UHV at 603 K for 3 min 
and at 680 K for 3 min. This method yielded a continuous, 
stoichiometric Co3O4(111) film with a thickness of 6.0 nm, as 
determined from the attenuation of the Ir 4f core level 
intensity. LEED observations on the prepared films confirmed 
the epitaxial growth of Co3O4(111) (see Supplementary 
Information, Figure S1).
The bimetallic Rh–Pt core–shell nanoparticles were prepared by 
subsequent PVD of 0.5 ML of Pt and 0.5 ML of Rh metals or vice 
versa on Co3O4(111)/Ir(100) at 300 K in UHV. We denote the 
resulting core-shell nanoparticles as Pt@Rh/Co3O4(111) and 
Rh@Pt/Co3O4(111) based on the broadly accepted definition for 
the core@shell nanoparticles, where the core is an inner metal 
and the shell is an outer metal. 31 The nominal thickness of the 
core metal was determined from the attenuation of the Co 2p 
core level intensity, while the nominal thickness of the shell 
metal was determined from the attenuation of the core level 
intensity of the core metal. The Pt and Rh thicknesses are 
expressed in terms of monolayers, ML, where 1 ML corresponds 
to 0.226 nm (Pt) and 0.219 nm (Rh). Additionally, two previously 
studied19, 32 monometallic Rh/Co3O4(111) and Pt/Co3O4(111) 
model catalysts were used as reference systems. Rh thickness 
in Rh/Co3O4(111) was 1.9 ML and Pt thickness in Pt/Co3O4(111) 
was 1.3 ML.
Core level spectra were acquired with photon energies of 180 
eV (Pt 4f), 410 eV (C 1s, Rh 3d, Pt 4f), 650 eV (O 1s, Rh 3d, Pt 4f), 
812 eV (Rh 3d), and 930 eV (Co 2p). Valence band spectra were 
acquired at a photon energy of 60 eV. All spectra were acquired 
with a constant pass energy and an emission angle of the 
photoelectrons of 0° with respect to the sample normal.
The total spectral resolutions were 200 meV (60 eV, 115 eV, and 
180 eV), 350 meV (410 eV), 600 meV (650 eV), 800 meV (812 
eV), and 1 eV (930 eV). The KolXPD fitting software was used to 
process the obtained data and analyze the spectra. 33 The 
spectral components in the Rh 3d and Pt 4f core level spectra 
were fitted with an asymmetric Doniach–Šunjić function 
convoluted with a Gaussian profile after subtraction of the 
Shirley background. The Rh 3d and Pt 4f core level spectra were 
fitted with a spin-orbit splitting of 4.7 eV and 3.3 eV, 
respectively. The Coster–Kronig effect, which leads to a 
broadening of the Rh 3d3/2 component compared to Rh 3d5/2, 
was considered. Specifically, the Rh 3d core levels were fitted 
with two asymmetric Doniach–Šunjić functions convoluted with 
a Gaussian profile.
The Co3+/Co2+ concentration ratio was determined from the 
intensities of the corresponding Co3+ and Co2+ features in the 
valence band spectra obtained with high surface sensitivity. 
More details about this method are given in Ref. 30

3. Results and Discussion
3.1. Bimetallic Interactions in Pt@Rh Core@Shell Nanoparticles

First, we investigated the evolution of the chemical states of the 
Pt core and the Rh shell in the Pt@Rh core@shell nanoparticles 
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supported on Co3O4(111) as a function of temperature. The Pt 
4f and Rh 3d core level spectra obtained after the preparation 
of the Pt@Rh/Co3O4(111) system are shown in Figures 1a and 
1b (bottom spectra), respectively. Two doublets are observed in 
the Pt 4f spectrum at 71.33 eV (Pt 4f7/2) and 72.30 eV (Pt 4f7/2) 
(Figure 1a, bottom spectrum). The dominant feature at 71.33 
eV is attributed to metallic Pt0 nanoparticles, 32 while the higher 

binding energy component at 72.30 eV has previously been 
assigned to the joint contribution from atomically dispersed Pt2+ 
species and ultra-small Pt+ aggregates on Co3O4(111). 17, 32 In 
the Rh 3d spectrum (Figure 1b, bottom spectrum), two doublets 
appear at 307.33 eV (Rh 3d5/2) and 308.40 eV (Rh 3d5/2), 
corresponding to metallic Rh0 nanoparticles19 and atomically 
dispersed Rh3+ species, 19 respectively. 

Figure 1. Pt 4f and Rh 3d core level spectra (a, b), the evolution of the integrated Pt 4f and Rh 3d intensities (c), and the Co3+/Co2+ ratio (d) obtained from the 
Pt@Rh/Co3O4(111) system as a function of temperature. The Pt 4f and Rh 3d core level spectra were acquired with photon energies of 180 and 410 eV, respectively.

The evolution of the Pt 4f and Rh 3d spectra during annealing in 
UHV is shown in Figures 1a and 1b, respectively. The integrated 
intensities of the corresponding species are plotted in Figure 1c 
as functions of temperature. Both Pt2+/Pt+ and Pt0 
contributions remain fairly stable up to 400 K, indicating that 
the Pt core is stable within this temperature range. Between 
400 and 500 K, the Pt2+/Ptδ+ contribution decreases while the 
metallic Pt0 increases, without a significant loss in total Pt 4f 
intensity. This behavior suggests the reduction of Pt2+/Ptδ+ 
species to Pt0 without substantial restructuring of the Pt core. 
Further annealing above 500 K leads to a gradual decrease in 

the total Pt signal, consistent with Pt sintering. Thus, the 
temperature range of 300–500 K can be identified as a region of 
structural stability of the Pt core. In the same temperature 
region, Rh3+ species remain stable, whereas Rh0 decreases 
slightly. Such changes may indicate atomic ordering in the Rh 
shell, e.g., faceting. During this process, a fraction of Rh atoms 
migrate toward the Pt core, causing a decrease in total Rh 
intensity. Above 550 K, Rh0 is progressively oxidized to Rh3+, and 
the total Rh signal decreases more sharply, suggesting sintering. 
Notably, both total Pt and Rh signals decrease in parallel during 
this process, implying that the core@shell structure of the 
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Pt@Rh nanoparticles remains at least partially preserved during 
sintering. This behavior stands in sharp contrast to that 
observed earlier for Pd–Rh core–shell nanoparticles, where the 
total Pd signal decreased while the total Rh signal remained 
constant, indicating disintegration of the core@shell structure 
into separate Pd and Rh nanoparticles. 19

Charge transfer between the Pt@Rh nanoparticles and the 
substrate was monitored via the Co3+/Co2+ ratio (Figure 1d). 
Pristine Co3O4(111) exhibits a Co3+/Co2+ ratio slightly above the 
nominal value of 2.0. This slight deviation is caused by 
adsorption of residual water. 17 After deposition of the Pt core, 
the ratio decreases to 1.2, indicating electron transfer from Pt 
to the substrate. Subsequent deposition of the Rh shell results 
in a further, minor decrease in the ratio. During annealing, the 
Co3+/Co2+ ratio gradually increases, indicating progressive re-
oxidation of the Co3O4(111) substrate. The processes 
responsible for this re-oxidation have distinct origins. First, re-
oxidation of Co3O4(111) between 400 and 500 K is associated 

with the reduction of Pt2+/Ptδ+ species to the metallic Pt0 state. 
Second, re-oxidation of Co3O4(111) above 500 K arises from 
charge dissipation deeper into the substrate. 19 We have 
previously observed this phenomenon in systems containing Rh 
and Pd–Rh core–shell nanoparticles on Co3O4(111). 19 In those 
systems, charge dissipation was accompanied by disintegration 
of Rh0 nanoparticles into Rh3+ species, followed by their 
diffusion into the Co3O4(111) substrate.

3.2. Bimetallic Interactions in Rh@Pt Core@Shell 
Nanoparticles

Next, we examined the evolution of the chemical states of the 
Rh core and the Pt shell in the Rh@Pt core@shell nanoparticles 
supported on Co3O4(111) as a function of temperature. The Rh 
3d and Pt 4f core level spectra obtained after the preparation of 
the Rh@Pt/Co3O4(111) system are shown in Figures 2a and 2b 
(bottom spectra), respectively. 

Figure 2. Rh 3d and Pt 4f core level spectra (a,b), the evolution of the integrated Rh 3d and Pt 4f intensities (c) and the Co3+/Co2+ (d) obtained from the Rh@Pt/Co3O4(111) 
system as a function of temperature. The Rh 3d and Pt 4f core level spectra were acquired with 410 and 180 eV photon energy, respectively.
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Similar to the Pt@Rh system, two doublets are observed in the 
Rh 3d spectrum at 307.70 eV (Rh 3d5/2) and 308.80 eV (Rh 3d5/2), 
corresponding to metallic Rh0 and atomically dispersed Rh3+ 
species, respectively. Likewise, two doublets appear in the Pt 4f 
spectrum at 71.35 eV (Pt 4f7/2) and 72.34 eV (Pt 4f7/2). The 
dominant contribution at 71.35 eV is assigned to metallic Pt0, 
while the higher binding energy peak at 72.34 eV is attributed 
to the joint contribution of Pt2+/Ptδ+ species. The evolution of 
the Rh 3d and Pt 4f core level spectra during annealing in UHV 
is shown in Figures 2a and 2b, respectively. The integrated 
intensities of the corresponding species are plotted in Figure 2c 
as functions of temperature. The annealing induces changes in 
both the Rh 3d and Pt 4f spectra of the Rh@Pt nanoparticles, 
similar to those observed for Pt@Rh/Co3O4(111). The Rh core 
remains stable up to 400 K, after which distinct changes become 
apparent. At 450 K, the total Rh intensity increases sharply, 
driven by an increase in the metallic Rh0 contribution. This is 
caused by the reduction of Rh3+ species and their subsequent 
migration onto the Rh@Pt nanoparticles. The reduction of Rh3+ 
to Rh0 extends up to 500 K, but it no longer leads to the increase 
in total Rh intensity. On the contrary, we observed a decrease 
in total Rh intensity. This observation suggests that Rh0 atoms 
migrate toward the Rh core. In the same temperature range 
(400–500 K), the reduction of Pt2+/Ptδ+ to Pt0 occurs similarly to 
that observed for the Pt@Rh nanoparticles. However, the trend 
in the evolution of the Pt0 contribution differs slightly, likely due 
to Rh atoms migrating onto the Pt shell. Above 500 K, strong 

oxidation of Rh0 to Rh3+ occurs, accompanied by diffusion of 
Rh3+ species into the Co3O4(111) substrate.
The observed behavior indicates that the Rh@Pt nanoparticles 
remain fairly structurally stable up to 500 K. Nevertheless, 
despite partial disintegration of the Rh core above 500 K, the 
total Rh intensity decreases in parallel with the total Pt 
intensity. This observation suggests that the Rh@Pt 
nanoparticles undergo sintering without phase separation into 
individual Rh and Pt nanoparticles. 
Charge transfer was again probed via the Co3+/Co2+ ratio (Figure 
2d). Pristine Co3O4(111) shows a ratio of ~2.1, slightly above the 
stoichiometric value of 2.0, due to co-adsorption of residual 
water. 17 Deposition of the Rh core leads to reduction of the 
Co3O4(111) substrate, yielding a Co3+/Co2+ ratio of 1.5. 
Subsequent deposition of the Pt shell causes further reduction, 
resulting in a Co3+/Co2+ ratio of 1.2. Upon annealing, a gradual 
re-oxidation of Co3O4(111) is observed. This process results 
from the reduction of Pt2+/Ptδ+ and Rh3+ species to Pt0 and Rh0, 
respectively, below 500 K, and from charge dissipation into the 
substrate above 500 K.

3.3. Modulation of the EMSI by means of Rh–Pt bimetallic 
interactions

Finally, we analyzed the binding energy shifts of the Rh 3d5/2 and 
Pt 4f7/2 core levels for Pt@Rh/Co3O4(111) and 
Rh@Pt/Co3O4(111) relative to the reference monometallic 
Rh/Co3O4(111) and Pt/Co3O4(111) systems as a function of the 
annealing temperature (Figure 3a, b). 

Figure 3. Rh 3d5/2 and Pt 4f7/2 binding energies of metallic Rh0 and Pt0 contributions (a, b) for Rh@Pt and Pt@Rh core@shell nanoparticles as well as for reference 
monometallic Rh and Pt nanoparticles as a function of temperature. The data for the reference monometallic Rh and Pt nanoparticles are obtained by analysis of Rh 3d 
and Pt 4f spectra published in refs. 19, 32 The data points in circles indicate the Rh 3d5/2 binding energy of the Rh core before deposition of Pt shell in the Rh@Pt (a) and 
the Pt 4f7/2 binding energy of the Pt core before deposition of Rh shell in the Pt@Rh nanoparticles (b).
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The evolutions of the oxidation states of Rh and Pt 
nanoparticles in the reference monometallic Rh/Co3O4(111) 
and Pt/Co3O4(111) systems have been investigated in detail 
previously. 19, 32 Briefly, the metallic Rh0 contribution exhibits a 
binding energy of 307.30 eV (Rh 3d5/2) for 1.9 ML Rh 
nanoparticles deposited at 300 K. 19 During annealing in UHV, 
this contribution maintains its binding energy nearly constant 
up to 500 K. However, above 500 K, we observed a pronounced 
shift of the Rh0 contribution toward higher binding energy, 
reaching 307.60 eV at 750 K. This shift is consistent with a partial 
oxidation of Rh nanoparticles due to electron transfer from Rh 
to the support.
This behavior contrasts sharply with that of Pt0 contribution in 
the reference Pt/Co3O4(111) system. 32 For 1.3 ML Pt 
nanoparticles deposited at 300 K, the Pt0 contribution appears 
at 71.35 eV (Pt 4f7/2) and remains unchanged up to 400 K. Above 
this temperature, the Pt0 contribution gradually shifts to lower 
binding energies, reaching 71.15 eV at 750 K. This trend 
indicates partial reduction of Pt nanoparticles, driven by 
electron transfer from the support to Pt. The opposite 
directions of charge transfer upon annealing, i.e., oxidation for 
Rh and reduction for Pt, are characteristic of these two metals 
supported on Co3O4(111). 
Interestingly, these counteracting electronic behaviors manifest 
simultaneously in the Rh–Pt core–shell nanoparticles. At 300 K, 
the Rh0 binding energies are 307.33 eV for Pt@Rh and 307.70 
eV for Rh@Pt nanoparticles. These differences reflect distinct 
degrees of charge transfer between Rh and Co3O4(111). The 
higher binding energy of the Rh core contribution in Rh@Pt 
nanoparticles arises from its direct contact with the Co3O4(111). 
The lower binding energy of the Rh shell contribution results 
from the absence of direct Rh–Co3O4(111) contact in the Pt@Rh 
nanostructure. Below 500 K, the evolution of the Rh 3d5/2 
binding energy of the Rh0 contributions in both Pt@Rh and 
Rh@Pt nanoparticles follows the same trend observed for 
monometallic Rh nanoparticles. Remarkably, above 500 K, this 
trend reverses: the binding energies of Rh0 contributions in both 
Pt@Rh and Rh@Pt nanoparticles remain essentially constant 
upon annealing up to 750 K. This stabilization indicates that the 
Rh–Pt bimetallic interaction effectively counteracts EMSI-
driven oxidation, maintaining the metallic character of Rh even 
at elevated temperatures.
For both Pt@Rh and Rh@Pt nanoparticles, the Pt 4f7/2 binding 
energies of the Pt0 contributions at 71.35 eV (Pt 4f7/2) are similar 
to those observed for the monometallic Pt nanoparticles (Figure 
3b). Also, the Pt 4f7/2 binding energy of the Pt0 contributions 
from the bimetallic Pt@Rh and Rh@Pt structures generally 
similar trends to that of the monometallic Pt nanoparticles with 
increasing temperature. 

Generally, we attribute strong stabilization of the metallic 
character of Rh in the Pt@Rh and Rh@Pt core@shell 
nanoparticles to the intrinsic tendency of Rh and Pt to form 
stoichiometric intermetallic compounds. 23 In contrast, Rh–Pd 
phase equilibria exhibit a miscibility gap within the studied 
composition and temperature ranges. 24 Furthermore, 
theoretical predictions confirm the immiscibility of Rh and Pd in 
nanoparticles, particularly near a 1:1 composition, regardless of 
particle size. 25 The lack of such miscibility in Rh–Pd systems 
explains their tendency toward phase separation, whereas the 
Rh–Pt system benefits from strong bimetallic interaction and 
alloying, which suppresses disintegration and oxidation upon 
annealing.

Conclusions
We have investigated how bimetallic Rh–Pt interactions 
influence the extent of the EMSI between Rh and the 
Co3O4(111) substrate using SRPES. The results demonstrate that 
the bimetallic interaction within Rh–Pt core–shell nanoparticles 
mitigates the strength of the EMSI, thereby preserving the 
metallic character of Rh in both Pt@Rh and Rh@Pt core@shell 
nanostructures.
Both Pt@Rh and Rh@Pt core–shell nanoparticles 
predominantly consist of metallic Rh0 and Pt0 species. These are 
accompanied by minor amounts of atomically dispersed Rh3+ 
and Pt2+, as well as ultrasmall Ptδ+ aggregates. Upon annealing 
below 500 K, partial reduction of the oxidized Rh3+ and Pt2+/Ptδ+ 
species occurs, while the overall core@shell structure remains 
stable. Annealing above 500 K induces partial oxidation of the 
Rh shell in Pt@Rh and the Rh core in Rh@Pt nanostructures. 
This is followed by diffusion of Rh3+ species into the Co3O4(111) 
substrate. This process is accompanied by sintering of Pt@Rh 
and Rh@Pt core@shell nanoparticles but notably proceeds 
without significant phase separation.
Overall, these findings reveal that Rh–Pt bimetallic interactions 
effectively counteract EMSI-induced oxidation and 
disintegration of the bimetallic phase. The results provide 
fundamental insight into how bimetallic design can regulate 
interfacial charge transfer and structural stability at 
metal/oxide interfaces, offering guiding principles for the 
rational design of electronically balanced and thermally stable 
noble metal catalysts supported on reducible oxides.
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