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1. Introduction

Nanoparticles distributed on carbon 
substrates (e.g., carbon black, carbon 
nanofibers, and graphene) have been 
widely adopted in thermochemical and 
electrochemical reactions.[1–4] In particular, 
recent years have witnessed a surge of 
interest in multi-elemental alloy (MEA) 
nanoparticles, as these materials exhibit 
synergy through multi-elemental mixing 
in a uniform phase, leading to tunable 
catalytic activities, rich active sites, and 
unique selectivity.[5–7] Notably, owing to 
their entropy-stabilization effect, MEA 
nanoparticles potentially render better 
stability against side reactions such as 
leaching and phase segregation compared 
to the simple composition (e.g., unary 
and binary) catalysts.[8–10] Despite of the 
good phase stability, the interfacial insta-
bility such as nanoparticle agglomera-
tion remains a major concern.[11–13] This 
problem is universal and also applies to 
the simple composition nanoparticles with 
carbon supports due to weak interfacial 

binding.[13] The issue is particularly acute when using the cata-
lysts in long-term operations and/or under harsh conditions, 
which causes gradual loss of active sites and decay of the overall 
performance. Numerous efforts have therefore been dedicated 
to addressing this problem, such as replacing the carbon sup-
port with carbides, nitrides, and oxides.[14–17] However, due to 
the overwhelming advantages of carbon, including its good 
electrical property, large surface area, and low cost, carbon-
based supports are still more promising for many practical 
uses.[18–26] Therefore, it is critical to develop new strategies for 
stabilizing MEA on carbon as efficient and stable catalysts.

Herein, we report a general method to synthesize stable 
MEA nanoparticles on carbon substrates by introducing a 
metal oxide (i.e., MEA–oxide–carbon in a hierarchical struc-
ture) (Figure  1a). The formed MEA nanoparticles (down to 
3 nm in size, up to senary compositions) are firmly anchored 
onto the oxide nanoparticles, which are well dispersed on the 
carbon support. The metal oxide serves a critical role to sta-
bilize MEA nanoparticles on carbon. That is, compared with 

Multi-elemental alloy (MEA) nanoparticles have recently received notable 
attention owing to their high activity and superior phase stability. Previous 
syntheses of MEA nanoparticles mainly used carbon as the support, owing 
to its high surface area, good electrical conductivity, and tunable defective 
sites. However, the interfacial stability issue, such as nanoparticle agglomera-
tion, remains outstanding due to poor interfacial binding between MEA and 
carbon. Such a problem often causes performance decay when MEA nanopar-
ticles are used as catalysts, hindering their practical applications. Herein, an 
interface engineering strategy is developed to synthesize MEA–oxide–carbon 
hierarchical catalysts, where the oxide on carbon helps disperse and stabilize 
the MEA nanoparticles toward superior thermal and electrochemical stability. 
Using several MEA compositions (PdRuRh, PtPdIrRuRh, and PdRuRhFeCoNi) 
and oxides (TiO2 and Cr2O3) as model systems, it is shown that adding the 
oxide renders superior interfacial stability and therefore excellent catalytic 
performance. Excellent thermal stability is demonstrated under transmission 
electron microscopy with in situ heating up to 1023 K, as well as via long-term 
cycling (>370 hours) of a Li–O2 battery as a harsh electrochemical condition 
to challenge the catalyst stability. This work offers a new route toward con-
structing efficient and stable catalysts for various applications.
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being directly supported on carbon, the MEA nanoparticles are 
much more stable when dispersed on the metal oxide interme-
diate on carbon. Our density functional theory calculations (see 
the Experimental Section part) demonstrate the binding energy 
of the PdRuRh dispersed on the defective graphene with Cr2O3 
is much higher than that of the PdRuRh directly supported on 
the defective graphene, suggesting better stability of PdRuRh–
Cr2O3–C (Figure 1b; Figure S1, Supporting Information). There 
are two types of interactions between the metallic nanoparticle 
and oxide: metal–Cr (metallic and covalent bond), and metal–
O (ionic bond). Ru is more favorable than other elements to 
interact with the oxide (Figure S2 and Table S1, Supporting 
Information). We performed in/ex situ heating test up to 1023 K 
to evaluate the catalyst performance with such a design, where 
the model system of PtPdIrRuRh–TiO2–carbon nanofiber 
showed excellent interfacial stability. In another model system, 
we applied the PdRuRh–Cr2O3–carbon powder as a cathode 
catalyst for Li–O2 battery operation, which is known to be chal-
lenging for the operation of catalysts. The catalyst also exhibited 
no interfacial degradation after prolonged cycling tests, which 
is superior than the performance of MEA directly dispersed on 
carbon. This study paves a new way toward constructing effi-
cient and stable catalysts for a range of applications.

2. Results and Discussion

Figure  2a schematically depicts the synthesis of MEA–oxide–
carbon composite catalysts via a facile, universal, and rapid 
high-temperature method. In a typical process, an oxide pre-
cursor solution was first loaded onto the carbon substrate 
with a targeted loading (e.g., 10 wt%), followed up by drying 
at room temperature. Subsequently, a solution containing a 
mixture of MEA salt precursors in equimolar ratio was loaded 
onto the substrate with a targeted loading (e.g., 5 wt%), where 
no surfactants or ligands were used in our synthesis process, 
avoiding residual impurities adhering to resultant nanopar-
ticles. After drying, we applied a transient current to rapidly 
Joule-heat the material up to 1800 K within 0.05 s in an Ar-filled 
glovebox (Figure 2b; Figure S3, Supporting Information). Such 
a high temperature and a short duration ensure the formation 

of the MEA–oxide hetero-nanoparticles uniformly dispersed 
on carbon, in which the elements (e.g., Pt and Fe) above the 
carbon oxidation curve in the Ellingham diagram are easily 
reduced to metals, while the elements (e.g., Ti and Cr) below 
the curve prefer forming oxides under the same condition.[27] 
The close interfacial binding and complex hierarchical structure 
of MEA–oxide–carbon is difficult to achieve using conventional 
wet chemistry or thermal reduction methods featuring low 
synthesis temperature (<600 K).[28–31] Note that the formation 
of MEA generally requires high temperature due to drastically 
physicochemical differences for each element. In comparison, 
our approach realizes the stable configuration of MEA–oxide–
carbon as promising catalysts in a rapid and scalable manner.

As shown in Figure 2c,d, low- and high-magnification scan-
ning electron microscopy (SEM) images demonstrate the for-
mation of PtPdIrRuRh-TiO2 hetero-nanoparticles uniformly 
dispersed on the carbon nanofiber support, where the average 
sizes of MEA and oxide nanoparticles are ≈7 and ≈40  nm, 
respectively. The nanoparticle size can be accurately tuned by 
adjusting the heating duration: a shorter duration results in 
smaller nanoparticles (Figure S4, Supporting Information). 
The sample was further characterized by high-resolution trans-
mission electron microscopy (HRTEM). The formed MEA 
PtPdIrRuRh nanoparticles are well crystallized and uniformly 
distributed on the oxide TiO2 nanoparticles (Figure  2e). The 
HRTEM image of Figure 2f shows close interfacial interaction 
between the MEA nanoparticles (bright spots) and the oxide 
support (dark spots). The distance of 2.23 Å between adjacent 
lattice fringes of PtPdIrRuRh can be indexed to the d spacing 
of (111) plane of face-centered-cubic crystalline Pt (JCPDS 
PDF#04-0802). Elemental mappings reveal the homogenous 
distribution of each element throughout the MEA PtPdIrRuRh 
nanoparticles and the formation of the oxide TiO2 nanoparticle 
(Figure 2g).

We evaluate the thermal stability using the PtPdIrRuRh–
TiO2–carbon catalyst as a model system. We first carried out 
the in situ heating test from 298 K to 1023 K using scanning 
transmission electron microscopy (STEM). The sample was 
annealed at each test temperature for 30  min before taking 
images. As shown in Figure 3a, the PtPdIrRuRh–TiO2–carbon 
sample maintains the original structure at each temperature 
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Figure 1.  Stable MEA–oxide–carbon catalysts. a) Schematics show the structural difference between MEA–carbon (conventional) and MEA–oxide–
carbon (ours). b) The atomic structure and binding energy of PdRuRh on the defective graphene without/with Cr2O3, respectively. The binding energy 
of PdRuRh dispersed on carbon with Cr2O3 is more negative than that of PdRuRh directly distributed on carbon, suggesting the higher stability for 
PdRuRh on carbon with Cr2O3.
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up to 1023 K, and the PtPdIrRuRh nanoparticles remain firmly 
attached to the TiO2. The PtPdIrRuRh nanoparticles show a 
homogeneous mixing state without elemental segregation 
from 298 K to 1023 K, revealing their excellent thermal sta-
bility (Figure  3b). In addition, we also performed the ex situ 
thermal stability test of PtPdIrRuRh–TiO2–carbon catalyst 
and compared it with PtPdIrRuRh–carbon catalyst by using 
furnace heating at 1023 K for 30  min under an argon atmos-
phere (Figure S5, Supporting Information). The PtPdIrRuRh–
TiO2–carbon catalyst maintains uniform MEA nanoparticle 
dispersion and the alloy state of MEA (Figure S6, Supporting 
Information) after high-temperature annealing, while the  
PtPdIrRuRh–carbon sample exhibits nanoparticle agglomera-
tion after ex situ heating. Indeed, our interface engineering 
through adding the oxide ensures good interfacial stability for 
the PtPdIrRuRh–TiO2–carbon system. Our in/ex situ thermal 
stability testing results are also consistent with the density 
functional theory (DFT) simulations, where the MEA dispersed 

on carbon with oxide is thermodynamically more stable than 
the MEA directly distributed on carbon.

In addition to the thermochemical analysis, we further dem-
onstrate the superior interfacial stability of our catalyst design 
for electrochemical applications. Enabled by our universal syn-
thesis approach, we use another model system of PdRuRh–
Cr2O3–carbon as a catalytic cathode for aprotic Li–O2 battery 
operations. Li–O2 battery features high capacity and energy 
density due to the use of conversion chemistry based on the 
peroxide/oxygen redox couple at the cathode.[32] However, Li–O2 
battery operation is also well known for its complex parasitic 
chemical environment that leads to severe system degradation 
including the catalyst and cathode components. We therefore 
choose to use the Li–O2 battery system to challenge the stability 
of our catalyst design, featuring ternary PdRuRh nanoparti-
cles supported on Cr2O3–carbon. In a typical process, we used 
the 3D ordered mesoporous (3DOm) carbon to synthesize the 
PdRuRh–Cr2O3–carbon sample, as well as PdRuRh–carbon and 
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Figure 2.  Synthesis and characterization of the MEA–oxide–carbon catalyst. a) Schematics showing the rapidly high-temperature synthesis of MEA–
oxide–carbon composite catalysts. b) Used temperature profile, featuring high temperature (≈1800 K) and short duration (≈0.05 s). c) Low-magnifica-
tion (scale bar: 500 nm) and d) high-magnification (scale bar: 150 nm) SEM images for PtPdIrRuRh–TiO2–carbon nanofiber. e) Low-magnification (scale 
bar: 10 nm) and f) high-magnification (scale bar: 1 nm) STEM image for PtPdIrRuRh–TiO2–carbon, implying coherent interfacial boundaries between 
PtPdIrRuRh and TiO2. g) Elemental mappings of PtPdIrRuRh–TiO2–carbon, showing the formation of MEA with homogenous mixing. Scale bar: 10 nm.
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Cr2O3–carbon as two control samples (see the Experimental 
Section for more details). We used XPS to confirm the ele-
mental composition and the strong synergy among the three 
metal elements (Figure S7, Supporting Information).

The cyclability using PdRuRh–Cr2O3–carbon (53 cycles) falls 
into a reasonable range compared with the literature,[17] which 
outperforms that of the PdRuRh–carbon without the oxide 
(27 cycles), demonstrating enhanced stability (Figure 4a). The 
catalytic activity and cyclability are mainly promoted by the 
MEA component, without which the Cr2O3–carbon cathode 
only lasted for 12 cycles (Figure S8, Supporting Information). 
Note that the loading of oxide needs to be accurately controlled. 
Indeed, we found that overloading Cr2O3 in the PdRuRh–
Cr2O3–carbon system would decrease the cyclability due to 
the limited catalytic activity of Cr2O3 and the increased charge 
transfer resistance (Figures S9 and S10, Supporting Informa-
tion). We used post mortem analysis by ex situ TEM on the 
cathode after the cycling tests, and compared the morphology 
with the pristine condition before testing. The PdRuRh–

carbon cathode after the Li–O2 battery cycling shows severe 
nanoparticle agglomeration (Figure S11, Supporting Informa-
tion), while no obvious agglomeration can be observed for the 
PdRuRh–Cr2O3–carbon cathode (Figure  4b,c; Figure S12, Sup-
porting Information). The nanoparticle size, distribution, and 
morphology of the PdRuRh–Cr2O3 hetero-nanoparticles remain 
nearly unchanged after the Li–O2 battery cycling test, indi-
cating close interfacial interaction between PdRuRh and Cr2O3. 
Meanwhile, the PdRhRh nanoparticles still exhibit uniform ele-
mental distribution and the metallic state after the prolonged 
cycling, suggesting good phase stability (Figure 4d; Figure S13, 
Supporting Information). The change of carbon substrate after 
the Li–O2 battery cycling is also minimal (Figure  S14, Sup-
porting Information). We believe the origin of performance 
decay during the long-term cycling for PdRuRh–Cr2O3–C is the 
decomposition of electrolyte, which is well known to result in 
massive byproduct deposition onto both cathode and anode.[33] 
In addition, there is negligible change of morphology for the 
PdRuRh–Cr2O3–carbon catalyst before and after ex situ heating 

Adv. Mater. 2022, 34, 2106436

Figure 3.  Thermal stability of the MEA–oxide–carbon catalyst. a) The morphology evolution of PtPdIrRuRh–TiO2–carbon as observed by in situ STEM 
from 298 to 1023 K, showing excellent thermal stability due to the close interfacial interaction between PtPdIrRuRh and TiO2. Scale bar: 10 nm. b) Ele-
mental mappings of PtPdIrRuRh–TiO2–carbon heated in situ at 298 and 1023 K, both demonstrating MEA homogeneous mixing and good anchoring 
on the metal oxide support. Scale bar: 10 nm.
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at 1023 K, demonstrating good thermal stability (Figures S15 
and S16, Supporting Information).

Our method allows for versatile design of the MEA composi-
tion to further improve the performance. We demonstrate sim-
ilar catalytic activity and better cyclability of 74 cycles (≈370 h) 
with a PdRuRhFeCoNi–Cr2O3–carbon cathode compared with 
PdRuRh–Cr2O3–carbon (Figures S17 and S18, Supporting 
Information). Introducing Fe, Co, and Ni to partially replace 
Pd, Ru, and Rh not only reduces the use of noble metals, but 
also improves the catalyst stability due to the increased mixing 
entropy (Figure S19, Supporting Information).

3. Conclusion

We have developed an interface engineering approach by 
adding metal oxide as an intermediate to improve the MEA 
stability on the carbon support. Our DFT calculations show 

the binding energy between the MEA nanoparticles and the 
metal oxide dispersed on carbon is higher than that between 
the MEA nanoparticles and carbon, theoretically suggesting 
better stability of our MEA–oxide–carbon catalyst. Using sev-
eral model systems (e.g., PtPdIrRuRh–TiO2–carbon nanofiber 
and PdRuRh–Cr2O3–carbon powder), we demonstrate superior 
thermal and electrochemical stability compared to the con-
ventional design (i.e., MEA nanoparticles directly supported 
on carbon). This work highlights the critical role of the oxide 
intermediate in stabilizing MEA on carbon support, which can 
potentially realize the full promise of MEA nanoparticles as 
efficient and practical catalysts.

4. Experimental Section
Material Preparation: Carbon nanofiber films and 3DOm carbon-

loaded carbon paper were used as the substrates to support the MEA 
nanoparticles or MEA–oxide hetero-nanoparticles. The preparations of 

Adv. Mater. 2022, 34, 2106436

Figure 4.  Chemical stability of the MEA–oxide–carbon catalyst. a) Cycling performance of the Li–O2 cell using the PdRuRh–carbon and PdRuRh–Cr2O3–
carbon cathodes. Galvanostatic cycling was conducted using a current density of 200 mA gcarbon

−1 and a cutoff capacity of 500 mAh gcarbon
−1. b,c) Mor-

phologies of the PdRuRh–Cr2O3–carbon before (b) and after (c) Li–O2 battery cycling. Scale bar: 100 nm. d) STEM image and elemental mappings of 
PdRuRh–Cr2O3–carbon after Li–O2 battery cycling, indicating the homogenous mixing of PdRuRh and Cr2O3.
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carbon nanofiber films and 3DOm carbon-loaded carbon paper can be 
found in our previous work.[17,34] Chloroplatinic acid hydrate, palladium 
chloride, iridium chloride hydrate, ruthenium chloride hydrate, ruthenium 
chloride hydrate, iron chloride hexahydrate, cobalt chloride hexahydrate, 
nickel chloride hexahydrate, titanium chloride, and chromium nitrate 
nonahydrate were purchased from Sigma Aldrich. The oxide and MEA 
precursor solutions (0.05 m) were prepared by dissolving various salts 
(in equimolar ratio for MEA precursor) in ethanol, respectively. The 
oxide and MEA precursors with a targeted loading (10 wt% for the 
oxide; 5 wt% for the MEA) were dropped onto the carbon substrates 
one after the other. After drying, the precursor-loaded carbon substrate 
was fixed to a holder with copper tapes, and was then subjected to a 
transient current (≈1 A) under an Ar-filled glovebox using a Keithley 2425 
SourceMeter.

Characterization: The temperature profile of heating carbon substrates 
during the synthesis was monitored and collected using a homemade 
high-speed camera setup (Vision Research Phantom v12.0).[34] We used 
a field-emission scanning electron microscope (SU-70, Hitachi, Tokyo, 
Japan), transmission electron microscope (JEM-2100, JEOL, Tokyo, 
Japan), and scanning transmission electron microscope (JEM-ARM200F, 
JEOL, Tokyo, Japan) to reveal the morphologies and microstructures 
of MEA–oxide–carbon, and their elemental mappings were collected 
by energy-dispersive spectroscopy (EDS; X-MaxN-100TLE, Oxford 
Instruments, Oxford, UK). In situ STEM heating for PtPdIrRuRh–TiO2–
carbon was conducted at 298, 473, 773, and 1023 K. Before taking the 
image and collecting the EDS data, the sample was annealed at each 
temperature for 30  min. X-ray photoelectron spectroscopy (XPS) data 
of MEA–oxide–carbon were collected using an AXIS 165 spectrometer 
(Kratos, Manchester, UK). Raman measurements were conducted on a 
Horiba Jobin–Yvon instrument equipped with a 532 nm laser to observe 
the change of carbon substrates. The metal concentrations of MEA–
oxide–carbon were revealed using inductively coupled plasma mass 
spectroscopy (PerkinElmer NexION 300D ICP-MS). For the ICP-MS 
measurements, the solutions were prepared by digesting the MEA–oxide–
carbon samples in aqua regia. The results of ICP-MS measurements show 
that the MEA loading contents of PtPdIrRuRh-TiO2–C, PdRuRh–Cr2O3–C, 
and PdRuRhFeCoNi–Cr2O3–C are 4.76, 4.11, 4.62 wt%, respectively.

Electrochemical Characterization of Li–O2 Batteries: We used lithium 
bis(trifluoromethane) sulfonimide (LiTFSI), 1,2-dimethoxyethane (DME, 
anhydrous), lithium ribbon (≥99.9%, trace metals basis, 0.38  mm), 
and poly(tetrafluoroethylene) (PTFE, 60  wt% aq.) purchased from 
Sigma Aldrich. The DME-based electrolyte was obtained by dissolving 
1 m LiTFSI in dry DME. The electrochemical measurements were 
conducted using a VMP3 potentiostat (BioLogic) with a home-designed 
Swagelok cell. The tests were conducted in an Ar-filled/O2-tolerant 
glovebox (Mbraun, H2O < 0.1ppm)  at  298  K.  The Li–O2 testing cells 
were assembled using a 2-electrode configuration. The 3DOm carbon-
loaded carbon paper was used as the cathode, with an area of ≈1 cm2 
and loading of ≈1 mg cm−2. Lithium ribbon (area of ≈1 cm2) was used 
as the anode. Polypropylene films were used as separators between the 
anode and cathode. 200  µL DME electrolyte was applied to the Li–O2 
test cells. After cell assembly, high purity O2 was filled into the head 
space. Galvanostatic cycling was conducted using a current density of 
200 mA gcarbon

−1 and a cutoff capacity of 500 mAh gcarbon
−1. These values 

are normalized to the loading of 3DOm carbon.
Computational Methods: To show the enhanced stability when 

introducing Cr2O3 into the MEA–carbon system, we calculated the 
stability of the MEA in two systems, PdRuRh–carbon and PdRuRh–
Cr2O3–carbon (Figure  1b). In detail, we calculated the binding energy 
between PdRuRh and carbon in the PdRuRh–carbon system. For the 
PdRuRh–Cr2O3–carbon system, we calculated the binding energy 
between PdRuRh and Cr2O3 where the oxide is supported on carbon. The 
interfacial strength between PdRuRh and Cr2O3 dictates the tendency 
of agglomeration for the PdRuRh nanoparticles. All the spin-polarized 
periodic DFT calculations are performed using the Vienna ab initio 
Simulation Package (VASP).[35,36] The projector-augmented wave (PAW) 
method,[37,38] and Perdew–Burke–Ernzerhof (PBE)[39] functional were 
used. The Kohn–Sham wave functions were expanded in a plane wave 
basis set with a cutoff energy of 500 eV to describe the core and valence 

electrons. The Brillouin zone was sampled by the 2 × 2 × 1 Monkhorst–
Pack k-point mesh. All atoms were allowed to relax until the forces fell 
below 0.02 eV Å−1.

The graphene substrate was modeled as a single sheet with 80 
atoms. A 15 Å-thick vacuum layer in the z direction was created to avoid 
the interaction between two images. We used the model structures of 
perfect graphene and defective graphene with one vacancy. The model 
system of graphene-supported Cr2O3 and PdRuRh nanoparticles 
contained 20 and 18 atoms, respectively. The binding energy between the 
cluster (Cr2O3, PdRuRh, or PdRuRh–Cr2O3) was calculated as follows: 
Eb = Ecluster+substrate − (Ecluster + Esubstrate), where Ecluster+substrate is the total 
energy of the interacting system of the substrate and the supported 
cluster, Esubstrate is the total energy of the optimized bare graphene 
substrate slab, and Ecluster is the energy of the optimized Cr2O3 or 
PdRuRh cluster in vacuum. With the definition, the more negative value 
of Eb indicates the stronger interaction between the supported cluster 
and the graphene substrate.
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