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Oxide8 nanoparticles8with8elemental8and8structural8diversity8are8widely8studied8for8catalysis8and8energy8applications.8While8
compositional8control8holds8great8promise8for8materials8discovery,8current8oxide8nanoparticles8are8typically8limited8to8a8few8
cations8due8to8the8intrinsic8complexity8in8nanoscale8multi-element8mixing.8Here8we8report8the8rational8design8and8synthesis8of8
single-phase8multi-element8oxide8nanoparticles8with8tunable8composition,8size8and8structure.8We8have8identified8temperature-,8
oxidation- and8 entropy-driven8 synthesis8 strategies8 to8 mix8 a8 range8of8 elements8 with8 largely8 dissimilar8 oxidation8potentials8
(including8palladium),8thus8greatly8expanding8the8compositional8space.8Through8rapid8synthesis8and8screening,8we8obtained8a8
denary8multi-element8oxide8catalyst8showing8high8performance8and8superior8stability8for8catalytic8methane8combustion8over8
1008hours8due8to8the8high-entropy8design8and8stabilization.8Our8work8therefore8provides8a8viable8synthesis8route8with8clear8
guidelines8for8multi-element8oxide8nanoparticles8and8enables8materials8design8in8the8multi-element8space8towards8highly8stable8
catalysts.8

0 xide nanoparticles1
.2 composed of three or more cations in 

a homogeneous phase, called multi-element oxide (MEO) 
nanoparticles, are promising for materials design and func­

tional control as the synergistic interaction between different elements
often outperforms unary oxides3

•
5
• In addition, the multi-element

mixing in MEO materials maximizes the configurational entropy and
stabilizes the resultant structure even when this is applied in harsh
environments6

·
9

• For instance, in some preliminary reports, MEO
structures (in bulk or powder form) have demonstrated improved
performance and higher thermal stability in catalytic CO2 hydroge­
nation and CO oxidation, and as battery cathode materials10

·
12

• Since
nanoscale materials have a much higher reactive surface and dras­
tically reduced material cost, it is of great interest to develop MEO
nanoparticles with tunable chemistry and structural durability for
various applications, particularly as superior and stable catalysts.

However, previous reports of oxide nanoparticles have largely
been limited to five or fewer cationic elements13

-
16 due to the

increased difficulty of mixing multiple dissimilar elements at the
nanoscale17

• Conventional wet-chemistry approaches (for example,
solvothermal and co-precipitation)18 performed at low temperatures
(300-673 K) often lack the activation energy to overcome the kinetic
barriers for mixing multiple elements, leading to phase separation
in the oxide nanoparticles19

• On the other hand, high-temperature
sintering (for example, solid-state reactions and combustion)20

•
21 

features a higher activation energy and can promote multi-element
mixing into a homogeneous phase, but is highly energy inten­
sive and difficult to control for nanoscale particle formation22

•
23

• 

Furthermore, according to the Ellingham diagram24, metallic ele­
ments (from alkaline to noble metals) have a wide range of oxidation 
potentials at high temperature, which can easily lead to sequential 
phase separation or metallic impurities in a multi-element system 
(that is, failure of uniform mixing). Therefore, developing a general 
and reliable strategy for the controlled synthesis of diverse MEO 
nanoparticles is highly desirable and would provide more compo­
sitional options for enhancing the discovery of highly stable MEO 
catalysts through entropy stabilization. 

In this work, we report the use of a rapid, non-equilibrium 
method for the synthesis of MEO nanoparticles with single-phase 
structure and uniform dispersion. The non-equilibrium syn­
thesis features rapid high-temperature heating, which promotes 
multi-element mixing to form MEOs while the short heating dura­
tion effectively avoids particle aggregation and oxide reduction. 
Due to the large differences in the cations, we developed three 
strategies (temperature-, oxidation- and entropy-driven mixing) 
to synthesize and stabilize single-phase MEO nanoparticles con­
taining up to ten cations, including a noble element. Compared 
with few-element nanoparticles, the denary oxide nanoparticles 
show superior structural stability, as proven by our simulations and 
in situ observations up to 1,073 K. Moreover, enabled by our rapid 
synthesis, we designed and screened a denary oxide nanoparticle 
catalyst with high activity and superior stability over 100 hours in 
the catalytic methane combustion reaction, demonstrating the 
promise of MEO nanoparticles as a material platform for highly 
stable catalyst discovery. 
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