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Carbon-Supported High-Entropy Oxide Nanoparticles
as Stable Electrocatalysts for Oxygen Reduction Reactions
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Wilson Chen, Jianguo Li, Shuke Li, Xizheng Wang, Reza Shahbazian-Yassar,* Feng Jiao,*

and Liangbing Hu*

Nanoparticles supported on carbonaceous substrates are promising electro-
catalysts. However, achieving good stability for the electrocatalysts during
long-term operations while maintaining high activity remains a grand chal-
lenge. Herein, a highly stable and active electrocatalyst featuring high-entropy
oxide (HEO) nanoparticles uniformly dispersed on commercial carbon black
is reported, which is synthesized via rapid high-temperature heating (=1 s,
1400 K). Notably, the HEO nanoparticles with a record-high entropy are
composed of ten metal elements (i.e., Hf, Zr, La, V, Ce, Ti, Nd, Gd, Y, and Pd).
The rapid high-temperature synthesis can tailor structural stability and avoid
nanoparticle detachment or agglomeration. Meanwhile, the high-entropy
design can enhance chemical stability to prevent elemental segregation.
Using oxygen reduction reaction as a model, the 10-element HEO exhibits
good activity and greatly enhances stability (i.e., 92% and 86% retention after
12 and 100 h, respectively) compared to the commercial Pd/C electrocatalyst
(i.e., 76% retention after 12 h). This superior performance is attributed to the
high-entropy compositional design and synthetic approach, which offers an
entropy stabilization effect and strong interfacial bonding between the nano-
particles and carbon substrate. The approach promises a viable route toward
synthesizing carbon-supported high-entropy electrocatalysts with good sta-
bility and high activity for various applications.

cells, electrolyzers, and metal-air Dbat-
teries.'3l In general, good activity of the
electrocatalysts is critical to achieve low
overpotentials and thus high efficiency,
meanwhile the stability also needs to be
high to ensure long-term operations.! For
carbon-supported nanoparticles, metals or
metal oxides often serve as the active sites
to provide desired catalytic activity, mean-
while carbon substrate usually acts as the
support to anchor and disperse the nano-
particles.>® Although significant efforts
have been made to tailor the activity and
stability simultaneously, achieving stable
and active catalytic performance for long-
term operations remains an outstanding
challenge to the electrocatalysis commu-
nity.® ! In particular, the electrocatalysts
usually suffer from structural deforma-
tion, amorphization, and elemental segre-
gation due to the interaction with reactive
intermediates (e.g., *O, *OH, and *OOH),
resulting in gradual decay of the catalytic
activity."*! Moreover, most carbon-sup-
ported nanoparticles exhibit weak inter-
facial bonding between the nanoparticles

1. Introduction

Carbon-supported nanoparticles are a family of efficient and
cost-effective electrocatalysts that are widely used in electro-
chemical energy conversion and storage devices, such as fuel

and carbon substrate, leading to performance deterioration
as a result of nanoparticle detachment and/or agglomeration
(Figure 1a).l16-1]

Recently, high-entropy oxide (HEO), which is composed of
four or more metal cations with equimolar or near-equimolar
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Figure 1. Carbon-supported high-entropy oxide (HEO) nanoparticles as stable electrocatalysts. a) Conventional electrocatalysts often suffer from per-
formance degradation during long-term operations as a result of nanoparticle detachment and agglomeration. b) A new family of stable electrocatalysts,
composed by carbon-supported HEO nanoparticles, offers good activity and excellent structural, chemical as well as interfacial stabilities, enabled by
the far-equilibrium synthetic approach (<1400 K, =1 s) and high-entropy design.

concentrations in a single phase, has emerged as a promising
candidate for electrocatalysis with improved chemical and struc-
tural stability due to the entropy stabilization effect.224 In
addition, HEOs with a tunable and broad compositional space
have shown good performance in catalysis applications.?’! The
mixed cationic sites can effectively interact with various inter-
mediate species in electrocatalysis, resulting in good catalytic
activity. However, the synthesis of HEO requires high tem-
perature to ensure homogenous mixing of multiple elements
with vastly different atomic radii, valences, and oxidation
potentials,? which is challenging to be coupled with carbon
substrate. This is because conventional high-temperature treat-
ment with a prolonged furnace heating (e.g., hours) will result
in severe particle agglomeration and carbothermal reduction of
the oxide (C+2/xMO, = 2/xM+CO,T, where M represents the
metal element).?*?’l As carbon is indispensably used in elec-
trochemical energy conversion and storage devices, it is critical
to develop new synthetic strategies of carbon-supported HEO
nanoparticles for electrocatalysis applications.

Herein, we report the synthesis of HEO nanoparticles
(=7 nm) uniformly dispersed on a commercial carbon powder
substrate (Figure 1b), which possesses good activity and excel-
lent stability as electrocatalysts. Our synthetic method features
a farequilibrium synthesis (=1400 K, =1 s) enabled by elec-
trical Joule heating of carbon materials. The high temperature
(=1400 K) ensures multi-elemental mixing to form a uniform
HEO structure, and most importantly strengthens the interfa-
cial bonding between the HEO nanoparticles and carbon sub-
strate to improve the structural stability of the electrocatalyst.
The high-entropy design reduces undesired elemental segre-
gation processes, thereby enhancing the chemical stability of
the electrocatalyst. In addition, the short thermal treatment
time (=1 s) is also critical to avoid nanoparticle agglomeration
as well as carbothermal reduction of HEO during synthesis.
Compared with literature reports (Figure S1, Supporting Infor-
mation),?#32 our synthesis temperature is among the highest
while the duration is among the shortest, demonstrating a
far-equilibrium process.>®l When tested in a model oxygen
reduction reaction (ORR), the carbon-supported HEO nano-
particles containing up to 10 metal cations with a record-high
entropy (Figure S2, Supporting Information) showed good
catalytic activity and significantly improved stability com-
pared to the commercial Pd/C electrocatalyst. Our approach
largely broadens the compositional space of HEOs for material
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design, property optimization, catalyst discovery, and a range of
applications.

2. Results and Discussion

Figure 2a schematically demonstrates the synthesis of carbon-
supported HEO nanoparticles using our rapid high-temper-
ature heating process. In a typical experiment, a precursor
solution (0.025 mol L)) with various salts in equimolar ratio

. Homogenous HEO nano-
particles with single-phase structure were then synthesized on
the surface of carbon black with uniform nanoparticle and ele-
mental distributions.

. In compar-
ison to the conventional synthesis methods that employ mild
temperatures (e.g., 873 K) and long heating time (=2 h), the
high temperature (<1400 K) by our method effectively promotes
multi-elemental mixing. In addition, the short heating time (=1
s) prevents the undesired reduction of cations to metallic states,
meanwhile avoiding nanoparticle agglomeration.

In a control experiment, we used conventional fur-
nace heating method (1073 K in Ar for 2 h) to synthesize
(Cu,Ni,Co,Fe,Mn);0,_, (x represents oxygen vacancy) nano-
particles on carbon black. The X-ray diffraction (XRD) and
transmission electron microscopy (TEM) analyses demonstrate
undesired oxide reduction (Figure 2c) and particle agglomera-
tion (Figure 2d). We also used furnace heating to synthesize
the (Cu,Ni,Co,Fe,Mn);0,_, nanoparticles on carbon black in air
at 573 K for 2 h, while the sample was absent of single-phase
structure (Figure S4, Supporting Information). In stark con-
trast, our rapid high-temperature synthesis allows for the for-
mation of single-phase spinel (Cu,Ni,Co,Fe,Mn);0,4_, nanopar-
ticles (=9 nm) uniformly dispersed on carbon black where the
short heating time plays a critical role for avoiding nanoparticle
agglomeration, as confirmed by XRD data (Figure 2¢) and TEM
studies (Figure 2e). High resolution TEM and elemental map-
ping of (Cu,Ni,Co,Fe,Mn);0,_, nanoparticles also demonstrate
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Figure 2. The synthesis of carbon-supported HEO nanoparticles using our rapid high-temperature method. a) Schematic for the synthesis of HEO
nanoparticles supported on carbon substrate. b) The temperature profile used in the synthesis, which features high temperature and short heating
time. c) XRD patterns of the (Cu,Ni,Co,Fe,Mn);0,_, synthesized by conventional furnace heating (1073 K in Ar for 2 h) and our rapid high-temperature
method. d,e) TEM images of the (Cu,Ni,Co,Fe,Mn);0,_, synthesized by conventional furnace heating and our rapid high-temperature method. Scale
bar: 50 nm. f) XPS spectra of Cu 2p, Ni 2p, Co 2p, Fe 2p, Mn 2p, and O 1s of the (Cu,Ni,Co,Fe,Mn);0,_, nanoparticles synthesized by our rapid high-
temperature method, showcasing the cationic states of all the metal elements.

the spinel phase and the homogenous distribution of all the
elements (Figure S5, Supporting Information). Moreover, X-ray
photoelectron spectroscopy (XPS) spectra confirm that all cati-
onic elements are in the oxidized states without any metallic
components (Figure 2f). For example, the deconvoluted spec-
trum of Cu 2p (i.e., Cu 2p;;, peak at 934 eV and Cu 2p,, at
954 eV) indicates that Cu was in 2+ valence state. Other XPS
spectra also reveal the presence of Ni?*, Ni**, Co?*, Co*', Fe?",
Fe¥*, Mn?*, and Mn3*. In addition, the O 1s spectrum was
deconvoluted into three components, which represent the lat-
tice oxygen bound to cations, oxygen vacancies, and chem-
isorbed oxygen species, respectively.?¥ Note that the oxygen
defects caused by hetero-valence element mixing in the HEO
nanoparticles are desired for electrocatalysis such as ORR, as
they can potentially serve as active sites to interact with the
oxygen-containing intermediates.["”]

In the high-entropy system of (Cu,Ni,Co,Fe,Mn);0,,, five
cationic elements possess various cation radii (e.g., 0.73 A
of Cu*, 0.63 A of Fe*), crystalline structures for their corre-
sponding unary oxides (e.g., tenorite for CuO, spinel for Fe;0,),
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and oxidation potentials predicted by the Ellingham diagram
(the sequence of oxidation potentials is Mn > Fe > Co > Ni > Cu,
Figure S6, Supporting Information).’>3® Our method can
readily handle these drastically different physiochemical prop-
erties to incorporate all five elements into a single phase. This
unique feat is benefited from the high temperature (<1400 K),
the rapid heating and quenching (heating duration of =1 s,
quenching rate of =10* K s7!) as well as high-entropy design.
Note that in addition to the HEO formation, the short heating
time also mitigates the reaction between carbon substrate
and oxygen from air, which is critical to provide an oxidative
environment while ensuring the integrity of carbon substrate.
Enabled by our synthesis, we prepared a series of single-phase
HEO nanoparticles supported on carbon black at gram-scale
that have never been achieved before (Figure S7, Supporting
Information), demonstrating the broad applicability and scal-
ability of our approach.

The synthesis method allows us to prepare carbon-supported
HEO nanoparticles with broad compositional options for
specific reaction schemes. Note the HEO nanoparticles as the
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Figure 3. Carbon-supported 10-HEO nanoparticles with record-high entropy. a) TEM image of the (Hf,Zr,La,V,Ce,Ti,Nd,Gd,Y,Pd)O,_, nanoparticles
supported on the commercial carbon black substrate, showing uniform dlsper5|on and nanoparticle size (=7 nm). Scale bar: 20 nm. b) XRD of 10-HEO

nanoparticles supported on the carbon black substrate, confirming a single-phase fluorite structure indexed to ZrO, (PDF#49-1642).

c) XPS Pd 3d

spectra of the 10-HEO nanoparticles, implying the oxidized state of Pd. d) Elemental mapping of the 10-HEO nanoparticles, demonstrating uniform

mixing of all the elements. Scale bar: 10 nm.

electrocatalysts offer several advantages over the conventional
noble metal-based electrocatalysts. First, the high-entropy
nature and our high-temperature synthetic method ensure
chemical and structural stability of the carbon-supported HEO
nanoparticles. Second, the multi-elemental design of HEO
readily reduces the cost due to the addition of non-noble ele-
ments to reduce the loading of noble metals. Third, as the
active noble metal elements are diluted in the solid solution of
HEO and also interact with other elements, the catalytic activity
can be potentially benefited from the synergistic effect with
better atom utilization efficiency.

We chose ORR as a model reaction and synthesized
10-element (Hf,Zr,La,V,Ce, Ti,Nd,Gd,Y,Pd)O,_, (10-HEO) nano-
particles with record-high entropy. The 10-HEO nanoparticles
exhibit ultrafine structure (=7 nm), which are uniformly dis-
persed on the commercial carbon black substrate (Figure 3a).
The 10-HEO also shows single-phase fluorite structure and
homogenous mixing among all the cationic metal elements, as
revealed by XRD (Figure 3b), XPS (Figure 3c), and elemental
mapping (Figure 3d). Notably, some elements in the 10-HEO
such as Pd can be easily reduced to its metallic state due to the
carbothermal reduction reaction according to the Ellingham
diagram (Figure S6, Supporting Information).* Our control
experiment on the synthesis of nanoparticles based on single-
element Pd agrees with this prediction (Figure S8, Supporting
Information). In contrast, the increased system entropy through
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our high temperature synthesis decreases the formation Gibbs
free energy of the HEO, leading to the stabilization of cationic
species. The rapid (=1 s) far-equilibrium synthesis also prevents
the oxidized elements in the 10-HEO nanoparticles from being
reduced to the metallic state by carbon. Considering the noble
metal active sites are highly dispersed in the 10-HEO due to the
presence of other cations, we expected the catalytic activity of
the 10-HEO to be enhanced due to potential synergistic effect
and better utilization of active sites. Importantly, the high-
entropy nature and the strong interfacial bonding will offer
desired stability for the carbon-supported 10-HEO nanoparticles
in electrochemical reactions.

Using ORR as a model reaction, we tested the carbon-
supported 10-HEO nanoparticles as an electrocatalyst
(Figure 4a).’73%] In the 10-HEO, Pd serves the major active
site for the reaction, while the incorporation of other elements
potentially offers synergistic effect and entropy stabilization for
better catalytic activity and stability. Figure 4b shows the linear
sweep voltammetry (LSV) curves of the commercial 5 wt%
Pd/C, 22 wi% Pd, 22 wt% PdO, and 22 wt% 10-HEO nanopar-
ticles supported on carbon black (i.e., Commercial Pd/C, Pd/C,
PdO/C, and 10-HEO/C). The Pd/C electrocatalyst showed a
half-wave potential (E;j;) at 0.82 V versus reversible hydrogen
electrode (RHE; unless further noted, the voltage in this work
is normalized to RHE), which is slightly lower than those of
the PdO/C (0.83 V) and 10-HEO/C (0.85 V) electrocatalysts.
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Figure 4. 10-HEO nanoparticles on carbon black as stable ORR electrocatalysts. a) Schematic of the 10-HEO nanoparticles dispersed on carbon black
as ORR electrocatalysts. b) LSV curves of the commercial 5 wt% Pd/C, 22 wt% Pd 22 wt% PdO, and 22 wt% 10-HEO nanoparticles dispersed on
carbon black (i.e., Commercial Pd/C, Pd/C, PdO/C, and 10-HEO/C), tested in an O,-saturated 0.1 M KOH electrolyte using a scan rate of 20 mV s™
and a rotation rate of 1600 rpm. c) Current densities normalized by the mass of Pd for the commercial Pd/C, Pd/C, PdO/C, and 10-HEO/C, collected
at 0.85 V versus RHE. d) Chronoamperometric profiles (i.e., percentage of current retention as a function of time) of the commercial Pd/C and the
10-HEO/C, tested in an O,-saturated 0.1 M KOH electrolyte using a constant potential of 0.60 V versus RHE and 1600 rpm. e,f) TEM image (e, scale
bar: 20 nm) and elemental mapping (f, scale bar: 5 nm) of the 10-HEO/C after the chronoamperometry test.

Cationic Pd appeared to be more active in ORR, which is in
good agreement with previous studies.*¥l The gravimetric cur-
rent density of the 10-HEO/C is 0.49 A mgpq " (normalized to
Pd, Figure S9, Supporting Information) at 0.85 V, which is more
than twelve times higher than that of the Pd/C (0.03 A mgpq™)
or the PdO/C (0.04 A mgpq™), as shown in Figure 4c. The
ORR performance of the 10-HEO/C also outperforms that
of the commercial Pd/C with an E;, at 0.82 V and a gravi-
metric current density of 0.13 A mgpg* at 0.85 V. Note that our
(Hf,Zr,La,V,Ce, Ti,Nd,Gd,Y)O,_, (9-HEO) nanoparticles without
Pd show minimal ORR activity (Figure S10, Supporting Infor-
mation), indicating that Pd is the major active site while the
role of the other 9 elements in the 10-HEO is to stabilize Pd
into the single-phase oxide matrix. As Pd is well-distributed in
the 10-HEO, the enhanced performance of the 10-HEO/C elec-
trocatalyst may also be attributed to the unsaturated surface of
the cationic Pd atoms, similar to the single-atom cases.*’! In
addition, owing to the mixing of multiple elements with dif-
ferent valence, the 10-HEO possesses oxygen defects compared
to the single-element PdO. We hypothesize that the presence
of oxygen vacancies also contributes to the enhanced ORR
activity. In other words, in addition to the synergistic effect
of Pd and other elements, the oxidation state of Pd and the
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presence of oxygen defects in the 10-HEO also contribute to the
enhanced ORR activity. We also measure the ORR performance
of the 10-HEO/C at various rotation speed during LSV scans
(Figure S11, Supporting Information). The Koutecky-Levich plot
indicates a 4e” mechanism, which is desired for high energy
density fuel cell applications.

The chemical stability of the 10-HEO/C was evaluated by
cyclic voltammetry and chronoamperometry. We employed
accelerated cyclic voltammetry (scanning between 0.6 and 1.0 V
at 50 mV s7) to evaluate the durability of the 10-HEO/C. The
LSV curves of the 10-HEO/C before and after cycling almost
overlap with each other, together demonstrating an Eyj, at
0.85 V (Figure S12, Supporting Information). During the chron-
oamperometry test, the 10-HEO/C electrocatalyst maintained
86% of its initial current after 100 h operation, while the com-
mercial Pd/C suffered a quick loss of activity by 24% only after
12 h (92% retention for 10-HEO/C electrocatalyst after 12 h)
(Figure 4d). Post analysis revealed that a weak interaction
between Pd and carbon substrate in the commercial Pd/C led
to the migration and agglomeration of Pd particles (Figure S13,
Supporting Information), which caused substantial activity loss.
In comparison, the 10-HEO/C electrocatalyst still maintained
the uniform nanoparticle dispersion on the commercial carbon
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substrate with homogenous elemental distribution after 100 h
of operation (Figure 4e,f), showcasing excellent structural and
interfacial stabilities. The stable and high catalytic activity of
the 10-HEO/C sample up to 100 h is one of the best combina-
tions compared to the state-of-the-art electrocatalysts (Table S1,
Supporting Information).82%%-43] These results suggest that
the carbon-supported HEO nanoparticles hold great promise
as highly active and stable electrocatalysts for practical electro-
chemical applications.

3. Conclusion

In summary, we developed a series of HEO nanoparticles uni-
formly supported on commercial carbon powder substrates
through a far-equilibrium synthesis method (i.e., rapid high-
temperature heating), which significantly expanded the com-
positional space of carbon-supported electrocatalysts. The
high-temperature synthesis and high-entropy design enable
the uniform mixing of multiple elements with vastly different
physicochemical properties into a single phase. The ultrafast
heating time avoids undesired oxide reduction and nanopar-
ticle agglomeration, and thus resulted in the uniform dis-
persion of the HEO nanoparticles. Such a process ensures
good structural stability owing to the strengthened interfa-
cial bonding between nanoparticles and substrate, as well as
enhanced chemical stability due to the entropy-stabilization
effect to prevent elemental segregation. The newly devel-
oped 10-HEO/C electrocatalyst showed high activity and most
importantly superior stability for ORR (92% and 86% reten-
tion after 12 and 100 h, respectively) compared to the commer-
cial Pd/C (76% retention after 12 h). This work provides a new
route toward synthesizing a range of high-entropy nanoparti-
cles supported on carbon substrates as highly stable and active
electrocatalysts.

4. Experimental Section

Material Preparation: Commercial carbon black (Vulcan XC72,
Cabot) was chosen as the substrate to support HEO nanoparticles.
The commercial 5.0 wt% Pd/C was purchased from Sigma Aldrich. The
used chemicals include nitrates (i.e., CoN,Og-6H,0, FeN;Oq-9H,0,
CuN,0¢-6H,0,  NiN,Og-6H,0, MnN,O4-4H,0, LaN;0q-6H,0,
CeN3Og-6H,0, YN;Oq-6H,0, GdN;04-6H,0, and NdN;O,-6H,0)
and chlorides (i.e., TiCly, ZrCl,, VCls, HfCl,, and PdCl,) purchased from
Sigma Aldrich. The precursor solution (0.025 mol L™) was prepared by
dissolving various salts (having equimolar concentration) in ethanol.
The mixed solution was added into carbon black with a targeted loading
concentration, and then sonicated for 120 min. The mixed precursors
were freeze-dried prior to the HEO synthesis. The obtained powders
were evenly spread on commercial carbon paper (AvCarb MGL370,
FuelCellStore) which was fixed to copper tapes supported by alumina
ceramic sheets. The carbon paper was connected to a DC power supply
(MP10050D, StarPower), and then heated under air by thermal shock to
provide the heating source for the HEO synthesis. The mixed powders
were rapidly heated by the radiative heating (<1400 K, =1 s), and thus
the HEO nanoparticles were synthesized, and uniformly dispersed
on carbon black substrate. The 22 wt% Pd/C was synthesized by the
radiative heating method (Figure S14a, Supporting Information). The
22 wt% PdO/C was synthesized using an impregnation approach, where
the precursor solution was prepared by dissolving Pd(NO;),-nH,0 in
mixed ethanol and dilute nitric acid, and then the solution was mixed
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with carbon black powder. The resultant mixture was sonicated for
120 min, and then was freeze-dried. The resultant powder was heated
at 623 K for 2 h under air in a tube furnace (Figure S14b, Supporting
Information).

Characterization: Temperature measurement of the carbon paper
during the synthesis was evaluated by a high-speed camera (Vision
Research Phantom v12.0) based on the black-body radiation mechanism.
A diffractometer (D8 Advance, Bruker, Karlsruhe, Germany) was
used with Cu Ke radiation to characterize XRD spectra of the oxide
nanoparticles on carbon black at room temperature. The mass loading
of oxide nanoparticles was collected by thermogravimetric analysis
(Discovery SDT 650, TA Instruments). An AXIS 165 spectrometer
(Kratos, Manchester, UK) was used to determine XPS spectra of oxide
nanoparticles. Transmission electron microscopy (TEM; JEM-2100, JEOL,
Tokyo, Japan) and STEM (JEM-ARM200F, JEOL, Tokyo, Japan) were used
to reveal the microstructures of oxide nanoparticles, and their elemental
mappings were achieved using energy dispersive spectroscopy (EDS;
X-MaxN-100TLE, Oxford Instruments, Oxford, UK).

Electrochemical ~ Measurement: ~ The  carbon-supported HEO
nanoparticles and commercial 5.0 wt% Pd/C as the ORR catalysts were
tested. In order to prepare the catalyst ink for ORR test, 2 mg carbon-
supported HEO nanoparticles or commercial Pd/C were dispersed in
400 pL mixed solutions of Nafion, water, and isopropanol (1:50:150), and
then sonicated for 30 min. The as-prepared 15 pL ink was dropped onto
the 0.196 cm? glassy carbon, and further dried at room temperature.
The three-electrode system was used on an electrochemical workstation
(VMP-300, Bio-Logic) with a rotator (Pine Instruments). The obtained
film on the glassy carbon was used as the working electrode. The counter
electrode was graphite, and the reference electrode was the Ag/AgCl
(saturated KCI) electrode. Used electrolyte was 0.1 m KOH which was
purged with O, for 20 min before each test, and subjected to O, flow
under room temperature during the measurements. Accelerated cyclic
voltammetry of 500 cycles was performed by scanning between 0.6 and
1.0 V versus RHE at 50 mV s™.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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