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In Situ, Rapid Synthesis of Carbon-Loaded High Density and
Ultrasmall High Entropy Oxide Nanoparticles as Efficient

Electrocatalysts

Rui Chang, Hongdong Li,* Xiaofeng Tian, Yu Yang, Tian Dong, Zhenhui Wang,

Jianping Lai, Shouhua Feng, and Lei Wang*

High entropy materials offer almost unlimited catalytic possibilities due to
their variable composition, unique structure, and excellent electrocatalytic
performance. However, due to the strong tendency of nanoparticles to
coarsen and agglomerate, it is still a challenge to synthesize nanoparticles
using simple methods to precisely control the morphology and size of the
nanoparticles in large quantities, and their large-scale application is limited by
high costs and low yields. Herein, a series of high-entropy oxides (HEOs)
nanoparticles with high-density and ultrasmall size (<5 nm) loaded on carbon
nanosheets with large quantities are prepared by Joule-heating treatment of
gel precursors in a short period of time (<60 s). Among them, the prepared
(FeCoNiRuMn);0,_, catalyst shows the best electrocatalytic activity for
oxygen evolution reaction, with low overpotentials (230 mV @10 mA cm~2,
270 mV @100 mA cm~2), small Tafel slope (39.4 mV dec™'), and excellent
stability without significant decay at 100 mA cm~2 after 100 h. The excellent
performance of (FeCoNiRuMn);O,_, can be attributed to the synergistic effect

elements, which can provide multiple ele-
mental active sites on the surface.l!l Com-
pared with traditional materials, it has bet-
ter selectivity, stability, and catalytic activ-
ity, and shows good development potential
in the field of electrocatalysis.l?l And, ul-
trasmall nanoparticles (NPs) have also at-
tracted extensive research interest in the
field of electrocatalysis. With the reduc-
tion of nanoparticle size, the utilization ef-
ficiency of nanoparticle atoms can be sub-
stantially improved and more active sites
can be generated, thus enabling the catalyst
to have higher catalytic activity.?! However,
due to the tendency of aggregation and ther-
modynamic instability of ultrasmall NPs,
especially at high temperatures,!*! limit-
ing their wide application in practical pro-

of multiple elements and the inherent structural stability of high entropy
systems. This study provides a more comprehensive design idea for the

preparation of efficient and stable high entropy catalysts.

1. Introduction

High-entropy materials (HEM), as a new type of catalytic
material, are usually composed of five or more major metal
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cesses.

Previously reported HEM synthesis
methods are mainly based on heat treat-
ment in muffle and tube furnaces, which
require long heating, holding, and cool-
ing processes,’! and long-term pyrolysis
at high temperatures tends to lead to
agglomeration and sintering of particles, resulting in a larger
nanoparticle.l’] Alternatively, the anchor is customized to prepare
ultrasmall nanoparticles by doping heteroatoms or introducing
highly defective substrates.”! However, these methods usually
lead to relatively complex synthesis conditions and low nanopar-
ticle loadings. In recent years, the preparation of HEM by the
fast Joule heating method has received wide attention.®! Joule
heating has become a promising method for the synthesis of a
wide range of catalysts due to its ultrafast heating and cooling
rates, which allow precise heating control in a short period of
time, instantaneous formation of homogeneous phases of disor-
dered metallic elements with nanometer-sized particle sizes, and
reduced energy consumption.l®) Moreover, in order to improve
the performance of the catalyst, a more simple and controllable
method is urgently needed, which can realize the preparation of
high-entropy NPs with ultrasmall size and high loading.

In this work, we use a combination of liquid-phase sol-gel
method and vapor-phase thermal treatment to prepare high-
density, ultrasmall, HEOs NPs loaded on carbon flakes in large
quantities by rapid thermal treatment of viscous gel precursors
in a short period of time (=60 s). The method combines the
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Figure 1. Schematic illustration of the rapid Joule heating process applied on gel precursor and corresponding HEOs products.

advantages of liquid-phase synthesis, i.e., solution processability,
homogeneity, and large-scale production, which allows for the
preparation of HEOs NPs in large quantities with high effi-
ciency, and the prepared NPs are free of impurities, avoiding the
complex debinding process. In addition, in order to prevent the
agglomeration of NPs, we use Joule heat to rapidly synthesize
the carbon substrate, so that the ultrasmall NPs are uniformly
dispersed on the carbon substrate in high density. Among them,
the (FeCoNiRuMn),0,_, catalysts exhibited low overpotentials
(230 mV at 10 mA cm™2, 270 mV at 100 mA cm™2), high mass
activity (3.01 A mg™!), low Tafel slopes (39.4 mV dec™!) and
excellent long-term (100 h) electrocatalytic stability in 1 m KOH
solution. This “fast-heating gel precursor” strategy provides a
practical and feasible way to produce large quantities of homoge-
neous, high-density, ultra-small nanoparticles in a fast, efficient,
and simple way.

2. Results and Discussion

First, we successfully prepared a series of HEOs with spinel
structure by gel and fast Joule-heating strategy (Figure 1). In
this process, we mixed citric acid (CA) with metal nitrates,
which led to the formation of polybasic chelates by complexation
between —COOH groups in CA and metal ions,! followed by
esterification with ethylene glycol (EG) to generate cross-linked
polyesters in which the metal ions were uniformly immobilized
within the polymer network. The obtained cross-linked polyester
mixture was aged at a high temperature, which in turn gave the
desired gel precursor. By rapid heat treatment of the gel precur-
sor in a vacuum using a Joule heating device, the gel precursor
undergoes rapid dehydration and violent redox reactions, and a
large amount of gas release (e.g., H,0, CO) and rapid volume
expansion is observed. In the meantime, the gas generated
rapidly blows the precursors into bubbles and the polymer
walls of the generated bubbles turn into solid carbon at high
temperatures. They then become nanosheets after the bubbles
rupture and/or collapse. Meanwhile, by controlling the heating
time (~60 s) and temperature (=400 °C), the nuclei of MOs
are able to grow freely into ultrasmall nanoparticles, forming
carbon sheets loaded with high-density, ultrasmall, high-entropy
oxide nanoparticles (Figure S1, Supporting Information). The
key to the experiment is to control the time and temperature of
the heat treatment reaction, which ensures the proper chemical
reaction and physical expansion kinetics. The morphology
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and structure of (FeCoNiRuMn),0, , were characterized by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The SEM images (Figure 2a; Figure S2,
Supporting Information) exhibit that the material is carbon
sheet loaded with high-density and ultrasmall nanoparticles
and that the samples are uniform in morphology. The TEM
image (Figure 2b) further confirms that the nanoparticles are
uniformly distributed on the carbon, and the diameter of the
prepared (FeCoNiRuMn);O,_, NPs is about 4.32 + 0.07 nm
(Figure 2c). The dispersed ultrasmall nanoparticles not only
expose more active sites and accelerate electron transfer but
also promote the release of generated O,. The high-resolution
TEM (HRTEM) images of (FeCoNiRuMn),O,_, (Figure 2d—f)
display that the lattice spacing is 0.21 nm, corresponding to
the (400) plane. The crystal structure of (FeCoNiRuMn),O,_,
was further revealed by X-ray diffraction (XRD) (Figure 2g), and
the resulting samples showed distinct diffraction peaks at 35.4,
43.1, and 62.6°, which corresponded to the (311), (400), and
(440) planes of spinel CoFe,O, (PDF#22-1086), respectively. In
addition, further analysis of the distribution of each element
in (FeCoNiRuMn);0, , by TEM-mapping (Figure 2h) shows
that all elements (C, Fe, Co, Ni, Ru, Mn, O) are uniformly
distributed, which is consistent with the SEM-mapping results
(Figure S3, Supporting Information). Meanwhile, the EDS result
indicates that the metal-atom ratio of the synthesized HEOs is
approximated to be 1:1:1:1:1 and the ratio of all metal atoms
to oxygen atoms is about 3:4, which is in agreement with the
XPS result (Table S1, Supporting Information), confirming the
elemental composition of the samples as well as the homo-
geneity of the elemental mixing of the (FeCoNiRuMn),0,_,.
Through the above characterization, the successful prepa-
ration of high entropy oxides (FeCoNiRuMn);0, , was
demonstrated.

To further explore the surface valence states of the
(FeCoNiRuMn),0,_,, X-ray photoelectron spectroscopy (XPS)
tests were performed (Figure 3; Figure S4, Supporting Informa-
tion). All elemental data were calibrated with the C 1s peak at
284.8 eV. The high-resolution XPS spectra of Ni 2p, Fe 2p, Co
2p, Ru 3p, Mn 2p, and O 1s of (FeCoNiRuMn),0,_, are shown
in Figure 3. Among them, the electronegativity differences
of Fe(1.83), Co(1.88), Ni(1.91), Ru(2.20) and Mn(1.55) cause
significant charge redistribution. Figure 3a shows the XPS
spectrum of Ni 2p, the characteristic peaks are attributable to the
coexistence of Ni** (855.2 and 873.0 eV for Ni** 2p;, and Ni**
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Figure 2. a) SEM image, b) TEM image, c) nanoparticle size distribution, d) HRTEM image, e) Atomic resolution images show d spacings of one
random area labeled in (d), f) Intensity profile of (400) planes, g) The XRD pattern, and h) TEM image and the corresponding elemental mappings of

(FeCoNiRuMnN)3;0,_,.

2p, ,, respectively) and Ni** (856.7 and 874.6 eV for Ni** 2p,,
and Ni** 2p, ,, respectively). The peaks of Fe 2p; , (711.9 eV and
714.8 eV) and Fe 2p1/2 (723.8 eV and 726.1 eV) can be divided
into two peaks, corresponding to Fe?* and Fe**, respectively
(Figure 3b). For the Co 2p spectra (Figure 3c), the characteristic
peaks can be divided into Co** (780.8 eV and 796.6 eV for
Co’** 2p,, and Co’* 2p, ,, respectively) and Co** (782.6 eV and
797.9 eV for Co®* 2p;;, and Co’* 2p, ,, respectively). As shown
in Figure 3d, the peak of Ru is divided into two peaks at 462.1 eV
and 484.3 eV, corresponding to Ru*t 3p*/2 and Ru** 3p'/2, respec-
tively. The Mn 2p spectrum (Figure 3e) shows the coexistence of
Mn**** 2p, , (641.9 eV), Mn**/** 2p,, (653.4 eV), Mn** 2p,
(644.3 eV) and Mn** 2p,, (655.1 eV). The above results show
that compared with (FeCoNi);O,_, and (FeCoNiMn),0,_,, Co,
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Ni, Fe, and Mn in (FeCoNiRuMn),;0,_, move in the direction
of high binding energy, respectively, indicating that Ru acts as
an electron acceptor and increases the electron density of Ru
site. This can promote nucleophilic attacks of water molecules,
thereby lowering the kinetic barrier of OER.['!] In addition, due
to the great difference in electronegativity between Ru and other
transition metals, the addition of Ru may also generate a large
number of active sites on the surface of high-entropy materials,
which is beneficial to OER. For example, active Co and Ru
sites can be generated to optimize their energy barriers for the
stabilization of OH* and H* intermediates and improve OER
activity.['?] For the element oxygen (Figure 3f), the O 1s peak is
fitted to the three peaks of lattice oxygen (~530.1 eV), oxygen
vacancy (~531.5 eV), and chemisorbed oxygen (x~532.9 eV). The
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Figure 3. High resolution XPS spectra of a) Ni 2p, b) Fe 2p, c) Co 2p, d) Ru 3p, €) Mn 2p, f) O 1s in (FeCoNiRuMn);0,_,.

presence of oxygen vacancy can further balance the electronic
structure of the entire spinel compound as well as the surface
adsorption.[!3]

In addition to (FeCoNiRuMn),;0,_,, the (FeCoNiCrMn),0,_,,
(FeCoNiCuMn);0,_,, (FeCoNiMn);0,_,, and (FeCoNi);0,_,
could also be prepared by changing the corresponding metal
salts. And SEM, SEM-EDS mapping, and XRD were performed
for those HEOs catalysts. The SEM images demonstrated the
prepared HEOs had the structure of carbon-loaded high-density
and ultrasmall nanoparticles, and elemental mapping further
showed a homogeneous distribution of their elements (Figure 4;
Figures S5 and S7-10, Supporting Information). Meanwhile,
XRD comparisons of all the samples (Figure S6, Supporting In-
formation) confirmed that the crystal structures of the prepared
samples were all spinel structures and the cation substitution
did not lead to significant phase transitions. In addition, fun-
damentally, due to the different atomic radii of the alloying
elements, the alloying of different elements shifts the position
of the peaks to different 20 values, and the addition of Cr or
Ru elements to (FeCoNi);0,_, forms (FeCoNiCrMn),0, , or
(FeCoNiRuMn),0,_,, which are slightly shifted under the 26
angle due to the fact that the radii of the Cr and Ru ions are
larger than those of Fe, Ni or Co.l81* EDS and XPS consistently
show that the catalyst has an approximate metal-atom ratio of
1:1:1:1:1:1 and an approximate 3:4 ratio of all metal atoms to
oxygen atoms, with the same stoichiometric ratio as that of
(FeCoNiRuMn);0,_, (Figures S7-S10 and Table S1, Supporting
Information).

In addition, in order to explore the chemical state of the pre-
pared samples, XPS was also tested, further verifying the char-
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acteristics of the HEOs. As can be seen from Figure S13 (Sup-
porting Information), the introduction of low electronegative Mn
elements into highly electronegative Fe, Co, and Ni can result
in strong local electron interactions caused by electronegative
differences and the adsorption energy of reactant intermediates
and products was effectively reduced, thus enhancing the alka-
line OER performance of the HEOs catalysts. Specifically, low
energy shifts also occurred in Ni, Fe, and Co upon Mn doping.
These results indicate that the doping of Mn?* resulted in the
transfer of electrons from Mn?* to Ni’*, Fe’™ and Co?*. This
is because the electronegativity of Mn?* is lower than that of
Ni?*, Fe3*, and Co?*, resulting in a weaker ability to attract elec-
trons, and thus electron transfer from Mn?* to Ni’*, Fe’*, and
Co?" occurs. In this case, the electron density around the elec-
tron acceptor increases, favoring electrocatalysis. In addition, the
presence of Mn** in (FeCoNiMn),0,_, may accelerate the elec-
tron transfer process and increase the electrical conductivity.'5!
In (FeCoNiCuMn),;0,_,, the electronegativity is Mn (1.55) < Fe
(1.83) < Co (1.88) < Cu (1.90) < Ni (1.91), and the electronega-
tivity difference between different metals results in strong local
electron transfer. From Figure S14 (Supporting Information), it
can be seen that Cu and Ni move towards lower binding ener-
gies, and Mn, Fe, and Co move towards higher binding energies,
resulting in an increase in the localized electron density at the
Ni and Cu sites and a decrease in the localized electron density
at the Mn, Co, and Fe sites. The inactive Cu can be driven to
act as an electron-rich active site for OER, which effectively re-
duces the adsorption energies of reactants, intermediates, and
products, and thus improves the electrocatalytic activity.3>1¢] In
(FeCoNiCrMn),0,_,, the difference in electronegativity leads to
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Figure 4. SEM and SEM-EDS elemental mapping images of a,b) (FeCoNiCrMn);0,_,, c,d) (FeCoNiCuMn);0,_,, e,f) (FeCoNiMn);0O,_,, and g,h)

(FeCoNi);O,_, HEOs.

a redistribution of the electron cloud density when these metals
form a HEO, and Cr and Mn show lower electronegativity com-
pared to Fe, Co, and Ni, suggesting that the Cr and Mn atoms
should provide electrons and contribute significantly to chang-
ing the electronic structure. This is consistent with the XPS anal-
ysis (Figure S15, Supporting Information), which shows Cr and
Mn moving toward higher binding energies and Ni, Fe, and Co
moving toward lower binding energies.['’] In addition, the pres-
ence of Cr has been shown to increase the OER activity of the
material. The introduction of Cr, which has a strong effect on
the oxidation state of the Fe, Ni, and Co-active sites, enhances
the OER activity by promoting a high oxidation state of the active
elements (Co, Ni, and Fe). In addition, Cr and Mn have higher
oxidation states of Cr®* and Mn**, respectively. This change in
valence cannot be explained simply by considering electronega-
tivity but involves complex modifications of electronic structures.
However, catalysts with high oxidation states tend to favor electro-
catalytic activity. Thus, (FeCoNiCrMn);0,_, has a favorable OER
activity.[518]
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Transition metal compounds, especially oxides, including Fe,
Co, and Ni elements, have excellent OER activity, which has
been confirmed by previous reports.l') The HEOs exhibit ex-
cellent catalytic properties due to the interaction of multiple
metal elements. Therefore, to further investigate the electro-
catalytic performance of the synthesized catalysts, the synthe-
sized HEOs were tested and investigated as OER electrocat-
alysts in a 1.0 m KOH solution. Figure 5a shows the LSV
curves of the four prepared HEOs electrocatalysts and com-
mercial RuO, in 1.0 M KOH solution, and it can be seen
that the (FeCoNiRuMn),0, , catalyst has the best OER ac-
tivity. From the Figure 5b, (FeCoNiRuMn),0,_, exhibits the
smallest overpotentials at 10 mA cm~2 (230 mV) and 100 mA
cm™ (270 mV) in 1 m KOH solution, which are superior to
(FeCoNiCrMn),0,_, (300 mV at 10 mA cm™2, 359 mV at 100 mA
cm~?), (FeCoNiCuMn);0,_, (310 mV at 10 mA cm~2, 380 mV
at 100 mA cm™?), (FeCoNiMn);0,_, (317 mV at 10 mA cm~2,
413 mV at 100 mA cm~2) and (FeCoNi);0,_, (330 mV at 10 mA
cm™2, 466 mV at 100 mA cm~2). Notably, (FeCoNiRuMn),0,_,
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Figure 5. a) OER polarization curves, b) Overpotentials at current densities of 10 and 100 mA cm™2, c) The geometric electrode surface area and ECSA
activity, d) Tafel slope values, e) Comparison of the overpotential at 10 mA cm~2 and Tafel slope with previously reported electrocatalysts, f) Nyquist
plots, g) The long-term OER stability test of (FeCoNiRuMn);O,_, at 100 mA cm~2 in 1.0 m KOH solution.

showed lower overpotentials than commercial RuO, (371 mV at
10 mA cm™2, 540 mV at 100 mA cm~2), which further suggests
that (FeCoNiRuMn),0,_, possesses optimal electrocatalytic OER
activity.

Achieving high current densities at low overpoten-
tials is crucial for practical applications. The anodic cur-
rent density of (FeCoNiRuMn),O,_, at an overpotential
n = 370 mV is 853 mA cm™?, which exceeds that of
(FeCoNiCrMn),0,_, (137 mA cm™2), (FeCoNiCuMn),0,_,
(78 mA cm™?), (FeCoNiMn);0,, (49 mA cm™2), and
(FeCoNi);0,_, (10 mA cm™2) catalysts. Moreover, the elec-
trochemical surface area (ECSA) of the samples was eval-
uated by calculating the double-layer capacitance (Cy) val-
ues, and cyclic voltammetry (CV) curves of the samples at
different scan rates (10, 20, 30, 40, and 50 mV s7!) were
recorded (Figures S16 and S17, Supporting Information).
The C; values of (FeCoNiRuMn),0,_,, (FeCoNiCrMn),0,_,,
(FeCoNiCuMn),0,_,, (FeCoNiMn),0,_,, and (FeCoNi),0,_, in
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1.0 M KOH solution are 9.35, 7.89, 5.32, 5.28, and 4.98 mF cm 2,
respectively, indicating that (FeCoNiRuMn);O0, , has more
active sites than other HEOs. Interestingly, when the over-
potential n = 370 mV, the (FeCoNiRuMn);O,_, (3.65 mA
cm~2,) catalyst exhibited a higher intrinsic activity than the
(FeCoNiCrMn),0,_, (0.69 mA cm=2,.,), (FeCoNiCuMn),0,_,
(0.59 mA cm™;,), (FeCoNiMn);0,_, (0.37 mA cm™;cg,)
and (FeCoNi);0,_, (0.26 mA cm™?;.g,) catalysts. Both the
geometric activity and intrinsic activity (Figure 5c; Figure
S18, Supporting Information) indicated that the synthesized
(FeCoNiRuMn);0,_, catalysts had better OER activity than
(FeCoNiCrMn);0,_,, (FeCoNiCuMn),;0,_,, (FeCoNiMn),0,_,
and (FeCoNi);0,_,. Furthermore, when the overpotential
is 370 mV, the mass activity (Figure S19, Supporting In-
formation) of (FeCoNiRuMn);0, , is 3.01 A mg~!, which
is greater than that of (FeCoNiCrMn),0, . (0.51 A mg™),
(FeCoNiCuMn);0, . (0.30 A mg!), (FeCoNiMn),0,_,
(0.15 A mg~1), and (FeCoNi);0,_, (0.13 A mg™'). The Tafel slope

© 2024 Wiley-VCH GmbH
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Figure 6. High-resolution XPS spectra of a) Ni 2p, b) Fe 2p, c) Co 2p, d) Ru 3p, €) Mn 2p, f) O 1s in (FeCoNiRuMn);O,_, after the stability test.

is also an important indicator of the electrocatalytic performance.
The smaller Tafel slope indicates better kinetics of the catalyst for
OER. In 1.0 m KOH solution, (FeCoNiRuMn),0,_, only showed
a low Tafel slope of 39.4 mV dec! (Figure 5d), which was
much lower than that of (FeCoNiCrMn);0,_, (45.6 mV dec™),
(FeCoNiCuMn);0,_, (714 mV dec™'), (FeCoNiMn);O,_,
(74.4 mV dec™!), (FeCoNi);0,_, (75.1 mV dec’!), and RuO,
(100.2 mV dec™).

To reveal the reaction kinetics of HEOs, the electrochemi-
cal impedance spectroscopy (EIS) was measured. The EIS test
(Figure 5f) results show that (FeCoNiRuMn),0,_, has the small-
est charge transfer resistance and is much smaller than that of
the commercial RuO, catalysts, indicating a faster charge trans-
fer rate during OER electrocatalysis. In order to further explore
the intrinsic OER activity of HEOs with different elements, the
turnover frequency (TOF) curves (Figure S20, Supporting In-
formation) were calculated with all metals as active sites. At
370 mV overpotential, the TOF value of (FeCoNiRuMn),0,_, is
0.508 s71, which is much larger than that of (FeCoNiCrMn),0,_,
(0.074 s71), (FeCoNiCuMn),0,_, (0.044 s71), (FeCoNiMn),0,_,
(0.021 s7!) and (FeCoNi),0,_, (0.019 s7'), indicating that the ad-
dition of Ru elements can effectively improve the catalytic activity
of HEOs. In summary, (FeCoNiRuMn),0,_, has the advantages
of low overpotential, small Tafel slope, high mass activity, and fast
charge transfer rate, which showed the best OER catalytic per-
formance in the prepared HEOs samples, and the OER activity
of (FeCoNiRuMn),0,_, catalysts is better than most noble metal
catalysts and non_precious metal catalysts (Figure 5e; Table S2,
S3, Supporting Information).
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The stability of electrocatalysts is crucial in practical appli-
cations, and we have investigated the long_term OER stability
of (FeCoNiRuMn),0,_, catalysts by means of continuous time—
current profiles. As shown in Figure 5g, (FeCoNiRuMn),0,_, re-
mained stable at a high current density of 100 mA cm~2 for more
than 100 h with excellent stability. The excellent electrocatalytic
stability of the prepared samples can be attributed to the difficult
aggregation of NPs loaded on the carbon sheet in situ and the
inherent structural stability of HEOs.

In order to understand the stability of the catalysts during the
catalytic process, the (FeCoNiRuMn), 0, _, catalysts tested for sta-
bility were analyzed by SEM, TEM, and XRD. As shown by SEM
and TEM images (Figure S21a—-d and S22, Supporting Informa-
tion), (FeCoNiRuMn);0,_, maintains the original microstructure
of carbon-loaded high—density and ultrasmall high-entropy ox-
ide nanoparticles after stability tests and mapping images show
that all elements are uniformly distributed. Moreover, the XRD
spectra of (FeCoNiRuMn),0,_, showed that there were no sepa-
rated XRD peaks of the metal oxides after the catalytic reaction
(Figure S21e, Supporting Information). These results show that
the crystal structure and morphology of the high-entropy materi-
als remain unchanged after the reaction, which proves that it has
excellent stability.

The surface valence states of (FeCoNiRuMn),0,_, after stabil-
ity testing were further characterized by XPS (Figure 6). The ratio
of Mn?*/3* in the (FeCoNiRuMn),0,_ catalysts was significantly
reduced, indicating that some of the metal elements in the lower
state were transformed to the higher valence state, a process that
can activate the oxygen ions and provide more active sites for the

© 2024 Wiley-VCH GmbH
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OER reaction. The O 1s XPS spectrum (Figure S23, Supporting
Information) shows that the proportion of lattice oxygen is signif-
icantly reduced, indicating that lattice oxygen is involved in the re-
action. In order to verify the conjecture and to deeply investigate
the catalytic mechanism of the catalysts, we performed LSV tests
on the samples in KOH solutions of different pH (12.5, 13, 13.5,
14). As shown in Figure S24 (Supporting Information), the OER
activity of (FeCoNiRuMn),;0,_, increased significantly with the
increase of KOH solution pH, indicating that solution pH is an
important factor affecting the catalytic activity of the catalyst. In
order to accurately illustrate the relationship between activity and
pH, we used the proton reaction order (pR) to reflect the depen-
dence of the OER reaction kinetics on the proton activity. When
the pRHE value is close to 1, it indicates that (FeCoNiRuMn),0,_,
exhibits a strong PH dependence during OER.["7] This apparent
dependence of the catalytic activity on the pH of the alkaline solu-
tion demonstrates the involvement of lattice oxygen in the O—O
coupling during the reaction, which is consistent with the XPS re-
sults of O1s and the lattice oxygen-mediated mechanism (LOM).
In addition, tetramethylammonium (TMA) cation was also used
to recognize LOM as it can form strong electrostatic interactions
with 02 and thus retard the LOM process.[?"! The catalytic pro-
cess was tested with 1 m TMAOH instead of 1 m KOH electrolyte.
The activity of (FeCoNiRuMn),0,_, in 1 m TMAOH decreased
significantly compared with 1 m KOH (Figure S25, Supporting
Information), suggesting that OER is limited by TMA*. Thus,
it is demonstrated that the reaction is driven by both AEM and
LOM and that the oxygen vacancy contributes significantly to the
increase in electrocatalytic activity. The increase of oxygen vacan-
cies can not only optimize the coordination environment of the
metal centers, but also improve the electrical conductivity of the
catalyst, accelerate the absorption intermediates of OER, and ef-
fectively improve the OER performance.!']

3. Conclusion

In summary, a series of carbon-loaded high-density, ultra-
small HEO nanoparticles (FeCoNiXMn),0,_, (X = Ru, Cr, Cu),
(FeCoNiMn),0,_, and (FeCoNi),0,_, were prepared by a gel and
rapid joule heating method. Subsequent OER performance tests
demonstrated that those materials have excellent catalytic activ-
ity under alkaline conditions, where the (FeCoNiRuMn),;0,_, ex-
hibits the best catalytic activity (230 mV at 10 mA cm=2, 270 mV
at 100 mA cm™2), and low Tafel slopes (39.4 mV dec™!), superior
to most of the reported transition metal oxides. In addition, the
(FeCoNiRuMn);0,_, also shows excellent stability, operating at
100 mA cm~2 for 100 h has almost no attenuation. This excellent
performance can be attributed to the abundance of active sites,
synergistic interactions between different elements, and entropic
stabilization mechanisms. This work provides a simple method
for the synthesis of high-sensitivity and ultrasmall NPs and pro-
vides an effective way to develop economical and efficient HEO
electrocatalysts.

Supporting Information

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