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ABSTRACT

Transition metal oxides hold great potential for water splitting due to their tunable
electronic structures and abundant availability. However, their inherently poor electrical
conductivity and limited catalytic activity hinder their practical implementation. Herein,
high-entropy oxide (FeCoNiCrCuO) electrocatalysts featuring grain-like structure and
oxygen vacancies-enriched surface were synthesized through an ultra-fast non-
equilibrium high-temperature shock. The introduction of oxygen vacancies modulates
the electronic structure and increases the carrier concentration, accelerating the rate-
determining step of the oxygen evolution reactions and reducing the overpotential of
oxygen evolution reactions. Consequently, the synthesized FeCoNiCrCuO
electrocatalyst delivers a low overpotential of 256 mV at a current density of 10
mA-cm? and a Tafel slope 0f 48.2 mV-dec™ in 1 M KOH, which is superior to samples
lacking oxygen vacancies after annealing. This study presents an alternative approach

to enhancing OER activity by employing a high-entropy oxide engineering strategy.

INTRODUCTION

Water electrolysis, a dominant method for hydrogen production, is hindered by the
sluggish kinetics of the oxygen evolution reaction, leading to significant overpotential "
2, To address this limitation, catalysts are essential. Currently, catalysts are categorized
into two groups: noble metal-based (RuO, and IrO,) and non-noble metal-based. While
noble metal catalysts exhibit exceptional OER performance, their scarcity and high

costs limit industrial adoption. Therefore, the development of high-performance, stable,



and noble metal-free catalysts is crucial for the practical integration of hydrogen energy.
OER catalysts primarily encompass transition metal oxides, phosphides, carbides,
nitrides, sulfides, alloys, and a range of non-metallic catalysts’>. Among them,
transition metal oxides have garnered considerable attention due to their natural
abundance, low cost, structural tunability, and exceptional stability, making them a
promising candidate for the development of a low-cost, highly active, and durable
electrocatalyst® 7. Nevertheless, the inherently poor electrical conductivity and scarcity
of active sites in most oxides are significant obstacles to their development as efficient
electrocatalysts.

Transition metal-based high-entropy oxides are considered promising electrocatalysts
due to their huge reserves, low prices, and the four primary effects (high entropy effect,
sluggish diffusion effect, severe lattice distortion, and the cocktail effect)®!°. The high-
entropy effect makes the oxides more stable, while the synergy of multiple elements
enhances the intrinsic activity of the catalyst, providing more diverse active sites, which
is beneficial for oxygen evolution reaction. However, poor conductivity still the ability
of oxides to serve as highly efficient catalysts for oxygen evolution reactions. Typically,
oxides possess a wide bandgap, and strong bonds between oxygen atoms and metals
constrain electrons to atomic orbitals, making transitions from the valence band to the
conduction band challenging, thereby limiting their conductivity. However, the
presence of oxygen vacancies reduces electron localization in the vicinity and acts as
electron donors, introducing additional electrons or increasing defect states, which

elevate the carrier concentration of the oxide, improving conductivity, and thus



enhancing the performance of the oxygen evolution reaction'!". Recently, Yao et al. >
reported a novel approach for the synthesis of high-entropy alloys. By the Joule heating
effect, the temperature of the materials is raised from room temperature to high
temperature (up to approximately 2000 K) in an extremely short period. Subsequently,
the materials rapidly cool to room temperature, a consequence of the limited thermal
diffusion length. The non-equilibrium thermal shock not only enables the rapid
synthesis of high entropy alloys, but the non-equilibrium process of rapid cycling of
temperature brings rich lattice defects!®?°. Considering that oxygen atoms are more
prone to detachment at high temperatures, forming oxygen vacancies, the utilization of
non-equilibrium thermal shock for the fabrication of high-entropy oxides is anticipated
to yield favorable outcomes.

Herein, we report an oxygen-deficient FeCoNiCrCu high-entropy oxide
(FeCoNiCrCuO) electrocatalyst synthesized by a non-equilibrium thermal shock to
enhance OER. The properties of FeCoNiCrCuO and FeCoNiCrCuO prepared by a
general annealing process (FeCoNiCrCuO-A1 and FeCoNiCrCuO-A2) were compared.
XPS shows that the content of vacancy oxygen in FeCoNiCrCuO-Al and
FeCoNiCrCuO-A2 is lower than that in FeCoNiCrCuO. DFT calculations indicate that
the presence of oxygen vacancies modulates the d-band center of the FeCoNiCrCuO
and accelerates the rate determining step of the oxygen evolution reactions. And The
results show that the FeCoNiCrCuO electrocatalyst exhibits excellent OER activity
with a small overpotential of 256 mV at 10 mA-cm™ and a Tafel slope of 48.2 mV-dec”

! In contrast, the FeCoNiCrCuO-Al and FeCoNiCrCuO-A2 electrocatalyst



demonstrate a deteriorated OER activity, with an overpotential of 280 mV and 437 mV.
The superior properties of the FeCoNiCrCuO electrocatalyst confirm that engineering

high-entropy oxides can effectively enhance OER electrocatalytic performance.

RESULTS AND DISCUSSION

The catalyst was synthesized using the thermal shock method. During the process, the
changes in current and temperature are shown in Figure S1. X-ray diffraction (XRD) is
employed for the characterization of the phase. As shown in Figure 1a, the graphs depict
the curves of FeCoNiCrCuO, FeCoNiCrCuO-A1l and FeCoNiCrCuO-A2, and the
standard PDF cards for CoCr204(78-0711), arranged in a top-to-bottom sequence. The
peaks located near 25 © and 43 © belong to carbon substrates. The diffraction peaks of
two samples near 30.06 °, 35.45 °, 37.28 °, 43.47 °, 53.88 °, 57.16 °, and 62.72 °
correspond well to the standard structure of CoCr2O4 phase?'"?*. It indicates that the
prepared catalyst is a high-entropy oxide with a single-phase spinel structure. Raman
spectroscopy showed no significant changes in the three samples (Figure 1b). The
technique of scanning electron microscopy (SEM) is employed for the examination and
analysis of the microstructure of a sample's surface. To confirm the surface oxygen
vacancy of catalyst, the electron paramagnetic resonance (EPR) spectroscopy was
conducted. As shown in Figure lc, the characteristic signals at g =2.003 arisen from
unpaired electrons of oxygen vacancy are conspicuous. The signal intensity from the
FeCoNiCrCuO sample is significantly larger than that from the FeCoNiCrCuO-Al or

FeCoNiCrCuO-A2 sample, indicating more oxygen vacancy in FeCoNiCrCuO. Figure



S2 show the surface micromorphology of FeCoNiCrCuO, FeCoNiCrCuO-Al and
FeCoNiCrCuO-A2, respectively, which are irregular lumps adhering to carbon fibers
and exhibit variable dimensions spanning from tens to hundreds of nanometers.
Furthermore, it is observed that their structural form remains unaltered before and after
undergoing heat treatment, indicating that the thermal process does not affect their
external morphology. As shown in Figures 1d and le, TEM images of FeCoNiCrCuO
show a particle structure with a size of from ~20 to ~300 nm. HRTEM image (Figure
1f) reveals a lattice spacing of approximately 0.250 nm and 0.290 nm, corresponding
to the (311) and (220) crystal planes of the CoCr204 phase. The defects can be observed
in Figure 1f (marked by the yellow circle), which proves that non-equilibrium thermal
shock can induce lattice distortion. As shown in Figure S3, it is the HRTEM processed
by Fast Fourier Transform (FFT) and Inverse FFT, which provides a more intuitive
demonstration of the state of the lattice fringes and enables the clear observation of
dislocation and lattice distortion. As shown in Figure 1g, it is the elemental energy
spectrum mapping on FeCoNiCrCuO, purple is Co, green is Cr, blue-green is Cu, blue
is Fe, brown is Ni and red is O. The elemental energy spectrum mapping demonstrates
the even distribution of Fe, Cr, Co, Cu, Ni and O within the nanoparticles, which proves

the elemental distribution uniformity.
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Figure 1 (a) XRD pattern of FeCoNiCrCuO, FeCoNiCrCuO-A1 and FeCoNiCrCuO-A2. (b) Raman of
FeCoNiCrCuO, FeCoNiCrCuO-A1 and FeCoNiCrCuO-A2. (¢) EPR of FeCoNiCrCuO, FeCoNiCrCuO-
Al and FeCoNiCrCuO-A2. (d) and (¢) TEM images on FeCoNiCrCuO. (f) High-resolution transmission
electron microscope (HRTEM) on FeCoNiCrCuO. (g) Elemental energy spectrum mapping on

FeCoNiCrCuO.

To further investigate the electronic structure and the alteration of the synthesized
FeCoNiCrCuO, FeCoNiCrCuO-A1 and FeCoNiCrCuO-A2, the elemental composition
and surface chemical valence states are tested using XPS. As shown in Figure S4, the
characteristic peaks in the full spectrum of the three samples correspond to C 1s, O 1s,
Cr 2p, Fe 2p, Co 2p, Ni 2p, and Cu 2p, respectively. This proves that the catalyst

contains seven elements: Co, C, Cr, O, Fe, Ni, and Cu. The high-resolution O 1s XPS



spectrum reveals three peaks (Figures 2a, 2b and 2¢): ~529.9 eV ascribed to the lattice
oxygen, ~532.6 eV attributed to surface-adsorbed hydroxyl species, and ~531.2 eV
caused by the chemisorption of oxygen vacancies, which is a typical feature of oxygen
vacancies?*%%. The peak area of FeCoNiCrCuO at 531.2 eV is 46.9%, which is the larger
value compared with FeCoNiCrCuO-A1l (37.8%) and FeCoNiCrCuO-A2 (18.6%),
which is consistent with EPR and the performance test results. The presence of defects,
particularly oxygen vacancies, enhances the number of active sites on the catalyst and
facilitates charge transfer, consequently influencing its performance. Figures 2d, 2e and
2f display the high-resolution XPS spectra of Co 2p. The XPS spectrum of Co 2p3» was
fitted with two peaks at ~780.0 and ~782.0 eV, which are ascribed to the Co®" and Co**
species, respectively. From the XPS results, the Co**/Co*" ratio for FeCoNiCrCuO is
~1.29, while that for FeCoNiCrCuO-A1 and FeCoNiCrCuO-A2 are only ~0.35 and
0.26, respectively. In some cobalt-based oxides, the generation of oxygen vacancies
leads to a redistribution of electrons, causing some Co*' ions to gain electrons and
transform into Co** ions to compensate for the charge imbalance caused by oxygen
vacancies®’. According to report of Wang et al., the Co?"/Co** ratio for Co3;O4 which
has the most oxygen vacancies is ~1.0, while those for lower are only ~0.60%. In the
other work, the formation of oxygen vacancies in La-doped CoOx can be ascribed to
the La-induced partial reduction from Co** to Co***°. Therefore, a higher Co**/Co*"
indicates more oxygen vacancies, which further verifies the presence of higher oxygen
vacancy density in FeCoNiCrCuO*°. Figure S5 showes XPS spectra of Fe 2p, based on
the location of the satellite, it can be determined that the peak at near 711.3 eV is
ascribed to the Fe*". Figure S6 showes XPS spectra of Ni 2p, the peak at near 855.5 eV
is ascribed to the Ni**. Figure S7 showes XPS spectra of Cr 2p, the peak at near 576.5
eV is ascribed to the Cr**. Figure S8 showes XPS spectra of Cu 2p, based on the location
of the satellite, the peak at near 933 eV is ascribed to the Cu®’. The comparative sample
was oxidized through heat treatment in air to decrease the oxygen vacancies. There was
no significant alteration in the valence states of other metal elements, except for the

increase in Co®" content.
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Figure 2 (a) High-resolution XPS spectra of Ols for FeCoNiCrCuO. (b) High-resolution XPS spectra
of O 1s for FeCoNiCrCuO-Al. (c) High-resolution XPS spectra of O 1s for FeCoNiCrCuO-A2. (d)
High-resolution XPS spectra of Co 2p for FeCoNiCrCuO. (e) High-resolution XPS spectra of Co 2p for

FeCoNiCrCuO-Al. (f) High-resolution XPS spectra of Co 2p for FeCoNiCrCuO-A2.

The assessment of the electrocatalytic performance was carried out using a three-
electrode system and an electrochemical workplace (Chi 760e), with a 1.0 M KOH as
electrolyte and the mercury/mercury oxide electrode as the reference electrode. Cyclic
voltammetry (CV) is utilized to initialize the catalyst surface, followed by the probing
of OER activity through linear sweep voltammetry (LSV). As shown in Figure 3, the
electrochemical performance test results are illustrated. As shown in Figure 3a, it can
be intuitively seen that FeCoNiCrCuO performs better than FeCoNiCrCuO-A1l and
FeCoNiCrCuO-A2, which is consistent with the previous analysis. The overpotential at
10 mA-cm 2 is employed as the principal metric for evaluating the efficacy of HEO

catalysts. The overpotential of FeCoNiCrCuO is 256 mV at 10 mA-cm, while under



identical test conditions, FeCoNiCrCuO-A1l and FeCoNiCrCuO-A2 are 280 mV and
437 mV, respectively. To identify the reaction mechanism, a Tafel plot is constructed
by selecting the linear region of the polarization curve and fitting it to the Butler-Volmer
equation. Figure 3¢ shows that the Tafel slopes of FeCoNiCrCuO, FeCoNiCrCuO-Al
and FeCoNiCrCuO-A2 are 48.2, 73.0 mV-dec! and 177 mV-dec!, respectively. A
steeper slope of the catalyst results in a slower rate of charge transfer. Obviously, the
Tafel slope of FeCoNiCrCuO is shallower and the reaction kinetics are faster. EIS is
another effective method for characterizing interfacial reactions and electrode kinetics.
The diameter of the semicircle prior to the curve inflection point signifies the charge
transfer resistance (Rct), with smaller resistance indicating faster charge transfer.
Through fitting, the Rec of FeCoNiCrCuO is determined to be 1.184 Q, whereas that of
FeCoNiCrCuO-A1 and FeCoNiCrCuO-A2 are found to be 4.031 Q and 6.610 Q (Figure
3d). It indicates that the charge transfer rate of FeCoNiCrCuO is faster, which aligns
with the increasing tendency of OER activity and demonstrates the influence of oxygen
vacancies on charge transfer. Furthermore, the electrochemical surface area (ECSA) of
the samples 1s used to estimate the number of active sites exposed by the electrocatalyst,
which can be assessed by calculating the double-layer capacitance (Ca) of the CV
curves (Figure S9). Figure 3e shows that FeCoNiCrCuO (47.2 mF cm™) presents a
considerably larger Cqi than the FeCoNiCrCuO-A1 (18.5 mF cm™ ) and FeCoNiCrCuO-
A2 (6.0 mF cm™ ), indicating that much more active sites are exposed in the OER test
due to the introduction of oxygen vacancies. FeCoNiCrCuO was firstly swept between

0 and 1 V for 4000 cycles with a scan rate of 50 mV s !, then the polarization curve was



measured. As a result, the overpotential only increases 13 mV at 10 mA cm 2 relative
to the initial electrocatalytic polarization curve (Figure 3f). As shown in Figure 3g, the
overall voltage fluctuation within ~80 hours is negligible, which is due to the entropy
stability driven by high entropy. Figure S10 show the XPS, XRD, and SEM of the
electrocatalyst after stability test. The high-resolution O Is reveal a decrease in the
proportion of peaks corresponding to oxygen vacancies. And as shown in Co 2p XPS
spectra, the ratio of Co?"/Co*" is decreased to 0.86. Additionally, there was no
significant change in the morphology and crystal phase. Significantly, as shown in
Figure 3h, the performance of the samples in this study is represented by the dark green
bar on the far left, while the light green bar on the right depicts the performance of
previously published work. It is evident that the orange bar appears to be the shortest,
and our catalyst performance is superior to some of previously reported oxide

catalysts®!-¥

, which confirms that FeCoNiCrCuO by the non-equilibrium thermal shock
is being recognized as a promising and efficient catalyst for OER in water splitting

applications.
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Figure 3 Electrochemical performance analysis. (a) LSV scans for catalysts prepared. (b) Bar chart of
overpotential of the catalysts ([1] FeCoNiCrCuO, [2] FeCoNiCrCuO-Al, [3] FeCoNiCrCuO-A2). (c)
Tafel slopes for catalysts prepared. (d) Nyquist plots. (e) Plots showing extraction of the double-layer
capacitance (Cdl). (f) LSV scans for FeCoNiCrCuO on the first and after 4000 cycles. (g) The long-

term stability test lasting for ~80 h. (h) Overpotential of other reports for comparison.

OER involves four sequential reaction steps, each involving the transfer of one electron,
with the rate-determining step (RDS) being that with the largest energy barrier, as
shown in Figure 4a. The OER four-electron transfer process was calculated using

density functional theory to determine its free energy change. Based on XRD results,



CoCr204 (78-0711) was chosen as the parent structure for generating the HEO structure
with the optimized lattice parameters (a = b = ¢ = 8.335 A)*. As illustrated in Figure
S11, the two computational models are representative of FeCoNiCrCuO and
FeCoNiCrCuO-A, respectively, with the yellow circles denoting oxygen vacancy sites.
To simulate the disorderliness of high-entropy oxides, the metal atoms in the parent
structure are substituted by an equal molar ratio of five types of atoms in a random
replacement approach. As shown in Figures 4b and S12, it was found that with the
introduction of oxygen vacancy, the d-band center of Fe, Co, Ni, Cr and Cu are
decreased. Especially, the d-band center of Co decreased from —1.325 eV to —1.371 eV,
and that the declining d-band center will lead to more occupation of the antibonding
state between the metal surface and the adsorbate, thus weakening the bonding strength
of the oxygen-containing intermediate and reducing the formation energy barrier of the
intermediate*! *2. As shown in Figures 4d and 4e, theoretical calculations indicate that
the Gibbs free energies of the four reactions for the FeCoNiCrCuO (Co site) are
calculated to be -1.08, 2.83, 0.92 and 2.25 eV, respectively. The Gibbs free energies of
the four reactions for the FeCoNiCrCuO-A (Co site) are calculated to be 9.51, 5.34, -
8.05 and -1.88 eV, respectively. The calculation results for the other four active sites,
Fe site, Ni site, Cr site, and Cu site, are also shown in Figures 4d and 4e. As shown in
Figure 4c, the maximum energy barriers of the Fe, Co, Ni, Cr, and Cu sites were 4.08,
2.83,3.53, 15.23 and 10.18 eV, respectively, indicating that the Co and Ni site was the
main active site of the FeCoNiCrCuO. The energy difference of FeCoNiCrCuO with

oxygen vacancies in the rate determination step is lower than that of FeCoNiCrCuO-A.



This observation suggests that the presence of oxygen vacancies can facilitate the OER
process.

Based on the analysis of the above results, during the non-equilibrium thermal shock
process, five metal elements are blended and react with oxygen to produce granular
high-entropy oxides. Numerous oxygen vacancies are introduced by non-equilibrium
thermal shock, which increases the number of exposed active sites, reduces the energy
difference of the speed determination step, and boosts the electrical conductance of
transition metal catalyst systems* **. Meanwhile, high-entropy oxides have excellent
performance in structural, thermodynamic, and kinetic properties due to disordered
atom distribution®. This study shows a bright prospect of low-cost high entropy oxides
in water splitting and will offer significant insights for the development of superior

OER catalysts in the future.
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CONCLUSION

In summary, we report a high-entropy oxide FeCoNiCrCu electrocatalyst enriched with
oxygen vacancies, synthesized using a non-equilibrium thermal shock stratgy. The XPS
peak area associated with oxygen vacancies was substantially greater in FeCoNiCrCuO
(46.9%) than in FeCoNiCrCuO-A (37.8%). Theoretical calculations indicate that the
presence of oxygen vacancies can accelerate the rate determining step of OER reaction
at nearby active sites, thereby reducing the overpotential of OER reaction.
Consequently, the FeCoNiCrCu electrocatalyst demonstrates a relatively low OER
overpotential of 256 mV at a current density of 10 mA-cm™, accompanied by a Tafel
slope measuring 48.2 mV-dec™. Results show that a reduction in oxygen vacancy
content caused by annealing deteriorates the catalytic performance, confirming the
critical role of oxygen vacancies in regulating OER performance. This innovative
approach to engineering high-entropy oxides provides valuable guidance for improving

OER catalysts in industrial applications.
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