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a b s t r a c t 

The sluggish kinetics of the oxygen evolution reaction (OER), an essential half-reaction of water splitting, lead 

to high OER overpotential and low energy-conversion efficiency, hampering its industrial application. Therefore, 

considerable attention has been paid to the development of efficient catalysts to accelerate the OER. In this study, 

we synthesized the high-entropy oxides [(FeCoNiMnV)x O] and used them as efficient OER catalysts. A simple 

oil-phase method was used to synthesize (FeCoNiMnV)x O. The catalytic performances of the (FeCoNiMnV)x O 

catalysts were modified by tuning the reaction temperature. The optimized (FeCoNiMnV)x O catalyst exhibited 

multiple elemental interactions and abundant exposed active sites, leading to an overpotential of approximately 

264 mV to reach a current density of 10 mA cm− 2 in 1 M KOH and stability of 50 h at 1000 mA cm− 2 . Thus, 

a highly active OER catalyst was synthesized. This study provides an efficient approach for the synthesis of 

high-entropy oxides. 
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. Introduction 

Hydrogen, a clean and sustainable energy carrier for storing

ntermittent solar, wind, or tidal energy, can be produced using elec-

rochemical water-splitting technology [1–5] . However, the sluggish

inetics of the oxygen evolution reaction (OER) results in high overpo-

ential, hampering efficient energy conversion [6–10] . Owing to their

ntrinsic electrochemical characteristics, platinum-group metals (such

s Ru and Ir) are employed to synthesize commercial OER catalysts

11–14] . However, the high cost and scarcity of platinum-group metals

mpede the widespread industrial application of the OER catalysts

15–18] . There has been growing interest in developing efficient OER

atalysts using earth-abundant non-platinum group metals or metal

ompounds [19–21] . 

Transition metal oxides have been considered alternative candi-

ates for synthesizing the OER catalysts because of their low cost

nd good catalytic performance [ 22 , 23 ]. Furthermore, multi-metal

xides exhibit superior catalytic activity compared with single-metal

xides, attributed to the synergistic interactions between multiple

atalytically active sites [24] . For example, Wei et al. found that the

ER activity of Co3 O4 was significantly enhanced by introducing

igh-valent vanadium ions [25] . In addition, Zhang et al. demonstrated

hat (Co0.2 Mn0.2 Ni0.2 Fe0.2 Zn0.2 )Fe2 O4 had a single-phase structure and

xhibited more efficient OER activity [26] . Consequently, multiple

ransition metal oxides incorporating multiple catalytically active sites
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re significant for designing the OER catalysts. Therefore, high-entropy

xides comprising five or approximately equimolar metals in a single-

hase lattice with a random distribution [27] are considered promising

ER catalysts. 

In this study, we synthesized the high-entropy oxides

(FeCoNiMnV)x O] using a simple solvothermal method. Oleylamine

as used as the solvent, glucose was used as the reducing agent,

nd different metallic salts were used as precursors. The reaction

as carried out at different temperatures to obtain (FeCoNiMnV)x O

atalysts with different properties. The (FeCoNiMnV)x O catalyst ob-

ained at 220 °C had the highest active region. The (FeCoNiMnV)x O

atalyst exhibited an overpotential of approximately 264 mV to reach

 current density of 10 mA cm− 2 in 1 M KOH and stability of 50 h at

000 mA cm− 2 owing to the high-entropy effects and abundant exposed

ctive sites. 

. Experimental section 

.1. Chemicals 

Cobalt acetylacetonate (Co(acac)2 , 97%), iron acetylacetonate

Fe(acac)3 , 97%), Nafion (5 wt%), and N-hexadecyltrimethyl-

mmonium chloride (CTAC, 96%) were purchased from Shanghai

laddin Reagent Co., Ltd. Nickel acetylacetonate hydrate (Ni(acac)2 ,

5%) was purchased from Shanghai Meryer Chemical Technology
t 2023 
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o., Ltd. Manganese acetylacetonate (Mn(acac)3 , 97%), vanadium

xy(acetylacetonate) (VO(acac)2 , 95%), glucose, molybdenum hex-

carbonyl (Mo(CO)6 , 98%), and oleylamine (OAm, > 70%) were

urchased from Tianjin Xiensi Biochemical Technology Co., Ltd. KOH

95%) was purchased from Shanghai Macklin Biochemical Co., Ltd.

ll chemicals were used without further purification. The deionized

ater obtained from the Milli-Q ultrapure water system was used in all

xperiments. 
ig. 1. (a) Schematics for the preparation of the (FeCoNiMnV)x O catalyst, (b) TEM im

e)–(g) enlarged images for the three regions marked in (c), and (h) elemental mappi

112
.2. Synthesis of catalysts 

(FeCoNiMnV)x O was prepared using a low-temperature oil-phase

ethod. Oleylamine (100 mL) was placed in a 250 mL vial, and

TAC (1000 mg) was added. The resulting mixture was sonicated

or 25 min. Subsequently, Ni(acac)2 (6.4 mg), Co(acac)3 (8.9 mg),

e(acac)3 (8.8 mg), V(acac)2 (6.5 mg), Mn(acac)2 (6.5 mg), Mo(CO)6 

33 mg), and glucose (60 mg) were added to the vial. The mixture
age, (c) HRTEM image, and (d) SAED pattern of the (FeCoNiMnV)x O catalyst, 

ng images of the (FeCoNiMnV)x O catalyst obtained via TEM-EDS analysis. 
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as sonicated for 1 h to obtain a homogeneous solution. The solution

as gradually heated to 220 °C at a rate of 5 °C min− 1 and kept under

agnetic stirring at 300 r/min for 2 h. The solution was centrifuged,

nd the black colloidal particles were collected. The particles were

ashed five times using an ethanol/cyclohexane mixture. The obtained

aterial was dried in an oven at 60 °C for 24 h. Subsequently, the

aterial was ground for further use. A similar methodology was used to

ynthesize (FeCoNiMnV)x O-200 and (FeCoNiMnV)x O-240 at a reaction

emperature of 200 and 240 °C, respectively. 

For the working electrode, we prepared a dispersion by mixing 5 mg

f (FeCoNiMnV)x O powder with a mixed solution of 500 μL water, 480

L isopropanol, and 20 μL Nafion. The resulting suspension was sub-

ected to continuous sonication for a minimum of 1 h. Subsequently, the

atalyst ink was deposited on a nickel foam (NF) substrate with an ex-
Fig. 2. XPS spectra of (a) Fe 2p, (b) Ni 2p, (c) Co 2p, (d) Mn 2

113
osed working area of 0.5 cm− 1 × 0.5 cm− 1 . The coated substrate was

llowed to dry overnight at room temperature, resulting in a catalyst

oading of approximately 20 mg cm− 2 . 

.3. Material characterizations 

The morphologies of the prepared catalysts were examined us-

ng transmission electron microscopy (TEM, JEM-2100F), and energy-

ispersive X-ray spectroscopy (EDS) was used to analyze the elemental

istribution. The phase composition and crystallinity of the catalysts

ere characterized by powder X-ray diffraction (XRD, Bruker D8) us-

ng Cu K 𝛼 radiation. X-ray photoelectron spectroscopy (XPS, Thermo

SCALAB 250XI) was used to investigate the chemical states of the ele-

ents on the surface of the catalysts. 
p, (e) V 2p, and (f) O 1s of the (FeCoNiMnV)x O catalyst. 
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.4. Electrochemical measurements 

Electrochemical characterization of the catalysts was conducted us-

ng a CHENHUA electrochemical workstation and an Autolab PGSTAT

02 N electrochemical analyzer with a typical three-electrode system

n 1 M KOH. The NF coated with catalyst (0.5 cm × 0.5 cm) was

sed as the working electrode, Ag/AgCl (saturated KCl) as the ref-

rence electrode, and Pt foil as the counter electrode. All potential

easurements (vs. Ag/AgCl) were converted to the reversible hydro-

en electrode (RHE) reference scale based on the Nernst equation

 ERHE = Emeasured + E0 
Ag/AgCl + 0.0591 × pH, E0 

Ag/AgCl = 0.197 V at

5 °C and pH = 14). The catalyst was activated through 20 cycles of

yclic voltammetry (CV) scans ranging from 0 to 0.8 V (vs. Ag/AgCl)

t a scan rate of 50 mV s− 1 . Subsequently, linear sweep voltammetry

LSV) was carried out in the same voltage range but at a lower scan rate

f 1 mV s− 1 . 
ig. 3. Characterizations for assessing the catalytic performance of the OER. (a) LSV c

lots, (d) Nyquist plots, and (e) linear fitting of Cdl of (FeCoNiMnV)x O, (FeCoNiMnV)x O

urve at a current density of 1000 mA cm− 2 in 1 M KOH without iR correction. 

114
The Tafel slope, a parameter that characterizes the reaction kinetics

f catalysts, was determined by analyzing the linear region of the LSV

olarization curve. The Tafel equation, 𝜂 = a × log j + b, where 𝜂 rep-

esents the overpotential, a denotes the Tafel slope, and j represents the

urrent density, was used for this analysis. Electrochemical impedance

pectroscopy (EIS) was used to investigate the reaction kinetics of the

atalysts. EIS measurements were conducted in a frequency range from

.01 Hz to 100 kHz, with an amplitude of 5 mV and an overpotential

f 300 mV [28] . The electrochemically active surface area (ECSA) and

ouble-layer capacitance ( Cdl ) were obtained by analyzing the CV scans

n the non-Faradaic region at scan rates ranging from 10 to 100 mV
− 1 [ 29 , 30 ]. Chronopotentiometric measurements were performed at a

xed current density of 1000 mA cm− 2 to assess the stability of the cat-

lyst. During the electrochemical data analysis, an 85% iR correction

as applied without additional notes. Here, " R " represents the solution

esistance ( Rs ) mentioned in the impedance data. 
urves, (b) overpotential at the current density of 10 and 100 mA cm− 2 , (c) Tafel 

-200, and (FeCoNiMnV)x O-240 catalysts in 1 M KOH, (f) chronopotentiometric 
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. Results and discussion 

.1. Characterization of synthesized pre-catalysts 

(FeCoNiMnV)x O catalysts were synthesized via a low-temperature

il-phase method, as shown in Fig. 1 (a). Oleylamine was used as the

olvent, glucose was used as the reducing agent, and different metallic

alts were used as precursors. The black colloidal particles were col-

ected after heating at 200, 220, or 240 °C for 2 h under magnetic stir-

ing. The morphology, crystal structure, and elemental distribution of

he (FeCoNiMnV)x O catalyst were analyzed. The XRD pattern of the

FeCoNiMnV)x O catalyst is presented in Fig. S1. The peaks at 30.3°,

5.7°, 43.4°, 57.4°, and 63.0° correspond to the (2 2 0), (3 1 1), (4

 0), (5 1 1), and (4 4 0) planes of NiFe2 O4 (PDF#74–2081), respec-

ively [ 31 , 32 ]. TEM and high-resolution TEM (HRTEM) images of the

FeCoNiMnV)x O catalyst are shown in Figs. 1 (b)(c), respectively. The

nterplanar distances are 0.251 and 0.286 nm, corresponding to the (3

 1) and (4 0 0) planes of the NiFe2 O4 phase, respectively ( Figs. 1 (e)–

g)) [31] . Furthermore, the selected area electron diffraction (SAED)

attern of the (FeCoNiMnV)x O catalyst ( Fig. 1 (d)) fits well with the (4

 0), (3 1 1), and (2 2 0) planes of NiFe2 O4 . Moreover, the TEM-EDS

lemental mapping images ( Fig. 1 (h)) and EDS spectra (Fig. S2) of the

FeCoNiMnV)x O catalyst confirmed the uniform dispersion of Fe, Ni, Co,

n, and V. 

XPS was conducted to analyze the valence states of the elements in

he (FeCoNiMnV)x O catalyst. The high-resolution XPS spectra obtained

re shown in Fig. 2 . The Fe 2p spectrum ( Fig. 2 (a)) reveals two promi-

ent peaks at 710.8 and 723.9 eV, corresponding to Fe3 + 2p3/2 and Fe3 + 

p1/2 , respectively [ 33 , 34 ]. The Ni 2p spectrum ( Fig. 2 (b)) displays two

rominent peaks at 855.6 and 872.9 eV, assigned to Ni2+ 2p3/2 and Ni2 + 

p1/2 , respectively [ 9 , 25,35 ]. The Co 2p spectrum ( Fig. 2 (c)) exhibits

wo peaks at 781.5 and 796.5 eV, assigned to Co2 + 2p3/2 and Co2 + 2p1/2 ,
 f  

ig. 4. (a) ECSA value and CV curves of the (b) (FeCoNiMnV)x O, (c) (FeCoNiMnV)x 

0, 70, 80, 90, and 100 mV s− 1 in the non-faradaic region. 
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espectively [ 36 , 37 ]. The Mn 2p spectrum ( Fig. 2 (d)) exhibits two char-

cteristic peaks at 641.8 and 653.0 eV, corresponding to Mn3 + 2p3/2 and

n3 + 2p1/2 , respectively [ 38 , 39 ]. The V 2p spectrum ( Fig. 2 (e)) displays

wo peaks at 517.3 and 524.7 eV, representing V5 + 2p3/2 and V5 + 2p1/2 ,

espectively [ 40 , 41 ]. The O 1s spectrum ( Fig. 2 (f)) exhibits three peaks

t 530.5, 532.5, and 535.7 eV, assigned to O–M, O–H, and adsorbed wa-

er (H2 O), respectively [42] . The XPS results provide insights into the

alence states of the elements in the (FeCoNiMnV)x O catalyst. In addi-

ion, we re-recorded the XPS spectra of the catalysts after 20 CV cycles

Fig. S3). The valence states of the metals did not change significantly,

ndicating the good stability of the (FeCoNiMnV)x O catalyst. 

.2. Electrocatalytic performance for OER 

The electrocatalytic performance of the (FeCoNiMnV)x O catalyst for

he OER was assessed using a conventional three-electrode system in an

lkaline environment (1 M KOH). Before the electrocatalytic evaluation,

he catalyst underwent 20 CV cycles for electrochemical pre-activation.

he (FeCoNiMnV)x O-200 and (FeCoNiMnV)x O-240 catalysts were com-

ared under identical experimental conditions. 

Among the three (FeCoNiMnV)x O catalysts synthesized at differ-

nt reaction temperatures, the (FeCoNiMnV)x O-220 catalyst exhibits

he lowest overpotential (approximately 264 mV) to achieve a cur-

ent density of 10 mA cm− 2 ( Fig. 3 (a)). The overpotentials of the

FeCoNiMnV)x O, (FeCoNiMnV)x O-200, and (FeCoNiMnV)x O-240 cat-

lysts at the current density of 10 and 100 mA cm− 2 are illus-

rated in Fig. 3 (b). The OER activity of the catalysts synthesized in

his study was compared with those of other reported OER cata-

ysts, as shown in Table S1, confirming the remarkable OER activ-

ty of the (FeCoNiMnV)x O catalysts. The corresponding Tafel plots

ere tested ( Fig. 3 (c)), where a smaller Tafel slope indicates a

aster reaction rate, explaining the OER kinetics. The Tafel slopes
O-200, and (d) (FeCoNiMnV)x -240 catalysts at scan rates of 10, 20, 30, 40, 50, 
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or the (FeCoNiMnV)x O, (FeCoNiMnV)x O-200, and (FeCoNiMnV)x O-

40 catalysts are 37, 49, and 62 mV dec− 1 , respectively. These re-

ults indicate that the (FeCoNiMnV)x O catalyst exhibits better OER

erformance. 

EIS was conducted at a constant overpotential of 300 mV to inves-

igate the electrode kinetics during the OER. As shown in Fig. 3 (d),

he Nyquist plots in the high-frequency range exhibit standard semi-

ircles, the diameters of which are determined by the charge-transfer

esistance ( Rct ). The (FeCoNiMnV)x O catalyst demonstrates an Rct of

pproximately 5.99 Ω, significantly smaller than the (FeCoNiMnV)x O-

00 (approximately 10.47 Ω) and (FeCoNiMnV)x O-240 (approximately

5.30 Ω) catalysts. This observation indicates a rapid charge-transfer

ate in the (FeCoNiMnV)x O catalyst [ 42–44 ]. Furthermore, the inter-

ection of the curve with the abscissa indicates that Rs is approximately

.00 Ω, which can be used for the i R correction. Electrochemical stability

s a critical aspect for assessing the catalyst performance during the OER.

 long-term stability test was conducted for 50 h at a constant current

ensity of 1000 mA cm− 2 ( Fig. 3 (f)), revealing no significant increase

n voltage, thus indicating the excellent stability of the (FeCoNiMnV)x O

atalyst for the OER. 

To gain insight into the intrinsic OER activity, we evaluated the ECSA

f the synthesized catalysts, as shown in Fig. 3 (e). The (FeCoNiMnV)x O

atalyst exhibits a considerable Cdl value of 6.65 mF cm− 2 compared

ith the (FeCoNiMnV)x O-200 (1.05 mF cm− 2 ) and (FeCoNiMnV)x O-240

1.85 mF cm− 2 ) catalysts. The CV curves of the as-prepared catalysts at

can rates of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV s− 1 in the

on-faradaic region are shown in Figs. 4 (b)–(d). The ECSA values were

66.25, 26.25, and 46.25 for the (FeCoNiMnV)x O, (FeCoNiMnV)x O-

00, and (FeCoNiMnV)x O-240 catalysts, respectively ( Fig. 4 (a)). The

igher ECSA observed for the (FeCoNiMnV)x O catalyst indicates a larger

xposed active surface area, contributing to the enhancement of the OER

erformance [ 39,45 ]. 

. Conclusion 

A low-temperature oil-phase method was used to fabricate high-

ntropy oxide [(FeCoNiMnV)x O] catalysts. The (FeCoNiMnV)x O-220

atalyst exhibits the highest OER activity, attributed to the abundant

xposed active sites and high conductivity. The (FeCoNiMnV)x O cat-

lyst displayed a low overpotential of 264 mV at 10 mA cm− 2 , small

afel slope of 37 mV dec− 1 , and long-term stability of 50 h, comparable

o other reported OER catalysts. 
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