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� Partially crystallized nickel-iron

oxyhydroxides are synthesized by

a facile sol-gel method.

� The overpotential of NiFe0.5(OH)x is

only 265 mV at 10 mA cm�2.

� NiFe0.5(OH)x exhibits a low OER

energy barrier of 31.5 kJ mol�1.

� Synergy between Ni and Fe sites

promotes charge transfer for the

OER.
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The slow oxygen evolution reaction (OER) kinetics influences hydrogen production effi-

ciency from water splitting. To break through the bottleneck of water splitting, it is urgent

to develop efficient and economic electrocatalysts. Although NiFe-based catalysts exhibit

outstanding OER activity, the complicated preparation process limits their large-scale

synthesis and applications. Here, partially crystallized nickel-iron oxyhydroxides are

synthesized by a facile sol-gel method. When the Fe/Ni mole ratio is 0.5:1, the NiFe0.5(OH)x
catalyst shows superior OER performance with a low OER overpotential of 265 mV and good

durability. Kinetic studies show that the energy barrier of NiFe0.5(OH)x is only 31.5 kJ mol�1,

much smaller than those of Ni(OH)x (41.0 kJ mol�1) and Fe(OH)x (44.8 kJ mol�1). The syn-

ergistic action between Ni and Fe sites not only facilitates mass and charge transfer, but

also promotes the formation of *OOH intermediate for the OER.
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Introduction

The increasing shortage of fossil energy and environmental

problems force people to look for renewable and pollution-

free energy. Hydrogen, as a clean and efficient energy that

only generates water after burning, is expected to replace

fossil fuels in the future [1e4]. As one of the most promising

and effective H2 production technologies, electrochemical

water splitting has been widely concerned, which includes

hydrogen evolution reaction (HER) and oxygen evolution re-

action (OER). The productivity of electrochemical water split-

ting is limited by the OER because it is a slow four-proton

coupled electron-transfer process [5e9]. At present, the best

OER catalysts in industry are iridium oxide and ruthenium

oxide, but the scarcity and high-cost restrain their wide

commercial application [10,11]. To enhance the capacity of
Fig. 1 e (a) Synthetic illustration of NiFen(OH)x. (b) XRD patterns

NiFe0.5(OH)x. Inset: pore-size distributions. TEM (d) and HRTEM
electrochemical water splitting, it is essential to design effi-

cient and economical catalysts with abundant storage.

As substitutes for precious metal catalysts, transition

metal materials are abundant on earth, which include tran-

sition metal oxides, hydroxides, nitrides, phosphates, sulfides

and selenides [12e19]. In recent years, transition metal cata-

lysts have made good progress in catalyzing OER, especially

transition metal hydroxides, which have been widely studied

due to their intrinsic catalytic activity. However, high over-

potential is still needed to drive the OER. Nickel-based cata-

lysts have high catalytic activity in theory, but they still

cannot meet the commercial needs. By introducing other

metal elements into nickel-based catalysts, the interaction

between different metals can regulate the microenvironment

of the active site and improve the performance of catalysts

[20], for instance, Cr, Mn, Fe, Co, Cu, Mo and Ce have been

introduced to enhance the OER performance [21e28].
of NiFe0.5(OH)x. (c) N2 adsorptionedesorption isotherms of

image (e) of NiFe0.5(OH)x.

https://doi.org/10.1016/j.ijhydene.2022.11.118
https://doi.org/10.1016/j.ijhydene.2022.11.118


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 5 7 7 4e5 7 8 25776
Introducing Fe into nickel based catalysts is a very effective

regulation strategy. Theoretical calculations showed that Fe

can induce electron transfer from Fe to Ni in NieFe based

catalysts [29,30]. In addition, Fe as a synergistic element not

only induced the local directional transfer of electrons, but

also increased the charge carrier density and conductivity of

NiFe-hydroxyl oxides [31]. Zou et al. used DFT calculations to

reveal that Fe can act as the active site in NiFe hydroxides for

the OER [32]. Therefore, the development of NiFe-based cata-

lysts is very promising.

Compared with single-metal nickel or iron catalysts,

bimetallic nickel-iron hydroxides exhibit superior OER per-

formance owing to the synergistic interaction between the

two metals. Feng et al. synthesized Ni2Fe-SDS-LDH/CFP cata-

lyst by hydrothermal method, which demonstrated an over-

potential (h10) of 289 mV at 10 mA cm�2 for OER [33]. Lou et al.

designed a self-template strategy to prepare NieFe layered

hydroxide hollow nanoprisms assembled by ultrathin nano-

sheets, which showed good OER activity (h10 ¼ 280 mV) [34].
Fig. 2 e (a) SEM image of NiFe0.5
Studies have shown that the surface topography and amor-

phous structure of catalysts have a great influence on the OER

activity, which can be improved by exposing more active sites

[35]. Compared with crystalline solids, amorphous materials

have disordered atomic combinations, metastable structures

and a large number of defect structures [36]. Ding et al. syn-

thesized amorphous NieFe dihydroxide with oxygen vacancy

using Cu2O as the template, which showed an h10 of 310 mV

[37]. However, the electrical resistance of amorphous oxy-

hydroxides is much higher than the corresponding crystalline

oxides, resulting in larger charge transfer in the former, which

is unfavorable at high current densities [38]. To enhance the

charge transfer while maintain the catalytic activity, partial

crystallization of amorphous oxyhydroxides is an efficient

method.

NiFe oxyhydroxides were usually synthesized by hydro-

thermal method or template method, which are relatively

complicated, leading to high production costs [39e42]. Here,

we report a liable sol-gel method for the preparation of NiFe
(OH)x. (bef) EDS mappings.
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Fig. 3 e (a) XPS survey spectrum, and (bed) XPS spectra of Fe 2p (b), Ni 2p (c), and O 1s (d) for the NiFe0.5(OH)x.

Fig. 4 e LSV curves (a) and Tafel slopes (b) in 1 M KOH. (c) Comparison of the performance of NiFe-based. (d) Arrhenius plots.

(e) Capacitive Dj vs scan rate. (f) EIS plots in 1 M KOH.
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Table 1 e OER performance on NiFe-based catalysts in
1.0 M KOH.

Catalyst Overpotential
(V vs. RHE)

Tafel slope Ref.

NiFe0.5(OH)x 265 93 This work

Ni9Fe1-BDC-0.15CB 290 76.1 [52]

Fe0.5Ni0.5Pc-CP 317 116 [49]

Ni/FeeCOF@CNT-900 314 56.4 [50]

NieFe2O3 277 68 [55]

FeNi@Gr-900 280 70 [54]

NiFe-LDH@RGO 313 35.1 [51]

Ni2Fe-SDS-LDH/CFP 289 39 [33]

NiFe-LDH-HMS 290 51 [53]

NieFe LDH 280 49.4 [34]

Ni3Fe1Ox@C-800 264 68 [48]

Ni32Fe oxide 291 58 [56]

FN LDH/FNF-60 261 85.5 [57]

NiFe-LDH/CNT@GNR 261 78 [58]

FeNi LDH/MOF 272 34.1 [59]

Ni70Fe30(H) 292 30.4 [60]
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oxyhydroxides with amorphous and partially crystallized

structures. When Fe/Ni mole ratio is 0.5:1, the h10 of NiFe0.5(-

OH)x is only 265 mV, lower than that on iridium oxide. Ac-

cording to the kinetic study, the energy barrier of NiFe0.5(OH)x
is 31.5 kJ mol�1, significantly lower than that of Ni(OH)x
(41 kJ mol�1) and Fe(OH)x (44.8 kJ mol�1) for the OER. Thus, the

active site of NiFe0.5(OH)x might to be NieOeFe species.
Results and discussion

Gelatinous NieFe oxyhydroxides (NiFen(OH)x, n ¼ 0.2, 0.4, 0.5,

0.6, 0.8) were prepared by a sol-gel strategy and dried at 40 �C
as illustrated in Fig. 1a. The XRD pattern of NiFe0.5(OH)x dis-

plays significant peaks around 11.2, 22.8, 34.4, 39.1, 46.4�

(Fig. 1b), which are attributed to the bimetal NiFe oxy-

hydroxide, but these diffraction peaks are weak, indicating

low crystallinity. Compared with Ni(OH)2, these diffraction

peaks are offset, demonstrating the fixation of Fe ions in the

Ni(OH)2 lattice. The BET specific surface area of NiFe0.5(OH)x is

104.1 m2 g�1, and pore size is mainly concentrated at about
Fig. 5 e (a) Multi-current curves of NiFe0.5(OH)x in 1 M KOH. (b)

Chronoamperometric curve) in 1 M KOH.
6 nm, suggesting that NiFe0.5(OH)x is porous (Fig. 1c). From

TEM image (Fig. 1d) and SEM image (Fig. S1), an irregular block

structure for the NiFe0.5(OH)x is typically observed. From

HRTEM (Fig. 1e), some lattice fringes can be observed, again

proving that the synthesized gelatinous NiFe0.5(OH)x is

partially crystallized. From the element mapping (Fig. 2), Ni

and Fe elements were uniformly scattered in the NiFe0.5(OH)x.

XPS was employed to study the surface species and metal

valence state of the synthesized NiFe0.5(OH)x [43,44]. The

presence of Ni, Fe, O and Cl elements can be clearly observed

(Fig. 3a). The Fe 2p peak consists of four peaks: Fe 2p3/2

(713.6 eV), Fe 2p1/2 (724.7 eV) and two satellite peaks (Fig. 3b).

The peaks at 710.9 and 713.1 eV are due to Fe2þ 2p3/2 and Fe3þ

2p3/2, respectively [45]. According to the peak area, the Fe3þ/
Fe2þ molar ratio on the surface of the catalyst is about 1.3/1. In

the Ni 2p spectrum of NiFe0.5(OH)x (Fig. 3c), the two major

peaks belong to the Ni2þ 2p3/2 (856.0 eV) and Ni2þ 2p1/2

(873.6 eV) orbits [46]. The O 1s XPS spectrum in Fig. 3d can be

divided into lattice oxygen (Fe/NieO) (529.8 eV), defect oxygen

(531.4 eV) and surface absorbed OH (532.5 eV) [47,48].

The OER electrocatalytic performance of NiFe0.5(OH)x,

Ni(OH)x, Fe(OH)x and IrO2 is assessed in 1 M KOH. The

NiFe0.5(OH)x catalyst shows excellent OER catalytic perfor-

mance, on which the initial overpotential is only 150 mV, and

the h10 is as low as 265 mV, lower than Ni(OH)x (h10 ¼ 389 mV),

Fe(OH)x (h10 ¼ 430 mV) and IrO2 (h10 ¼ 272 mV) (Fig. 4a). The

impact of Fe/Ni molar ratio for OER performance was

researched. The h10 first decreases and then increases with the

increase of Fe/Nimole ratio, and reaches theminimumvalue at

Fe/Ni ¼ 0.5:1 (Fig. S2a). The Tafel slope of NiFe0.5(OH)x is 93 mV

dec�1 (Fig. 4b, S2b), lower than Ni(OH)x (96 mV dec�1) and

Fe(OH)x (132mVdec�1), and also lower than those ofNiFen(OH)x
samples with other Fe/Ni mole ratios. The above results show

that mono-metal Fe or Ni catalysts have worse OER perfor-

mance than NiFe-based catalysts, indicating that the interac-

tion between Fe and Ni significantly affects the catalytic

activity. Fig. 4c and Table 1 show the overpotential and Tafel

slopes of NiFe-based catalysts, showing that the h10 over the

NiFe0.5(OH)x is smaller than those over most catalysts, e.g.

Fe0.5Ni0.5Pc-CP (317mV) [49], Ni/FeeCOF@CNT900 (314mV) [50],

NiFe-LDH@RGO (313mV) [51], Ni9Fe1-BDC-0.15CB (290mV) [52],
LSV curves of the fresh and used NiFe0.5(OH)x (Inset:
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Fig. 6 e (a) XPS survey spectrum, and (bed) XPS spectra of Fe 2p (b), Ni 2p (c), and O 1s (d) of the NiFe0.5(OH)x after the OER.
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NiFe-LDH-HMS (290mV) [53], Ni2Fe-SDS-LDH/CFP (289mV) [33],

FeNi@Gr-900 (280 mV) [54], and NieFe2O3 nanoclews (277 mV)

[55]. It proves that our synthesis method for NieFe oxy-

hydroxides is very efficient.

Fig. S3 shows the redox peaks of NiFe0.5(OH)x, Ni(OH)x and

Fe(OH)x catalysts. Ni(OH)x and Fe(OH)x have weak redox

peaks, while NiFe0.5(OH)x has a strong redox peak owing to the

synergistic mechanism between Ni and Fe during OER. To

study the kinetic energy barrier of the catalysts, we study the

electrocatalytic activity at different temperatures (Fig. S4).

With the increase of temperature, the OER activity increases,

indicating that temperature is related to chemical rate con-

stant. According to the Arrhenius formula: vðlog _ikÞ
vð t

TÞ
�
�
�
�
h

¼ DH*

2:303R, ik

is the dynamic current when the overpotential is 300 mV, T is

Kelvin temperature, and R is 8.314 J/(mol$K) [61,62]. The ki-

netic barrier of NiFe0.5(OH)x is computed to be 31.5 kJ mol�1,

lower than that of Ni(OH)x (41.0 kJ mol�1) and Fe(OH)x
(44.8 kJ mol�1) (Fig. 4d). It can be inferred that the introduction

of Fe ions to the Ni-based oxyhydroxide effectively regulates

the local electronic structure around active Ni sites, and the

formation of hydroxyl group enhances the adsorption capac-

ity of the intermediates in the OER process. The most active

structure in OER process is the structure in which Fe and Ni

are in close contact [63].
The effective active site of electrocatalytic reaction can be

evaluated by ECSA and Cdl, as displayed in Fig. 4e and Figs.

S5eS7. NiFe0.5(OH)x shows higher Cdl (0.803 mF cm�2) than

Ni(OH)x and Fe(OH)x, indicating good synergistic effect be-

tween Ni and Fe in the NiFe0.5(OH)x. The ECSA of NiFe0.5(OH)x
is 20 cm2, that is bigger than the single metal Ni(OH)x (17 cm2)

and Fe(OH)x (8 cm2), indicating that NiFe0.5(OH)x possesses

more OER active sites. In addition, the specific activity of

NiFe0.5(OH)x is far larger thanNi(OH)x and Fe(OH)x (Fig. S8) [64].

The charge transfer capability can be evaluated by charge

transfer resistance (Rct) [65]. According to the Nyquist plots

(Fig. 4f), the Rct values of NiFe0.5(OH)x, Ni(OH)x and Fe(OH)x are

10, 30 and 37 U cm�2, respectively, indicating that the

NiFe0.5(OH)x catalyst is more favorable for charge transfer in

the OER process. In addition, by comparing Rct with different

Fe/Ni molar ratios (Fig. S9), the Rct value of NiFe0.5(OH)x was

the smallest. When the overpotential is 350 mV, the turnover

frequency (TOFNi þ Fe) of NiFe0.5(OH)x is 0.027 s�1, far larger

than Ni(OH)x (0.0029 s�1) and Fe(OH)x (0.00044 s�1), indicating

that the NiFe0.5(OH)x catalyst has higher intrinsic activity

(Fig. S10) [66,67].

The stability is an important indicator for evaluating cata-

lytic performance. The stability of NiFe0.5(OH)x is evaluated by

multi-step chronopotentiometric measurement (Fig. 5a). The

potential can reach a stable state immediately at different

https://doi.org/10.1016/j.ijhydene.2022.11.118
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current densities. The stability of NiFe0.5(OH)x is further eval-

uated at 100mA cm�2, demonstrating that the catalytic activity

can be held for more than 12 h without significant change in

the catalytic activity after chronoamperometric measurement

(Fig. 5b). These results indicate that NiFe0.5(OH)x has goodmass

transfer ability and outstanding durability.

XPS was performed to reveal the composition and metal

valence states on the surface of NiFe0.5(OH)x catalyst after OER

stability test (Fig. 6). Ni and Fe elements are detected on the

catalyst surface. Partial Fe2þ ions on the surface were oxidized

to Fe3þ, and the relative content of Fe3þ/Fe2þ increased to 1.4/

1, suggesting that Fe3þ in high valence state plays a key role in

OER process. In addition, the change of relative content of

oxygen species after OER test is compared to that before OER

test, indicating that surface oxygen species are involved in the

reaction. Fig. S11 shows the XRD patterns of NiFe0.5(OH)x after

the stability test. The results show that the peak of NiFe0.5(-

OH)x after OER is weaker than fresh NiFe0.5(OH)x due to amass

of water molecules adsorbed on the catalyst surface [68].
Conclusions

We developed a simple sol-gel method to prepare partially

crystallized nickel-iron oxyhydroxides with good OER cata-

lytic activity, The h10 on NiFe0.5(OH)x is only 265 mV, which is

much lower than most NiFe-based catalysts reported previ-

ously. The kinetic studies showed that NieFe oxyhydroxides

have lower OER barrier than single-metal Fe/Ni hydroxyl ox-

ides, demonstrating that the interaction between Ni and Fe

accelerates electron transfer and promotes water oxidation.
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