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ABSTRACT: The construction of efficient oxygen evolution reaction (OER)
electrocatalysts is significant in enhancing the efficiency of electrocatalytic
hydrogen production. Heterostructure amorphous—crystalline materials have
advantages with good conductivity and increased exposure to active sites. They
have also been developed as prospective OER catalysts in an alkaline medium.
This study synthesized an amorphous—crystalline composite heterostructure @
catalyst, NiCo,0,@a-NiFeO(OH), via a simple hydrothermal and impregnation
treatment. Structural characterizations indicated that the NiCo,0, scaffold exerts
a crucial function in determining the morphology of amorphous NiFeO(OH).
The catalyst demonstrated outstanding OER activity, requiring overpotentials of
only 219.6 mV and 260.8 mV at current densities of 10 mA cm™> and 100 mA »
cm™?, respectively. The enhanced OER performance is attributed to the w o u
synergistic electronic interactions within the heterostructure, combined with

increased surface hydroxylation, which identifies Ni species as the key active sites for the OER. This study underscores the potential
of heterostructure design in advancing electrocatalytic OER performance.
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1. INTRODUCTION

The prevailing reliance on fossil fuels as the principal energy
source poses a significant risk of impending energy crises and
environmental challenges, exacerbated by the growing global
population and increasing energy demands."” Hydrogen fuel
emerges as an ideal zero-emission alternative due to its
abundant sources and excellent calorific properties.”* Electro-
chemical water splitting is an efficient and environmentally
friendly way to produce high-purity hydrogen, capitalizing on
its ability to convert electrical energy into hydrogen and
oxygen gases via the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER).® However, both the HER
and the OER are impeded by slow mass and charge transfer

catalysts can efficiently decrease the energy barrier and the
overpotential needed for the reaction. As a result, they can
greatly accelerate the electrochemical processes on the
electrode surface and enhance the overall efficiency of the
water electrolysis reaction.'>"?

It is worth noting that the construction of composite

heterostructures through interfacial engineering has demon-
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strated significant potential in enhancing the physicochemical
properties of electrocatalytic materials.””~** The formation of

heterogencous interfaces generally gives rise to remarkable
synergistic effects and electronic interactions. These can
augment active site exposure and improve the catalysts’ overall
electrochemical performance.”** In addition, such heteroge-
neous structures can optimize the binding energy of adsorbed
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kinetics. Particularly, OER, as a four-electron transfer process,
encounters substantial energy barriers, thereby acting as a
critical bottleneck in the overall water electrolysis reaction.””
To tackle this challenge, the rational design of efficient and
stable OER catalysts is thus increasingly crucial in promoting
energy conversion technologies.'”

Nickel-based materials have garnered attention for their
superior OER electrocatalytic activity and stability in alkaline

environments, making them prominent candidates for alkaline Received:  May 22, 2025

water electrolysis.'' ™ Recently, nickel-based catalysts such as Revised:  August 18, 2025

NiMn, NiCo, and NiFe have shown significant promise in this Accepted:  August 22, 2025
Published: August 29, 2025

regard."*"* Specifically, nickel-based oxides and hydroxides
have been extensively investigated and utilized as OER
catalysts in alkaline media.'®"” These highly active electro-
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intermediates during water electrolysis, thereby lowering the
energy barriers associated with HER and OER.**® Recent
research has rapidly shifted focus toward composite materials
combining amorphous and crystalline phases to form
heterostructures.””** This combination combines the excellent
electrical conductivity of the crystalline phase and the
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structural disorder of the amorphous phase, potentially
including synergistic effects and enhancing catalytic perform-
ance.”™" For instance, Yang et al. developed crystalline
Nij70Feg 10V 20@amorphous NiFe hydroxide composite het-
erostructures. These heterostructures exhibited outstanding
OER performance, having an overpotential as low as 204 mV
when the current density is 10 mA cm™ (57, = 204 mV).*!
This high catalytic activity is attributed not only to the
inherent OER activity of the amorphous NiFe hydroxides but
also to the synergistic impacts between the core and shell
components, the high electronic conductivity of the core, and
the abundant catalytically active sites on the amorphous shell.
Similarly, Gong et al. reported the a/c-NiFe-G with an
amorphous—crystalline heterogeneous phase, which showed
enhanced OER performance with the 7, of merely 250 mV.**
The superior OER performance was attributed to the
unsaturated coordination configuration and abundant amor-
phous—crystalline interfaces.

Herein, an amorphous—crystalline composite heterostruc-
ture catalyst (NiCo,0,@a-NiFeO(OH)) was synthesized
through a straightforward hydrothermal and impregnation
treatment. This catalyst showed remarkable OER activity, with
overpotentials of merely 219.6 mV and 260.8 mV at current
densities of 10 mA cm™> and 100 mA c¢m ™2, respectively. The
NiCo,0, scaffold was found to influence the morphology of
amorphous NiFeO(OH), as revealed by various character-
izations. The synergistic and electronic interactions within the
heterostructure, coupled with enhanced hydroxylation of the
sample surface, collectively enhance the OER performance, as
evidenced by X-ray Photoelectron Spectroscopy (XPS)
characterization of Ni species, which are identified as the
primary active sites.

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. Nickel chloride hexahydrate
(NiCl,-6H,0, 98.0%), cobalt chloride hexahydrate (CoCl,-6H,0,
99.0%), manganese chloride hexahydrate (MnCl,-6H,0, 99.0%), and
ferric chloride hexahydrate (FeCly-6H,0, 99.0%) were purchased
from Sinopharm Chemical Reagent Co. Potassium hydroxide (KOH,
85.0%) was purchased from Shanghai Lingfeng Chemical Reagent Co.
Ethanol (C,H,OH, 99.7%) and urea (CH,N,O, 99.5%) were
purchased from Shanghai Titan Technology Co. All chemicals were
used without further purification, and the Millipore system purified all
water used for synthesis and analysis to >18.2 MQ cm. Nickel foam
(NF, thickness: 1.6 mm, bulk density: 0.23 g cm™*) was purchased
from Heze Tianyu Technology Development Co.

2.2. Catalyst Preparation. Synthesis of a Ni—Co-based
precursor. All chemicals used in the experiments were of analytical
grade and were not further purified. The prepared NiCo,0, was
grown on nickel foam (NF) substrates, which must be pretreated
before synthesis. The NF was cut into a 2 X 4 cm? size, placed in
acetone, and sonicated for 15 min to remove the surface oil.
Subsequently, the acetone-treated NF was washed with anhydrous
ethanol by placing the NF in anhydrous ethanol and ultrasonicated for
15 min, and then the above NF was transferred to a 3 M HCl solution
and ultrasonicated for 15 min to remove the surface oxide layer.
Finally, the NF was washed with anhydrous ethanol until the cleaning
solution was clarified and free of green color; a single wash may not be
able to clean the NF, and it can be cleaned several times until the
cleaning solution is clarified. NiCo,O, was prepared as follows: first, 5
mmol of NiCl,-6H,0, 2.5 mmol of CoCl,-6H,0, and 9 mmol of urea
were dispersed uniformly in 32 mL of deionized water and stirred for
30 min until a clarified solution was formed, and then the solution was
stirred for 30 min. The solution was stirred for 30 min until a clarified
solution was formed, which was pink in color. Next, the above
solution was transferred to a PTFE-lined stainless steel hydrothermal

kettle with a capacity of 100 mL, and the pretreated NF was placed
vertically into the kettle. Subsequently, the sample was held at 130 °C
for 6 h. After it was naturally cooled to room temperature, the NF
grown with Ni—Co hydrothermally was removed and washed several
times with deionized water and anhydrous ethanol to remove
impurities. It was then transferred to a vacuum-drying oven for
overnight drying. Finally, the dried samples were placed in a muffle
furnace and held at 350 °C for 2 h. The NiCo,O, loaded on the NF
was obtained after natural cooling.

Synthesis of NiCo,0,@a-NiFeO(OH): FeCl;-6H,0 and NiCl,:
6H,0 were mixed in a ratio of 1:1 to form a mixed solution with a
concentration of 50 mM and a total volume of 20 mL. Subsequently,
the previously prepared NF loaded with NiCo,O, was placed into this
NiFe mixture for impregnation, and the impregnation time was 10
min. After that, the impregnated NF loaded with NiCo,0, was left to
dry naturally on a porcelain ark. After the sample was dried, it was
repeatedly washed with deionized water and anhydrous ethanol to
remove the residual Ni and Fe ions. Subsequently, the sample was
placed in a vacuum drying oven at 60 °C for drying to obtain the
target sample NiCo,0,@a-NiFeO(OH).

Synthesis of NiCo,0,@a-NiCoO(OH): NiCo,0,@a-NiCoO-
(OH) was prepared in the same steps as NiCo,0,@a-NiFeO(OH),
with the difference that FeCl;-6H,O in the impregnating solution
needed to be replaced with CoCl,-6H,0.

Synthesis of NiCo,0,@a-NiMnO(OH): NiCo,0,@a-NiMnO-
(OH) was prepared in the same steps as NiCo,0,@a-NiFeO(OH),
with the difference that FeCl;-6H,O in the impregnating solution
needed to be replaced with MnCl,-6H,0.

Synthesis of NiFe-NF, NiCo-NF, and NiMn-NF: The NiFe-NF,
NiCo-NF, and NiMn-NF preparation steps are the same as those for
NiCo,0,@-NiFeO(OH), with the difference being that the NiCo,0,-
loaded NF is replaced with a blank NF, and the blank NF is immersed
in an impregnation solution containing the corresponding metal ions.

2.3. Materials Characterizations. The corresponding crystal
structure was characterized by X-ray diffraction (XRD) (D/max2550
V), and scanning transmission electron microscopy (STEM) and
transmission electron microscopy (TEM) characterizations were
performed using a ThermoFisher Talos F200X. HAADF-STEM
images were recorded using a convergence semiangle of 11 mrad and
inner and outer collection angles of 59 and 200 mrad, respectively.
Energy-dispersive spectrometry (EDS) was performed using four in-
column Super-X detectors. The chemical states of the elements were
examined by XPS (Kratos Axis Ultra DLD). The molecular structure
of the material was examined by Fourier transform infrared
spectroscopy (FTIR, Nicolet iS10).

2.4. Electrochemical Evaluation on NiCo,0,@a-NiFeO(OH),
NiCo,0,@a-NiCoO(OH), and NiCo,0,@a-NiMnO(OH). All elec-
trochemical studies were carried out on an electrochemical bench
(CHI 760E) in a three-electrode chamber with catalyst-decorated NF
as the working electrode, a Ag/AgCl/3.5 M KCI electrode as the
reference electrode, and a platinum mesh as the counter electrode.
The Ag/AgCl/3.5 M KCI reference electrode was calibrated
according to the reversible hydrogen electrode (RHE). The same
Pt mesh was used for both the working and counter electrodes, while
the Ag/AgCl (3.5 M KCl) electrode to be calibrated was selected for
the reference electrode, and the electrolyte used during calibration
was a 1.0 M KOH solution with a conventional type of electrolytic
cell. During the calibration process, hydrogen was first passed into the
electrolytic cell consisting of the above materials until saturation, and
then several cyclic voltammetry (CV) tests were performed at a scan
rate of 1 mV s™". After the CV curve was stabilized, the two potential
values at the point where the current passed through zero were
recorded, and the average value was determined as the thermody-
namic potential of this reference electrode concerning the RHE. High-
purity oxygen (99.999%) was continuously passed into the electrolyte
for 30 min before electrochemical testing to ensure that the dissolved
oxygen concentration was saturated. The electrolyzer used for the test
was a conventional H-type cell, and the test environment was a 1 M
KOH electrolyte. The OER performance of the prepared electrodes
was evaluated by testing the voltammetric polarization curves (LSV)
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Figure 1. Schematic illustration of the synthetic approach for the NiCo,0,@a-NiMO(OH) (M = Fe, Co, Mn) heterogeneous structure on Ni

foam.

Figure 2. SEM images of (a,b) NiCo,0,@a-NiFeO(OH), (c,d) NiCo,0,@a-NiCoO(OH), and (e,f) NiCo,0,@a-NiMnO(OH) heterogeneous

structures on Ni foam at different magnifications.

and CV of the materials in the potential interval of 0.8—0 V (vs Ag/
AgCl), at a scan rate of S mV s~ During the data processing, in order
to provide effective iR compensation and avoid excessive
compensation, the LSVs of both the sample and the comparison
samples were treated with 85% iR compensation. Electrochemical
Impedance Spectroscopy (EIS) measurements were performed at a
fixed overpotential (7 = 0.45 V vs Ag/AgCl), corresponding to the
potential required for NiCo,0,@a-NiFeO(OH) to achieve a current
density of 10 mA cm ™. This identical potential was applied to all
samples. The frequency range was set at 1 X 10° to 0.01 Hz, and the
AC amplitude was set at S mV. The stability test was performed using
the chronopotentiometric method to evaluate the performance of the
NiCo0,0,@a-NiFeO(OH) electrode at a constant current density of
100 mA cm™. To obtain the Faraday efficiency of oxygen (FEo,),
chronopotential measurements were carried out on NiCo,0,@
NiFeO(OH) samples at a constant current of 0.25 A for 1397 s.
‘We obtained 20 mL of gas, taking the volume of 1 mol of the ideal gas
to be 22.4 L. The FE,, was calculated by the following equation:

Miseory = e = 22X 97 = 0,000905 mol, 7,y = 22 = 0.000893 mol,
4XF 4 X 96485 224
FEq, = =5l x 100% = 98.67%. The electrochemical active surface

ftheory

area (ECSA) of NiCo,0,@a-NiFeO(OH) and its contrasting samples
was obtained based on the bilayer capacitance method, and its value
was calculated by the equation ECSA = Cy/C,. In the formula, the
specific capacitance (C,) is a constant 0.040 mF cm™ and the
electrochemical double-layer capacitance (Cy) value was obtained
from the CV curves at different sweep speeds, setting sweep speeds of
1,3,5 7, and 9 mV s for the CV test.

3. RESULTS AND DISCUSSION

Well-crystallized NiCo,0, composite amorphous NiFeO(OH)
heterostructures (NiCo,0,@a-NiFeO(OH)) have been pre-
pared using a hydrothermal process followed by an
impregnation treatment (Figure 1). Initially, NiCo,0, nano-
needle arrays uniformly grown on NF were fabricated through
a hydrothermal reaction and subsequent annealing, providing a
robust scaffold for the subsequent growth of amorphous
NiFeO(OH). The impregnation of the NiCo,0, structure in a
NiFe precursor solution, followed by natural air-drying,
resulted in the formation of uniformly grown and well-
structured NiCo,0,@a-NiFeO(OH) heterostructured cata-
lysts. Notably, the formation of amorphous NiFeO(OH) on
the surface of NiCo,0, modulates the microstructure of the
amorphous layer, demonstrating the versatility of this
preparation method. As a further comparison, NiCo,0,@a-
NiCoO(OH) and NiCo,0,@a-NiMnO(OH) heterostruc-
tured catalysts were also synthesized using the same method.
The surface morphology of the NiCo,0, sample after the
hydrothermal reaction and the sample was heated at 350 °C
was observed using a scanning electron microscope (SEM)
(Figure S1). The NiCo,0O, structure exhibited a nanoneedle-
like morphology. The surface morphology of NiCo,0,@a-
NiFeO(OH) and its comparative samples was investigated
using SEM. SEM images at various magnifications of
NiCo,0,@a-NiMO(OH) (M = Fe, Co, Mn) revealed similar

https://doi.org/10.1021/acs.energyfuels.5c02583
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Figure 3. (a) XRD patterns of NiCo,0, powder, NiCo,0,@a-NiCoO(OH), NiCo,0,@a-NiFeO(OH), and NiCo,0,@a-NiMnO(OH). (b,c)
TEM images and (d) HRTEM image of NiCo,O,@a-NiFeO(OH); (e) TEM image of NiCo,0,@a-NiFeO(OH) and the corresponding EDS

elemental mapping images.

microstructures across all samples, characterized by uniformly
grown two-dimensional nanosheets wrapped around NiCo,O,
scaffolds (Figure 2). In contrast, SEM images of NiIMO({OH)
directly grown on NF (NiM-NF, M = Fe, Co, Mn) (Figures
$2—S4) show irregular morphologies, comprising spherical,
network-like, and bulk formations. Comparison between the
two sets of images suggests that the nanoneedle structure of
NiCo,0, performs a crucial function in facilitating the
homogeneous growth of NIMO(OH) nanosheets, indicating
the universality of this preparation method to a certain extent.

The crystal structures of NiCo,0,@a-NiFeO(OH) and its
comparison samples were analyzed by XRD, as shown in
Figure 3a. The diffraction patterns exhibit the characteristic
peaks of the spinel NiCo,0, structure (JCPDS No. 73-1702);
however, the diffraction peaks are attenuated compared to
those of NiCo,0,—NF, which can be ascribed to the existence
of the NiMO(OH) overlayer, which partially obscures the
NiCo,0, signal. Notably, the dominant peaks at 44.4°, 52.0°,
and 76.4° correspond to the NF substrate. No diffraction peaks
associated with NiMO(OH) were observed, consistent with
the amorphous nature of the NIMO(OH) phase, which is
known for its high intrinsic electrocatalytic activity.” To
further determine the amorphous nature of the structure and
the formation of the heterostructure, TEM and high-resolution
TEM (HRTEM) were employed. The FTIR images of
NiCo,0, and NiCo,0,@a-NiFeO(OH) are shown in Figure
S5. The FTIR spectra of NiCo,0,@a-NiFeO(OH) are shown
in Figure S5a, with broad peak shapes and reduced intensity
proving the successful synthesis of the amorphous layer, and
comparison with NiCo,0, reveals that the peaks located at
3300 cm™ correspond to the telescopic vibration of the

17525

hydroxyl group of NiFeO(OH), and the peaks at 640 cm™
correspond to the telescopic vibration of the metal—oxygen
(Fe—0).>* The FTIR spectra of NiCo,O, in Figure SSb
showing that the peaks are located at 3400 cm™" and 1600
ecm™ correspond to the O—H stretching vibration and the H—
O—H bending vibration of the water molecules adsorbed on
the surface of the samples.”* The TEM images of NiCo,0,@a-
NiFeO(OH) (Figure 3b,c) clearly show the successful
deposition of amorphous NiFeO(OH) nanosheets onto the
NiCo,0, surface, confirming the formation of the composite
heterostructure. HRTEM analysis (Figure 3d) reveals the
presence of an amorphous—crystalline heterointerface with
lattice fringes corresponding to NiCo,0, (JCPDS No. 73-
1702). Specifically, the lattice spacing of 0.245 nm is attributed
to the (400) planes of NiCo,O,. The right half of the HRTEM
image displays a clear amorphous region, consistent with that
of the NiFeO(OH) phase. The TEM image and the
corresponding elemental mapping of NiCo,O,@a-NiFeO-
(OH) further verify the uniform distribution of Ni, Fe, Co,
and O elements, with Co predominantly localized in the
NiCo0,0, nanoneedle structure and Ni and Fe uniformly
distributed throughout the amorphous NiFeO(OH) nano-
sheets, thereby affirming the formation of a well-defined
heterogeneous structure (Figure 3e). The HRTEM images of
NiCo,0,@a-NiFeO(OH) and NiCo,04 samples were sub-
jected to Fast Fourier Transform (FFT), as shown in Figures
S6 and §7. From Figures S6b and S7c, it can be seen that after
performing FFT on the HRTEM images of the NiCo,0,
sample and the internal structure of NiCo,0,@a-NiFeO(OH),
the diffraction rings displayed correspond to the spinel-type
NiCo,0,. This helps to prove the polycrystalline structure of

https://doi.org/10.1021/acs.energyfuels.5c02583
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Figure 4. XPS spectra of (a) Ni 2p, (b) O 1s, and (c) Co 2p of NiCo,0,@a-NiFeO(OH), NiFe-NF, and NiCo,0,.

the NiCo,0,,. In the lower image of Figure S7c, it is shown that
NiFeO(OH) on the surface of NiCo,0,@a-NiFeO(OH) is
amorphous, presenting a diffuse halo. To further confirm the
elemental ratios of Ni and Fe in the amorphous NiFeO(OH)
nanosheets, point-scan elemental mapping analysis was
performed on the amorphous layer of NiFeO(OH). From
the elemental distribution spectra, it can be seen that the ratios
of Ni to Fe are approximately 1:1 (Figure S8). The EDS
elemental mapping images of NiCo,0,@a-NiFeO(OH) are
consistent with the elemental mapping (Figure S9). Notably,
the Fe content is lower than expected, despite the 1:1 Fe/Ni
feed ratio used during the sample preparation. This
discrepancy can be attributed to the high reactivity and
corrosivity of Fe’ in the impregnation solution, where it acts
as a corrosive and oxidizing agent during the growth of
amorphous NiFeO(OH).”

A deep understanding of the surface elemental states and
electronic configurations of heterostructures is essential to
elucidating the synergistic effects of heterostructures. To this
end, XPS was performed on NiCo,0,@a-NiFeO(OH), NiFe-
NF, and NiCo,0,. Figure S10 presents the survey XPS spectra
of NiCo,0,@a-NiFeO(OH) and NiCo,0,, clearly showing
the presence of Ni, O, Co, and Fe in NiCo,0,@a-
NiFeO(OH) and the presence of Ni, O, and Co in
NiCo,0,. Figure 4a,b show the high-resolution XPS spectra
of Ni 2p and O Is, indicating significant changes in the
chemical environments of Ni and O in NiCo,0,@a-NiFeO-
(OH) compared to NiFe-NF and NiCo,0,. The similarity
between NiCo,0,@a-NiFeO(OH) and NiFe-NF in the Ni 2p
and O 1s spectra confirms the successful deposition of
NiFeO(OH) on the NiCo,0, surface, resulting in complete
coverage by the amorphous NiFeO(OH). In the Ni 2p
spectrum of NiCo,O,@a-NiFeO(OH), peaks at 855.6 and
873.6 eV are related to Ni** and Ni—O bonds, while satellite
peaks appear at 861.6 and 879.7 eV.***” Notably, a positive
shift of 0.5 eV in the Ni 2p;;, binding energy relative to
NiCo,0, and 0.2 eV relative to NiFe-NF suggests electronic
interactions between NiCo,0O, and a-NiFeO(OH), with
NiCo,0, influencing the electronic structure of a-NiFeO-
(OH). This shift, which reflects an increase in the Ni oxidation
state, is beneficial for OER.***” In the O 1s spectrum (Figure
4b), peaks at 530.8, 531.36, and 532.27 eV correspond to
lattice oxygen, metal hydroxides, and adsorbed oxygen,
respectively.’”*" The stronger M—OH peak intensity in

NiCo0,0,@a-NiFeO(OH) compared to NiFe-NF suggests
enhanced surface hydroxylation, which aligns with the elevated
Ni binding energy and further promotes the OER process. The
Co 2p spectra (Figure 4c) reveal a shift in the chemical
environment of Co, with peaks at 781.1 and 796.5 eV ascribed
to Co®".*»*? A shift of 0.3 eV toward higher binding energies in
Co 2p;/, compared to NiCo,O, likely arises from enhanced
surface hydroxylation.*""* The Fe 2p spectra (Figure S11)
exhibit no significant peak shifts, indicating that the Fe valence
state remains largely unchanged. Collectively, these results
suggest that the synergistic interaction between the NiCo,0,
and a-NiFeO(OH) phases, along with enhanced surface
hydroxylation, leads to increased oxidation states for the Ni
and Co species. However, the oxidation state of Fe remains
unaffected. It is therefore reasonable to infer that the surface
Ni sites in NiCo,O,@a-NiFeO(OH) serve as the primary
active sites for OER. The heterostructure promotes electron
transfer and enhances surface hydroxylation, which facilitates
the adsorption and desorption of oxygen species during OER,
thereby improving the catalytic performance.***’

To evaluate the OER activity of NiCo,0,@a-NiFeO(OH)
and comparison samples, electrochemical tests were carried
out by using a standard three-electrode system in 1 M KOH.
Figure Sa,b present the LSV curves, and the overpotentials at
10 and 100 mA cm™> are summarized in Table S1. NiCo,0,@
a-NiFeO(OH) exhibited the highest catalytic activity, requiring
overpotentials of only 219.6 and 260.8 mV for reaching current
densities of 10 mA cm™ and 100 mA cm™>, respectively.
Additionally, the OER performance of NiCo,0,@a-NiMO-
(OH) was superior to that of its NiM-NF counterparts. For
example, NiCo0,0,@a-NiFeO(OH) (219.6 mV) outperformed
NiFe-NF (225.8 mV), NiCo,0,@a-NiCoO(OH) (276.3 mV)
outperformed NiCo-NF (329.7 mV), and NiCo,0,@a-
NiMnO(OH) (296.7 mV) surpassed NiMn-NF (3232 mV).
These results indicate that the heterostructured nanosheet-
nanoneedle composites significantly enhance the performance
of the OER, primarily due to the synergistic effect of the
heterostructure and optimized electronic structure. The FE,
of NiCo,0,@a-NiFeO(OH) was analyzed by gas chromatog-
raphy and obtained to be 98.67%, which indicates the excellent
catalytic selectivity and charge utilization efficiency (Figure
S12). In order to understand the electrochemical behavior of
NiCo,0,@a-NiFeO(OH) and NiCo,0,, a full-scale CV test
was performed (Figure S13). The negative shift in the Co®*

https://doi.org/10.1021/acs.energyfuels.5c02583
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Figure 5. (a) LSV curves of NiCo,0,@a-NiFeO(OH), NiCo,0,@a-NiCoO(OH), NiCo,0,@a-NiMnO(OH), and NiCo,0, at a scan of S mV
s™'in 1 M KOH. (b) LSV curves of NiCo0,0,@a-NiFeO(OH), NiCo-NF, NiFe-NF, and NiMn-NF at a scan of 5 mV s™" in 1 M KOH. (c) Tafel
slopes and (d) Nyquist plots of NiCo,0,@a-NiFeO(OH), NiC0,0,@a-NiCoO(OH), NiCo,0,@a-NiMnO(OH), NiFe-NF, and NiCo,0,. The
inset shows Nyquist plots of NiCo,0,. (e) Chronopotentiometric curve of the NiCo,0,@a-NiFeO(OH) under a constant current density of 100

mA cm™

oxidation peak potential observed for NiCo,O,@a-NiFeO-
(OH) relative to pristine NiCo,O, signifies critical structural
and electronic modifications induced by the integration of
NiFeOOH. On the one hand, the lower oxidation potential
implies a reduced energy barrier for the Co® oxidation
process, indicating enhanced catalytic kinetics for the
NiCo,0,@a-NiFeO(OH). On the other hand, the interfacial
electronic interactions between NiCo,0, and NiFeOOH
induce synergistic charge redistribution, altering the local
electronic environment of Co®* and promoting their oxidation
at a lower overpotential. Moreover, the negative potential shift
correlates with a reduced overpotential and improved electron-
transfer kinetics for the OER, suggesting that the NiCo,O,@a-
NiFeO(OH) composite exhibits superior efficiency in the OER
processes compared to NiCo,0,. Tafel slope analysis (Figure
5¢c) revealed that NiCo,0,@a-NiFeO(OH) exhibited the
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lowest Tafel slope (46.96 mV dec™), suggesting improved
OER kinetics compared with the other samples. EIS data
(Figure 5d) demonstrated that NiCo,0,@a-NiFeO(OH) has
the lowest charge transfer resistance (R,), further confirming
its superior electron transfer capabilities. Besides the assess-
ment of catalytic activity, electrochemical stability is also a
significant parameter for evaluating the performance of
materials, which is regarded as being very important in
practical production applications. Chronopotentiometry test-
ing (Figure Se) showed that NiCo,0,@a-NiFeO(OH)
remains stable at a current density of 100 mA cm™ for 100
h, indicating excellent electrochemical stability. The electro-
chemical analyses presented above indicate that NiCo,O,@a-
NiFeO(OH) exhibits optimized OER properties, primarily
driven by the synergistic interaction between crystalline
NiCo0,0, and amorphous NiFeO(OH). The nanosheet
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morphology of NiFeO(OH) offers a greater density of exposed
active sites compared to the morphologically disordered NiFe-
NF. This composite heterostructure strategy has proven to be
highly effective in significantly enhancing the OER activity of
the materials.

To better characterize the intrinsic catalytic activity of the
materials, the LSV curves of different samples were normalized
by ECSA. The CV of NiCo,0,@a-NiFeO(OH), NiCo,0,@a-
NiCoO(OH), NiCo,0,@a-NiMnO(OH), and NiCo,0, was
tested in the non-Faraday interval from 0.832 to 0.932 V vs
RHE, and the C, values of the samples were obtained by
calculation (Figures S14 and S15). Figure S16 shows the ECSA
normalized LSV curves of different samples, through which it
can be found that NiCo,O,@a-NiFeO(OH) has the highest
intrinsic catalytic efficiency.

To further assess the structural stability of NiCo,0,@a-
NiFeO(OH), the material after the reaction was characterized
using SEM, TEM, and EDS. The SEM images of NiCo,0,@a-
NiFeO(OH) at various magnifications, following 2 h of
reaction at a current density of 100 mA cm™> (Figure S17),
reveal that its one-dimensional nanoneedle and two-dimen-
sional nanosheet composite structure remained fully intact.
TEM analysis (Figure S18) further confirms that the
amorphous NiFeO(OH) completely encapsulates NiCo,O,
postreaction, and the interface heterostructure remains well-
preserved, as evidenced by HRTEM images. Additionally, EDS
elemental mapping (Figure S19) demonstrates that O, Ni, and
Fe remain uniformly distributed throughout the material, while
Co remains concentrated in the central region, further
confirming the structural integrity of the composite hetero-
structure.

4. CONCLUSION

In summary, a heterostructured material of the crystalline
NiCo,0, composite amorphous NiFeO(OH) (NiCo,0,@a-
NiFeO(OH)) has been prepared by hydrothermal and
impregnation treatment. The obtained NiCo,0,@a-NiFeO-
(OH) exhibited an enhanced OER catalytic activity, which is
attributed to the heterostructure that leads to the electron
transfer between the two phases, resulting in the elevation of
the valence state of the Ni species and also the enhancement of
the surface hydroxylation, which results in the material having
more hydroxyl oxides on the surface as the active sites,
facilitating the adsorption/resolution process of the O species
for the OER process and boosting the OER process.
Consequently, only 219.6 and 260.8 mV of overpotentials
are needed at current densities of 10 and 100 mA cm™?
respectively. The synergistic effects and optimized electronic
interactions within the heterostructure provide a promising
pathway for improving catalytic efficiency, underscoring the
value of such strategies in the development of advanced
electrocatalysts.
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