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Abstract: NiFe-layered double hydroxides (NiFe-LDH) have been reported to possess exceptional
oxygen evolution reaction (OER) activity. However, maintaining the stability of high activity over
a long time remains a critical challenge that needs to be addressed for their practical application.
Here, we report a custom-sized deep recombination of 2D graphene oxide with NiFe-LDH (NiFe-
LDH/GO/NF) through a simple electrodeposition method that improves OER activity and achieves
excellent stability. The excellent performance of the catalyst mainly comes from the three-phase
interface and electron transport channel dredged by the three-dimensional structure constructed by
the deep composite, which can not only significantly reduce its charge and electron transfer resistance,
improving the material conductivity, but it also effectively increases the specific surface area, inhibits
aggregation, and exposes rich active sites. In addition, GO with good conductivity not only supports
NiFe-LDH well but also increases the heterogeneous interface, putting the NiFe-LDH/GO composites
in close contact with Ni foam and increasing the electrocatalytic stability of the NiFe-LDH/GO/NF.
The experimental results show that the overpotential of NiFe-LDH/20,000GO/NF is only 295 mV at a
current density of 100 mA cm−2; the Tafel slope is 52 mV dec−1, and the charge transfer resistance (Rct)
is only 0.601 Ω in 1 M KOH. This indicates that GO has excellent potential to assist in constructing
geometric and electronic structures of NiFe-LDH in long-term applications.

Keywords: nickel–iron-layered double hydroxide; graphene oxide; oxygen evolution reaction

1. Introduction

Hydrogen energy is a novel energy carrier that is considered a promising alternative
to conventional fossil fuels. It is regarded as a sustainable and clean energy source with
the potential to mitigate environmental issues. However, during the electrolysis of water
for hydrogen evolution, the OER at the anode exhibits sluggish kinetics compared to the
two-electron process of the electrocatalytic hydrogen evolution reaction at the cathode.
This disparity between the anodic and cathodic processes significantly limits the overall
efficiency of electrocatalytic water splitting [1–4]. Among them, the identification of active
sites and the exploration of the relationship between material structure and performance
play a crucial role in electrocatalytic water splitting [5]. For example, Pan et al. [6] designed
Mg-substituted perovskite cobalt oxide salt (SCFM-01) with a co-customized cubic sym-
metric structure and fine electronic structure, achieving extremely high catalytic activity
and considerable durability in OER (low overpotential of only 320 mV at 10 mA cm−2,
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small Tafel slope of 65 mV dec−1). Therefore, preparing efficient and stable electrochemi-
cal OER electrocatalysts to accelerate the reaction kinetics is an essential development in
electrocatalysis [7–10]. In recent years, many works have reported on applying various
modified materials in OER catalysts, mainly including precious-metal-based, non-precious,
and non-metallic-based catalysts [11–14]. Precious metal catalysts (IrO2, RuO2, etc.) are
still the choice for large-scale applications, but their high cost, scarcity, and poor stabil-
ity in alkaline electrolytes greatly limit their practical application [15–18]. Researchers
have been exploring many substitutes for precious metals in recent years. NiFe-LDH
has emerged as a highly promising material due to its cost-effectiveness and impressive
electrochemical properties [19–21]. This material boasts a unique structure with variable
ions in layers, exchangeable anions between layers, and large reaction surfaces that can
even compete with those of precious metals. As such, NiFe-LDH has garnered significant
attention as a potential alternative to traditional precious metal catalysts [22–24]. However,
NiFe-LDH has drawbacks such as poor conductivity, insufficient stability, and incompletely
exposed active sites, which hinder the charge transfer between the catalyst surface and
electrolyte interface, reducing catalytic activity [25–27]. Therefore, effective improvement
strategies are still needed to optimize the properties and enhance the catalytic performance
of NiFe-LDH [28–31].

Many efforts have been reported to integrate various active components to optimize
the catalytic performance of NiFe-LDH electrocatalysts in OER [32–35]. An effective strat-
egy is to promote electrolyte diffusion and optimize the desorption of gas products by
increasing the electrochemically active surface area (ECSA) of the material [36–39]. For
example, Feng et al. [40] used a simple hydrothermal method to integrate NiFe-LDH into
NiCo2S4 to form a heterostructure of a novel cactus-like structure with highly exposed
ECSA. The prepared NiCo2S4@NiFe-LDH hollow spheres greatly enhance the OER activity,
with an overpotential of only 287 mV at 10 mA cm−2, even lower than commercial IrO2
(400 mV). In addition to increasing the ECSA in the material, conductivity can also be im-
proved by composites with multiple materials, reducing their charge and electron transfer
resistance to accelerate the kinetics of the OER [41]. For example, Xu et al. [42] prepared
a series of RP/SP (single perovskites/Ruddlesden–Popper perovskites) perovskite com-
posites with the same phase structure and composition but different phase concentrations
through a simple cation deficiency strategy. The strong coupling between RP and SP phases
enhanced ion transport and improved material conductivity. For example, Du et al. [43]
used a one-step coprecipitation method to disperse CeO2−x particles on the NiFe-LDH,
forming a CeO2−x/NiFe-LDH heterostructure. Through the electronic interaction between
Ni, O, and Ce, the high potential barrier of OER is effectively reduced. At a current density
of 10 mA cm−2, 150 CeO2−x/NiFe-LDH exhibits the lowest overpotential of 216 mV. Shen
et al. [37] used an efficient solid-phase exfoliation strategy to exfoliate NiFe-LDH and GO
into monolayer nanosheets and then combined them to obtain a composite material NFCG
nanohybrid and explore its OER activity in alkaline solutions. The experimental results in-
dicated that the unique three-dimensional class array heterostructure of NFCG nanohybrids
can expose many active sites, and the strong coupling between NiFe-LDH-NS and RGO-NS
leads to rapid electron transfer, which positively improves the catalytic performance of
the NFCG catalysts. The optimized NFCG-3 exhibits excellent OER catalytic performance
with an overpotential of 273 mV at a current density of 30 mA cm−2 and a Tafel slope of
49 mV dec−1. Therefore, it has been demonstrated that effective assembly recombination
can be employed as a viable strategy for designing and enhancing the electrocatalytic
performance of NiFe-LDH active materials in OER [37,44–46].

In this work, to optimize the catalytic performance of NiFe-LDH electrocatalysts in
OER, a two-dimensional GO was tightly composited with NiFe-LDH in rich channels on
nickel foam (NiFe-LDH/GO/NF) by a one-step electrodeposition method. The main focus
was to investigate the effects of different mesh sizes of GO (10,000 mesh, 15,000 mesh,
20,000 mesh) on the structural construction and electrochemical performance of composite
materials. The resulting composite material has shown promising results in improving
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the catalytic activity of NiFe-LDH. Experiments have shown that the prepared NiFe-
LDH/GO/NF nanostructures have a high specific surface area, significantly promoting
the exposure of surface active sites. The composite structure composed of GO and NiFe-
LDH not only effectively increases the specific surface area to expose rich active sites but
also enhances the conductivity of NiFe-LDH and improves its electron and ion transport
capabilities. Electrochemical tests have shown that the optimized NiFe-LDH/20,000GO/NF
exhibits excellent OER performance, with an overpotential of only 295 mV at a current
density of 100 mA cm−2, a Tafel slope of 52 mV dec−1, and an excellent stable operation up
to 200 h. The suitable combination size customized three-dimensional channel structure
is anticipated to enhance the catalytic activity of the composite by facilitating mass and
electron transfer of the reactants at the nanoscale, resulting in a remarkable improvement
in the overall catalytic performance.

2. Results and Discussion
2.1. Material Synthesis and Characterization

Figure 1 displays schematic illustrations of NiFe-LDH/GO/NF and NiFe-LDH/NF
composites, which were synthesized using a simple one-step electrodeposition method.
During the process of electrodeposition, Ni foam is immersed in an electrolyte. When GO
and NiFe-LDH are deposited together, the color of the Ni foam changes from silver gray
to dark yellow. When only NiFe-LDH is deposited, the structure becomes challenging to
present an excellent three-dimensional morphology due to the lack of support. In contrast,
when GO is added to the deposition, the composite deposition of GO and NiFe-LDH
provides structural support to NiFe-LDH, resulting in a good three-dimensional multi-
channel structure. When GO with good conductivity matches the size of NiFe-LDH, this
channel enhances the exposure of the three-phase interface and the transport of electrons
in terms of geometry and electronic structure, respectively.
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Figure 1. Schematic illustration of the synthesis of NiFe-LDH/GO/NF and NiFe-LDH/NF compos-
ite materials.

The morphology of catalysts obtained by electrodeposition was characterized by field
emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM).
Figure 2a,b show the SEM images of the NiFe-LDH/NF and NiFe-LDH/20,000GO/NF
composites, respectively. Ni foam has a three-dimensional porous structure with many
pores and a well-preserved skeleton structure. As shown in Figure 2a, it is observed that
NiFe-LDH grows in situ on the Ni foam skeleton with a relatively small size, ensuring a
firm interface connection without the role of a binder, thus promoting the flow of electrons
from the catalyst array to the electrode during anodic polarization. It can also be seen that
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NiFe-LDH materials are interconnected and stacked on the Ni foam substrate in the form of
nanosheet arrays. Figure 2b shows the SEM image of the material after introducing 20,000
mesh GO. Compared to NiFe-LDH/NF, the material grown on the Ni foam skeleton in
NiFe-LDH/GO/NF was found to have a denser distribution after introducing GO. It can
be seen that the morphology after adding GO changed. GO and NiFe-LDH with opposite
charges form stacked nanostructures under electrostatic attraction and vertically cross into
uniform porous channel structures distributed on the surface of Ni foam. The open porous
channel structure is conducive to the desorption of bubbles generated during electrode
reaction, promoting the catalyst to make contact with the solution during the electrode
reaction and preventing the mass rate from being too slow due to the stacking of bubbles.
Figures 2c,d and S1 show the TEM image of the NiFe-LDH/NF, NiFe-LDH/20,000GO/NF,
NiFe-LDH/10,000GO/NF, and NiFe-LDH/15,000GO/NF nanocomposites, providing more
precise evidence of the layered structure of GO and LDH nanosheets stacked together,
confirming that the NiFe-LDH/20,000GO/NF composite is a nanoscale layered structure.
As can be seen from Figure 2a,c, the NiFe-LDH laid on the Ni foam is slightly convex, and
the connection between the catalyst and the support is not tight, making it easy to fall off
and have poor stability, resulting in catalyst inactivation. As can be seen from Figure 2b,d,
the heterogeneous interface with the substrate is increased after forming a composite with
GO. In addition, the robust three-dimensional network constructed by NiFe-LDH/GO
and its tighter connection to the Ni foam enhance the stability of the NiFe-LDH/GO/NF.
As shown in Figure 2e–j, EDS elemental spectrum analysis shows that Ni, Fe, O, and C
elements are uniformly distributed on the nanosheets. The results obtained herein provide
unequivocal evidence of the strong and synergistic combination of GO and NiFe-LDH, as
well as the establishment of a three-dimensional channel structure.
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Figure 2. The SEM images of (a) NiFe-LDH/NF and (b) NiFe-LDH/20,000GO/NF. The TEM images
of (c) NiFe-LDH/NF and (d) NiFe-LDH/20,000GO/NF. (e–j) The SEM images and the corresponding
elemental mapping images of the NiFe-LDH/20,000GO/NF.

X-ray diffraction (XRD) is one of the most important techniques for evaluating the
crystal structure of NiFe-LDH/GO/NF composites. As shown in Figure 3a, the peak
located at 10.5◦ is a characteristic peak that matches the (001) surface of GO. The peaks
located at 10.1◦, 21.4◦, 34.08◦, and 60.4◦ belong to the (003), (006), (012), and (110) planes of
NiFe-LDH (JCPDS No. 40-0215). In addition, as the GO mesh size increases, the diffraction
peak of the sample becomes significantly stronger. The calculated crystallinity of NiFe-
LDH/20,000GO/NF was 0.7867, higher than that of NiFe-LDH/10,000GO/NF (0.6324)
and NiFe-LDH/15,000GO/NF (0.6858). The results also display that the introduction of
GO causes the peaks of graphene of NiFe-LDH/GO to shift to the left, leading to larger
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interplanar spacing. In general, the crystallinity of the catalyst is proportional to the inter-
molecular force. The above results indicate that the bonding force and structural stability of
NiFe-LDH in NiFe-LDH/20,000GO/NF is strengthened. In addition, as shown in Figure 3b,
GO, NiFe-LDH/10,000GO/NF, NiFe-LDH/15,000GO/NF, and NiFe-LDH/20,000GO/NF
all show similar double Raman absorption peaks corresponding to the D band and G band
of graphene at 1351 cm−1 and 1585 cm−1, indicating the presence of GO in nanohybrids.
The characteristic peaks at 451cm−1 and 528 cm−1 can be attributed to the Ni−O and Fe-O
bonds indexed to Ni(OH)2 and FeOOH, indicating the presence of NiFe-LDH. The R value
(ID/IG) of NiFe-LDH/20,000GO/NF calculated in the peak area is 2.266, which is higher
than the R values of NiFe-LDH/10,000GO/NF (1.797) and NiFe-LDH/15,000GO/NF
(1.938), indicating that the GO in the sample has higher disorder and larger defects, which
is in accordance with the results of XRD.
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Figure 3. (a) XRD patterns; (b) Raman spectra of 20,000GO, NiFe-LDH/NF, NiFe-LDH/10,000GO/NF,
NiFe-LDH/15,000GO/NF, and NiFe-LDH/20,000GO/NF.

The surface bonding state of the catalyst was further characterized using X-ray pho-
toelectron spectroscopy (XPS). In Figure 4a, the NiFe-LDH/20,000GO/NF is mainly com-
posed of four elements: Ni, Fe, O, and C. Figure 4b shows the high-resolution Ni 2p
spectrum which has two characteristic peaks at 855.28 and 872.86 eV, corresponding to
Ni 2p3/2 and Ni 2p1/2. Figure 4c shows the high-resolution Fe 2p spectra at 725.49, 713.05,
720.12, and 707.32 eV, corresponding to Fe3+ (2p1/2 and 2p2/3) and Fe3+ (2p1/2 and 2p2/3).
The high-resolution C 1s spectra of the hybrids in Figure 4d have four peaks; the binding
energies at 283.86, 287.73, 288.65, and 284.62 eV correspond to the C-C/C=O, -C-OH, C-
O-C, and C=O, respectively. Compared with the peak of NiFe-LDH/NF, after forming
a composite with GO, the corresponding peak of Ni 2p shifts to a lower energy level by
0.75 eV, while the corresponding peak of Fe 2p shifts to a lower energy level by 0.49 eV. XPS
shows that after GO and NiFe-LDH are compounded, the electronic structure is adjusted,
thus improving the catalytic activity and stability of the material.

2.2. Electrochemical Activity towards OER

Electrochemical tests were conducted in a 1 M KOH solution (pH ≈ 14) to evaluate the
electrocatalytic OER activity of different samples. Based on a three-electrode system, carbon
rods were used as counter electrodes, and Hg/HgO was used as a reference electrode. Bare
NF, RuO2, 20,000GO/NF, NiFe-LDH/NF, and NiFe-LDH/20,000GO/NF electrodes were
characterized and compared. Linear sweep voltammetry (LSV) was used for testing, and all
polarization curves were compensated by iR. As shown in Figure 5a,b, compared to bare NF
(625 mV), RuO2 (310 mV), 20,000GO/NF (402 mV), and NiFe-LDH/NF (350 mV), the NiFe-
LDH/20,000GO/NF shows the lowest overpotential of 295 mV (145 mV for 10 mA cm−2)
at the current density of 100 mA cm−2. This is better than the NiFe-LDH/GO prepared
using other methods in previous research by others [37]. The Tafel slope can reflect the
dynamic process of the electrode during oxygen evolution. Figure 5c shows the Tafel slope
obtained by fitting the strong polarization region of the LSV curve. The smaller the Tafel
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slope, the smaller the change in overpotential with the increase in current density, and the
better the electrocatalytic performance. The Tafel slope of NiFe-LDH/20,000GO/NF is only
52 mV dec−1, which is lower than that of bare NF (127 mV dec−1), RuO2 (59 mV dec−1),
20,000GO/NF (65 mV dec−1), and NiFe-LDH/NF (55 mV dec−1). The lower Tafel slope of
NiFe-LDH/20,000GO/NF indicates that the material has fast kinetics for oxygen evolution.
Compared to similar work in the same period, it is superior to other samples [47–51].
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Figure 4. (a) XPS survey spectra of NiFe-LDH/20,000GO/NF and NiFe-LDH/NF; high-resolution
XPS spectra of (b) Ni 2p, (c) Fe 2p, and (d) C 1s.
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The ECSA of catalysts plays a crucial role in the reaction, and the double-layer capaci-
tance value (Cdl) is directly proportional to the ECSA value. The Cdl of different samples
can be compared by comparing slope values. The Cdl usually infers the ECSA value of
catalysts. Figure S2 shows the cyclic voltammetry (CV) curves of 20,000GO/NF, NiFe-
LDH/NF, and NiFe-LDH/20,000GO/NF. In the voltage range of 0~0.1 V vs. Hg/HgO,
the polarization current density contrast of the cathode and anode corresponding to the
scanning speed and the middle voltage under different scanning speeds (∆J = ja − jc) is
plotted as a linear graph. As shown in Figure 5d, the Cdl value calculated from the CV
curves of NiFe-LDH/20,000GO/NF is 34.18 mF cm−2, higher than that of NiFe-LDH/NF
(14.64 mF cm−2) and slightly lower than 20,000GO/NF. Based on the proportional re-
lationship between ECSA and Cdl, the results indicate that the small-size GO prepared
from high-mesh graphite has a high ECSA value, meaning a larger surface area exposure.
Furthermore, the combination of NiFe-LDH and GO effectively supports the structure of
NiFe-LDH obtained by electrodeposition, resulting in full exposure to the active sites.

The charge transfer rate of the electrode was further analyzed using electrochemical
impedance spectroscopy (EIS). As shown in Figure 5e, the EIS curves of different samples
were fitted using the equivalent circuit shown in the illustration. Rct is the charge transfer
resistance at the interface between the electrode and electrolyte. It can be seen that the Rct of
NiFe-LDH/20,000GO/NF is the smallest, 0.601 Ω, which is better than that of 20,000GO/NF
(1.37 Ω) and NiFe-LDH/NF (3.244 Ω). In addition, Figure 5f shows the stability tests of
NiFe-LDH/NF and NiFe-LDH/20,000GO/NF under chronopotentiometry at a current
density of 100 mA cm−2. A significant increase in the overpotential of NiFe-LDH/NF was
observed only after 50 h. NiFe-LDH/20,000GO/NF can still maintain a 97.7% overpotential
retention rate after 200 h of testing, and there is no significant change in the bonding state
of the material surface after testing. To verify the contribution of GO to electron transport
during the continuous catalytic reaction, we performed XPS characterization on the tested
samples. As shown in Figure 6a–d, the spectra of C 1s and Fe 2p are shifted to the direction
of high binding energy for ~0.17 eV and ~0.11 eV, which means that both lose electrons
during the reaction, while the spectrum of Ni 2p is shifted to the direction of low binding
energy at ~0.52 eV, which means that Ni gains electrons during the reaction. This further
demonstrates the electron donor role of GO during the reaction.

Catalysts 2024, 14, x FOR PEER REVIEW 8 of 13 
 

 

 

Figure 6. (a–d) XPS spectra of NiFe-LDH/20,000GO/NF after stability test for 200 h. 

In this experiment, GO prepared by graphite with different mesh numbers can also 

affect the catalytic performance of the composite material. The three composite materials, 

NiFe-LDH/10,000GO/NF, NiFe-LDH/15,000GO/NF, and NiFe-LDH/20,000GO/NF, were 

prepared for comparison. Figure 7a shows the LSV curves of different samples. At a cur-

rent density of 100 mA cm−2, NiFe-LDH/20,000GO/NF has the lowest overpotential of 295 

mV, which is lower than NiFe-LDH/10,000GO/NF (330 mV) and NiFe-LDH/15,000GO/NF 

(210 mV). In addition, Figure 7b shows that the Tafel slope of NiFe-LDH/20,000GO/NF is 

also the lowest, lower than NiFe-LDH/10,000GO/NF (61 mV dec−1) and NiFe-

LDH/15,000GO/NF (54 mV dec−1). These results indicate that the size of GO can affect the 

catalytic kinetics of the composite material. Then, the Cdl values of different samples were 

calculated for comparison (Figure S3). As shown in Figure 7c, it can be seen that the Cdl 

value of NiFe-LDH/10,000GO/NF is the highest at 56.11 mF cm−2. The Cdl values of NiFe-

LDH/15,000GO/NF and NiFe-LDH/20,000GO/NF are 26.45 mF cm−2 and 34.18 mF cm−2, 

respectively. The reason for this phenomenon is that GO with a size of ~500 nm (Figure 

S4a) in 10,000GO is relatively larger in two dimensions, which makes it difficult to fully 

recombine with the NiFe-LDH. Meanwhile, the high ECSA obtained from NiFe-

LDH/10,000GO testing is due to the exposure of GO, which is not accompanied by an 

increase in active surface area. When the size of GO is reduced to ~300 nm (Figure S4b) in 

15,000GO, the Cdl decreases, but it is still not sufficient to support NiFe-LDH because of 

incomplete recombination. However, at a size of ~200 nm (Figure S4c), 20,000GO can be 

fully recombined with NiFe-LDH, resulting in three-dimensional channel structures, 

thereby increasing the active sites and enhancing the charge transfer ability. Figure 7d 

shows the EIS curves of different samples. The Rct of NiFe-LDH/20,000GO/NF is the small-

est at 0.601 Ω, which means that the charge transfer rate of NiFe-LDH/20,000GO/NF is 

faster than that of NiFe-LDH/10,000GO/NF (1.786 Ω) and NiFe-LDH/15,000GO/NF (1.248 

Ω). 

1200 1000 800 600 400 200 0

NiFe-LDH/20,000GO/NF

In
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

C
 1

s

O
 1

s

F
e 

2
p

N
i 

2
p

F
e 

2
p

N
i 

2
p

296 292 288 284 280

In
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

C-C/C=C

-C-OH

C-O-C
C=O

C 1sNiFe-LDH/20,000GO/NF

(a) (b)

(c) (d)

740 730 720 710 700

NiFe-LDH/20,000GO/NF

In
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

Fe3+ 2p1/2

Fe 2p

Fe2+ 2p1/2

Fe3+ 2p3/2

Fe2+ 2p3/2

890 880 870 860 850

NiFe-LDH/20,000GO/NF

In
te

n
si

ty
 (

a
.u

.)

Binding energy (eV)

Ni 2p

sat. sat.
Ni2+ 2p1/2

Ni2+ 2p3/2

Figure 6. (a–d) XPS spectra of NiFe-LDH/20,000GO/NF after stability test for 200 h.



Catalysts 2024, 14, 278 8 of 13

In this experiment, GO prepared by graphite with different mesh numbers can also
affect the catalytic performance of the composite material. The three composite materi-
als, NiFe-LDH/10,000GO/NF, NiFe-LDH/15,000GO/NF, and NiFe-LDH/20,000GO/NF,
were prepared for comparison. Figure 7a shows the LSV curves of different samples.
At a current density of 100 mA cm−2, NiFe-LDH/20,000GO/NF has the lowest overpo-
tential of 295 mV, which is lower than NiFe-LDH/10,000GO/NF (330 mV) and NiFe-
LDH/15,000GO/NF (210 mV). In addition, Figure 7b shows that the Tafel slope of NiFe-
LDH/20,000GO/NF is also the lowest, lower than NiFe-LDH/10,000GO/NF (61 mV dec−1)
and NiFe-LDH/15,000GO/NF (54 mV dec−1). These results indicate that the size of GO
can affect the catalytic kinetics of the composite material. Then, the Cdl values of different
samples were calculated for comparison (Figure S3). As shown in Figure 7c, it can be seen
that the Cdl value of NiFe-LDH/10,000GO/NF is the highest at 56.11 mF cm−2. The Cdl
values of NiFe-LDH/15,000GO/NF and NiFe-LDH/20,000GO/NF are 26.45 mF cm−2 and
34.18 mF cm−2, respectively. The reason for this phenomenon is that GO with a size of
~500 nm (Figure S4a) in 10,000GO is relatively larger in two dimensions, which makes it
difficult to fully recombine with the NiFe-LDH. Meanwhile, the high ECSA obtained from
NiFe-LDH/10,000GO testing is due to the exposure of GO, which is not accompanied by
an increase in active surface area. When the size of GO is reduced to ~300 nm (Figure S4b)
in 15,000GO, the Cdl decreases, but it is still not sufficient to support NiFe-LDH because
of incomplete recombination. However, at a size of ~200 nm (Figure S4c), 20,000GO can
be fully recombined with NiFe-LDH, resulting in three-dimensional channel structures,
thereby increasing the active sites and enhancing the charge transfer ability. Figure 7d
shows the EIS curves of different samples. The Rct of NiFe-LDH/20,000GO/NF is the
smallest at 0.601 Ω, which means that the charge transfer rate of NiFe-LDH/20,000GO/NF
is faster than that of NiFe-LDH/10,000GO/NF (1.786 Ω) and NiFe-LDH/15,000GO/NF
(1.248 Ω).
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and (d) EIS plot of different catalysts.
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These results indicate that the NiFe-LDH/20,000GO/NF exhibits excellent catalytic
activity and stability. The improvement in OER performance of NiFe-LDH/20,000GO/NF
is due to two reasons: (1) The GO composite has a positive effect on preventing the re-
accumulation of NiFe-LDH/NF, inhibiting aggregation and exposing more active sites of
NiFe-LDH. (2) The introduction of GO with opposite charges forms channel nanostructures,
facilitating the electrolyte and gas diffusion and enhancing electron transfer and the con-
ductivity of NiFe-LDH. In summary, the reduction in overpotential and the improvement
in durability are critically dependent on the exposure of active sites and charge transfer
processes. Of notable significance is the optimal matching of GO and NiFe-LDH on Ni foam,
which creates a remarkable synergistic effect, thus exploiting the full potential of NiFe-LDH
and the electron supply effect of GO. This culminates in an effective enhancement of the
density of active sites exposed by the composite material and significantly boosts the charge
transfer ability of the reaction process.

3. Materials and Methods
3.1. Materials and Chemicals

All chemical substances are analytical reagents and used without further purifica-
tion. Ni foam (battery grade, Lizhiyuan Technology Co., Ltd., Shenzhen, China), acetone
(C3H6O, AR, Tianjin Jindongtianzheng Precision Chemical Reagent Factory, Tianjin, China),
anhydrous ethanol (C2H6O, AR, Tianjin Kermel Chemical Reagent Co., Ltd., Tianjin, China),
nickel nitrate hexahydrate (Ni (NO3)2·6H2O, AR, Tianjin Kaitong Chemical Reagent Co.,
Ltd., Tianjin, China), ferrous sulfate heptahydrate (FeSO4·7H2O, Shanghai Macklin Bio-
chemical Technology Co., Ltd., Tianjin, China), graphene oxide (C6O11(OH)2, self-made),
potassium hydroxide (KOH, AR, Tianjin Kermel Chemical Reagent Co., Ltd., Tianjin,
China), a platinum electrode (Pt), a mercury oxide electrode (Hg/HgO), and deionized
water were used in all experiments.

3.2. Preparation of NiFe-LDH/GO/NF

Pretreatment of nickel foam: The Ni foam (2 cm × 4 cm) was sonicated in acetone,
ethanol, and deionized water for 30 min, respectively, to remove the surface oxide layer.
Before the electrodeposition step, the pretreated nickel foam was ultrasonically washed
with acetone, ethanol, and deionized water for 5 min to remove surface impurities.

Electrolyte preparation: First, graphite of 10,000 mesh, 15,000 mesh, and 20,000 mesh was
taken to prepare GO. Weigh different sizes of GO and mix each with deionized water into a
40 mL solution. Stir and sonicate the solution. The specific processing method is to stir for
10 min, then sonicate for 30 min, and then stir again for 10 min, repeating multiple times
until the GO is evenly dispersed. The ultrasonic process controls the water temperature
between 10 and 15 ◦C. Add 3.489 g of Ni (NO3)2·6H2O and 3.336 g of FeSO4·7H2O to GO
dispersions with different mesh sizes, then add deionized water to prepare the solution
to 80 mL. Stir magnetically to obtain three portions of an 80 mL electrolyte. The final
concentration of Ni(NO3)2 and FeSO4 in the electrolyte is 0.15 M.

Electrodeposition step: To thoroughly combine GO with metal cations, the electrolyte
was subjected to magnetic stirring for 5 h before electrodeposition as a pretreatment process.
The electrodeposition process was carried out using the Xinwei charge–discharge tester:
the reference electrode was a saturated calomel electrode (SCE), and the double anode
deposition method was used: Ni foam (2 cm × 4 cm) was used as the counter electrode,
the double working electrode was two Pt sheet electrodes, and the reference electrode was
a saturated calomel electrode (SCE). The working parameters were selected as a constant
voltage charging of 1V, a deposition time of 60 s, and continuous magnetic stirring of the
electrolyte during the deposition process to ensure a uniform solution. The deposited
samples were washed with distilled water and dried overnight at 60 ◦C. The final experi-
mental samples were recorded as NiFe-LDH/10,000GO/NF, NiFe-LDH/15,000GO/NF,
and NiFe-LDH/20,000GO/NF.
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3.3. Material Characterization

Field emission scanning electron microscopy (FESEM, Carl Zeiss Super55 (Carl Zeiss
NTS GmbH, Oberkochen, Germany) operated at 15 kV) was carried out to observe the
morphology of the samples. Transmission electron microscopy (TEM) images were obtained
using a Hitachi HT7700 electron microscope (HITACHI Transmission Electron Microscope,
Tokyo, Japan) at 120 kV. The phase composition and crystal structure were characterized
by X-ray diffraction (XRD, RigakuSmart Lab, X-ray Diffractometer, Tokyo, Japan) at a
scanning rate of 5◦ min−1. Raman spectroscopy was utilized with the Horiba JY Xplora
Plus instrument to perform microstructure analysis of the samples. X-ray photoelectron
spectroscopy (XPS, ThermoFisher Nexsa, Fanrui Yunzhi Technology (Zhengzhou) Co., Ltd.,
Zhengzhou, China) was used to analyze the chemical composition and charge transfer of
the samples.

3.4. Oxygen Evolution Reaction Test

Electrochemical tests showed that the composite material exhibits excellent OER per-
formance, with an overpotential of only 295 mV and a Tafel slope of 52 mV dec−1 at a
current density of 100 mA cm−2. Electrochemical testing was conducted using the CHI660E
workstation (CHI Instruments, Shanghai, China) to evaluate the OER electrocatalytic per-
formance at room temperature. The traditional three-electrode system was used in the test:
a saturated Hg/HgO electrode as the reference electrode, the composite material grown
in situ on Ni foam (1 cm × 1 cm) as the working electrode, and a Pt sheet electrode as
the counter electrode. All electrochemical tests used 1 M KOH as the electrolyte (alkaline
medium pH = 14). Linear sweep voltammetry (LSV) and CV curves were tested at a scan-
ning rate of 5 mV s−1 from 0 to 1.0 V. The polarization curves were all corrected through
manual iR compensation, with Ecal = Emea − i·Rs·A (Ecal is the potential after iR compen-
sation, Emea is the actual test potential, i is the actual test current, Rs is the solution internal
resistance obtained through Nyquist curve fitting, and A is the coefficient considering
compensation, all of which are taken as 100% in this paper). We collected electrochemical
impedance spectroscopy (EIS) data at an AC voltage of 5 mV from 100 kHz to 0.01 Hz. The
electrochemical surface area (ECSA) was obtained by measuring different scan rates based
on CV plots in the scanning rate range of 20, 60, 100, 140, and 180 mV s−1 ((υ) lower ∆ j
(∆ j = Cdl)· υ). We fitted the slope to obtain the double-layer capacitance (Cdl) to evaluate
the ECSA value. ECSA can be calculated using the equation ECSA = Cdl/Cs, where Cs is
the specific capacitance of the sample in an alkaline solution, typically 0.040 mF cm−2. To
evaluate the stability of the prepared catalysts, the v-t curve was obtained using chronopo-
tentiometry at a current density of 10 mA cm−1. This article uniformly uses the standard
hydrogen potential as the standard potential.

E (vs. RHE) = E (vs. Hg/HgO) + EHg/HgO + 0.592pH) (1)

Overpotential (η) calculation:

η = E(vs. RHE) − 1.23V (2)

4. Conclusions

In summary, a one-step electrodeposition method was used to deposit negatively
charged GO and positively charged NiFe-LDH simultaneously. Through the regulation
of GO size, the two similar sizes in the deposition process were closely combined and
deposited on the three-dimensional Ni foam substrate in the form of multi-channel con-
struction. The three-phase interface required for OER was effectively constructed, the
electrochemically active surface area was increased, the charge and electron transfer resis-
tance were reduced, and the conductivity and stability of the material were improved. The
composite catalyst has the highest catalytic activity when the mesh number of graphite is
20,000. At a current density of 100 mA cm−2, the overpotential of NiFe-LDH/20,000GO/NF
is only 295 mV, and the slope of Tafel is 52 mV dec−1, which is better than the performance



Catalysts 2024, 14, 278 11 of 13

of most NiFe-based powder catalysts. In addition, the catalyst also exhibited excellent
stability in the durability test for 200 h. This provides a new direction for finely modifying
NiFe-based materials to obtain better OER catalytic performance and provides insights into
the interaction between GO and NiFe-LDH.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/catal14040278/s1: Figure S1: SEM images of (a) NiFe-LDH/10,000GO/NF
and (b) NiFe-LDH/15,000GO/NF; Figure S2: CV curves of (a) 20,000GO/NF, (b) NiFe-LDH/NF, and
(c) NiFe-LDH/20,000GO/NF; Figure S3: CV curves of (a) NiFe-LDH/10,000GO/NF and (b) NiFe-
LDH/15,000GO/NF.
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