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a b s t r a c t

The development of active, durable, and cost-effective electrocatalysts for the oxygen evolution reaction
(OER) is crucial for viable hydrogen production fromwater by electrolysis. In this work, we report a mild,
atmospheric pressure-based chemical method for the synthesis of NiFe-containing layered double hy-
droxide (LDH) nanosheet arrays on a carbon fiber cloth (CC). The obtained NiFe-LDH/CC composites with
various Ni/Fe ratios show good performance for OER in alkaline aqueous solutions. Among them, the
sample with a Ni/Fe ratio of 6:4 exhibits the best OER activity with overpotential values of only 226 mV
in water and 238 mV in seawater at a current density of 10 mA cm�2, which are much lower than those of
the benchmarking RuO2 catalyst. The catalytic activity can be maintained for at least 450 h for OER in
fresh water and 165 h in seawater at a current density of 100 mA cm�2.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen is widely recognized as an ideal future energy carrier
because of its zero pollution emission and high energy density
[1e5]. It is therefore urgent to explore methods for producing
hydrogen cost-effectively and environmentally friendly. Water
electrolysis is particularly suitable for this purpose as it can be
powered by renewable energy sources [6e9]. Water electrolysis
proceeds through two half-reactions, including the cathodic
hydrogen evolution reaction (HER) and anodic oxygen evolution
reaction (OER) [10]. Although HER is a two-electron transfer reac-
tion, OER involves a four-electron transfer process, which makes
OER kinetically more sluggish [11]. This way, the overpotential
associated with OER is always higher than that of HER. In this
), swdu@mju.edu.cn (S. Du),
regard, the development of low-cost, active, and robust OER elec-
trocatalysts is intriguingly important for enabling water electrolysis
for practical hydrogen production [12].

In general, the state-of-the-art OER electrocatalysts for com-
mercial use aremostly composed of noblemetal compounds, such as
RuO2 and IrO2 [13]. These noble metal-based catalysts are not only
very expensive but also scarce on earth. Extensive efforts have then
been devoted to exploring non-noble alternative OER catalysts with
high activity and good stability by using earth-abundant elements.
Recently, various nickel-iron-based catalysts, including their alloys
[14], oxides, hydroxides, phosphides [15], chalcogenides [16], single-
atom catalysts [17,18], and metal-organic frameworks [19,20], have
been extensively exploited for OER electrocatalysis [21e23]. Among
them, the nickel-iron-layered double hydroxides (NiFe-LDHs) have
been demonstrated as one of the most promising candidates owing
to theirhighOERperformance and lowcosts [24e26].However, their
actual catalytic activity is still restricted by the inferior electrical
conductivity and sluggish mass transfer. In previous reports, hy-
drothermal or solvothermal reactions are the most used methods in
the fabrications of various NiFe-LDH materials [26e29]. Unfortu-
nately, these methods are often time-consuming, requiring harsh
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reaction conditions (such as high pressure and temperature), and
sometimes releasing poisonous gases that are harmful to the envi-
ronment and human health [30e34]. Moreover, for cost reduction, it
is highly desirable that the catalysts are applicable and stable for
working in electrolysis systems that are fed with highly accessible
freshwater and/or seawater. However, investigations in such aspects
are still insufficient [35,36].

In this article, we demonstrate the facile fabrication of a series of
NiFe-LDH on carbon fiber cloth (CC) composites with different
atomic ratios of Ni/Fe by applying a mild chemical method which
was conducted under atmospheric pressure and a temperature
below the boiling point of water. Despite the mild synthesizing
condition, the obtained samples exhibit excellent electrocatalytic
performance toward OER. It has been found that the NiFe-LDH/CC
composites with a Ni/Fe atomic ratio of 6:4 possess the highest
electrocatalytic activity, requiring an overpotential of only 226 mV
and 238 mV in alkaline fresh water and seawater, respectively,
which are much lower than those of the benchmarking RuO2
catalyst for achieving a current density of 10 mA cm�1. The same
sample also exhibited robust stability and high selectivity for OER,
showing no performance decay at a current density of 100mA cm�2

for at least 160 h in 1 M KOH of seawater.

2. Experimental section

2.1. Preparation of NiFe-LDH-6-4/CC

The precursor solution was made by mixing 6 mmol of
NiCl2$6H2O, 4 mmol of FeSO4$7H2O, 10 mmol of urea, and 50 ml of
DI water in a glass bottle. Then, a piece of O2 plasma-treated CC
(0.8 � 3 cm2) was submerged into the precursor solution with the
upper half exposed to air. Next, the solutionwas heated to 90 �C and
kept reacting for 4 h in an oil bath. After the reaction was finished,
the system was cooled down to room temperature naturally. The
sample was then taken out and rinsed with deionized (DI) water.
Finally, the sample was dried at 60 �C in an electric oven overnight,
and a dark brown CC sheet was acquired (Fig. S1a). Samples with
different atomic ratios of Ni/Fe were obtained by adjusting the
molar ratio of the Fe2þ and Ni2þ ions in the precursor solution.
Detailed conditions of the O2 plasma treatment of CC are given in
the supporting information (SI).

2.2. Material characterization of NiFe-LDH/CC

X-ray diffraction (XRD) patterns of samples were collected on a
Bruker-AXS D8 X-ray diffractometer with Cu-Ka radiation
(l ¼ 1.5406 Å). The morphology of samples was observed by using
scanning electron microscopes (SEMs) using TESCAN MIRA3, Zeiss
Sigma 500, and Zeiss Merlin Compact microscopes, whereas the
energy dispersive x-ray spectroscopy (EDS) mapping was collected
on an Oxford X-MAX system. X-ray photoelectron spectroscopy
(XPS) was performed on a Thermo Scientific Escalab 250Xi X-ray
spectrometer. The transmission electron microscope (TEM) and
selected area electron diffraction (SAED) were carried out using a
Tecnai G2 F30/F20 JEOL-2100F TEM system at 200 kV. UVevis ab-
sorption was performed on a PerkinElmer Lambda 1050þ UV/Vis/
near-infrared spectrophotometer.

2.3. Electrochemical measurement

The electrochemical studies were conducted on a CHI 760E
workstation (CHI, Shanghai, China) with a standard three-electrode
system. A NiFe-LDH/CC sheet was used as the working electrode
with a graphite rod as the counter electrode and a saturated calomel
electrode (SCE, filled with saturated KCl solution) as the reference
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electrode. Cyclic voltammetry (CV) was used to determine OER ac-
tivity, and the scan rate was 5 mV s�1. The returned segments of the
CV curves were used to analyze the overpotential at different cur-
rent densities to exclude the influence from the oxidation peak of
Ni(OH)2 to NiOOH [37,38]. Chronopotentiometry was used to detect
the OER stability under a constant current density of 100 mA cm�2.
The electrochemical impedance spectroscopy (EIS) was obtained at
an overpotential of 340 mV in a frequency range from 0.01 Hz to
100 kHz with an amplitude of 5 mV. All the potentials versus SCE
were converted to the reversible hydrogen electrode (RHE)with the
Nernst equation (ERHE ¼ ESCE þ 0.242 þ 0.0591 � pH (V)). The pH
values of 1 M KOH solutions were determined to be 13.8 in water
and 13.5 in seawater. All the electrochemical data as reported are
internal resistance (iR)-compensated (90%) by deducting the po-
tential caused by the solution resistance.

3. Results and discussion

3.1. Preparation and characterization of the NiFe-LDH/CC
composites

To improve the hydrophilicity of substrates for effective loading
of catalysts, CC is usually pretreated with strong oxidants, such as
HNO3, H2SO4, and KMnO4, for several hours before use [39e41].
However, these strong oxidizing agents are toxic and environ-
mentally harmful, whereas the involved processing methods are
time-consuming. Here, we use an O2 plasma processing scheme,
which can modify the surface of CC to be hydrophilic in an efficient
and eco-friendly manner. The preparation of NiFe-LDH/CC com-
posites can be accomplished via two steps, including the pre-
treatment of CC with O2 plasma for 60 s, followed by the direct
growth of NiFe-LDH nanosheet arrays on CC in aqueous solutions
containing urea and different molar ratios of Fe2þ and Ni2þ ions
(Scheme 1). Through this method, the binder-free NiFe-LDH with
hierarchical structures can be in situ grown on CC in 4 h, and no
toxic gases are generated. The samples with Ni/Fe ratios of 0: 10, 2:
8, 4: 6, 6: 4, 8: 2, and 10: 0 were denoted as FeOH/CC, NiFe-LDH-2-
8/CC, NiFe-LDH-4-6/CC, NiFe-LDH-6-4/CC, NiFe-LDH-8-2/CC, and
NiOH/CC, respectively. Among them, NiFe-LDH-6-4/CC is selected
as a representative for the description of characterization details.

The crystal structure of samples was characterized by XRD. For
the pristine CC substrate, there are two main peaks located at
2q ¼ 26.2 and 44.2�, which correspond to the (002) and (101)
diffraction of graphite (Fig.1) [42,43]. The XRD patterns of NiOH/CC,
NiFe-LDH-8-2/CC, NiFe-LDH-6-4/CC, and NiFe-LDH-4-6/CC exhibit
a similar diffraction feature, where the diffraction peaks at
2q¼ 11.29, 22.82, 34.44, 38.99, 46.25, 59.84, 61.16 and 65.26� can be
indexed to the (003), (006), (012), (015), (018), (110), (113), and
(116) planes of the standard NiFe-LDH phase (PDF#51-0463)
[31,32,44]. Further increasing the Fe content causes a change of the
crystal structure, and characteristic diffraction peaks of ferric oxide
hydroxide (PDF#017-0536) are observed in the XRD patterns of the
NiFe-LDH-2-8/CC and FeeOH/CC samples.

The surface morphology and microstructure of pristine CC and
NiFe-LDH-6-4/CC are first studied by the SEM. It can be observed that
theCC ismadeof smoothcarbonfiberswithadiameterofabout10mm
(Fig. S1c).After the reaction, all thefibersare completelycoatedwitha
layer of three-dimensional (3D) NiFe-LDH arrays (Fig. 2a), indicating
the intact contact of a NiFe-LDH layer on the CC substrate. The thick-
ness of the layer is about 2e3 mm (Fig. S2a). In addition, there are
abundantporeswiththesizerangingfromthenanoscaletomicroscale
formed in the layer (Fig. S2b), which offer rich channels and vast sur-
face area for electrolyte exchanges and subsequent electrochemical
reactions. The high-magnification SEM image (Fig. 2b) further reveals
that the NiFe-LDH layer is composed of crossed-aligned nanosheet



Scheme 1. Schematic illustration of the synthetic procedure for NiFe-LDH/CC composites.

Fig. 1. XRD spectra of the NiFe-LDH/CC series with different Ni/Fe atomic ratios. (The
standard XRD patterns of PDF#51-0463 and PDF#17-0536 are shown at the bottom).
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arrays with sheet thickness ranging from 10 to 20 nm. At the same
time, the EDS spectrummanifests the existence of C, O, Fe, and Ni el-
ements in the resulting products (Fig. S3a) [45]. The elemental map-
pingswere also collected, and the result confirmed the homogeneous
distribution of Ni, Fe, and O across the carbon fibers without any
noticeable segregation in the 3D layer (Fig. S3b), indicating the suc-
cessful grafting of NiFe-LDH onto CC substrates. The Ni/Femolar ratio
of the NiFe-LDH layer was determined to be about 6: 4 which is well
consistentwith the startingNi/Fe ratioof theprecursor (TableS1). The
effect of Ni/Fe molar ratios on the morphology of NiFe-LDH/CC sam-
pleswaswell-studiedbytheSEM(Fig.S4).ForNiOH/CC,therewasonly
a rough layer of material deposited onto the carbon fibers (Figs. S4a
and b). At the molar ratio of Ni/Fe ¼ 8: 2, plenty of small crossed-
aligned nanosheets start to form (Figs. S4c and d). By increasing the
Fe content to 4 mmol, the nanosheets became larger and more
compactlypacked (Figs. S4eand f).WhentheNi/Femolar ratiowasset
at 4: 6, many super-large NiFe-LDH nanosheets were observed in the
formof randomarrays (Figs. S4g andh, Fig. S5). Further increasing the
proportion of Fe to 80% would then lead to the loose coating of over-
grown Ni/Fe-LDH nanosheets on CC (Figs. S4i and j). In the case of
FeOH/CC, vertically aligned nanorod arrays planted with bunches of
mushroom-shaped particles arewitnessed in the coating layer on the
carbonfibers(Fig.S4kandl).Theseresults indicatethatNiFe-LDH-6-4/
CC has themost uniformcoating of ultrathin nanosheet arrays,which
justify its highest electrocatalytic OER performance among all the
samples in subsequent studies. The structure of nanosheets in the
NiFe-LDH-6-4 layerwas further confirmedby theTEMimage (Fig. 2c).
3

The corresponding SAED pattern (inset in Fig. 2c) can bewell indexed
into the hexagonal LDH structure (PDF# 51-0463), which again con-
firms the high crystallinity of the sample. Meanwhile, in the high-
resolution TEM image (Fig. 2d), lattice fringes with an interplanar
distanceof0.143nmwereobserved,whichcanbeassignedtothe(116)
plane of the NiFe-LDH.

XPS was conducted to investigate the surface electronic states of
the NiFe-LDH-6-4/CC composite (Fig. 3a). The peaks of Ni 2p3/2 and
Ni 2p1/2 were detected at 856.3 eV and 873.9 eV (Fig. 3b), sug-
gesting that the Ni was predominantly in a divalent state [44]. The
XPS spectrum of Fe 2p (Fig. 3c) exhibits the two prominent peaks at
712.6 eV and 726.2 eV for the Fe 2p3/2 and Fe 2p1/2 components with
a peak separation of ~14 eV, affirming the presence of Fe3þ in NiFe-
LDH-6-4/CC [46]. In the spectrum of O 1s, there are two peaks
positioned at 531.2 eV and 532.2 eV (Fig. 3d). The former corre-
sponds to the binding energy of metal O, whereas the latter can be
assigned to the metal OH in NiFe-LDH [47].

3.2. OER properties of the NiFe-LDH/CC composites

The electrocatalytic OER performance of NiFe-LDH/CC compos-
ites is determined in a classical three-electrode set up in a 1 M KOH
solution. The samples were partially coveredwith an insulating and
corrosion-resistant silicone rubber sealant to define an exposed
area of about 0.8 cm2 (Fig. S1b). Before measurement, CV scans are
performed until the steady CV characteristics are observed. As
previously reported, the Ni/Fe atomic ratio of the precursor solution
has a great impact on the OER activity of NiFe-based electro-
catalysts [48e50]. Here, we systematically investigate the OER ac-
tivity of NiFe-LDH/CC samples prepared from the precursor
solutions of various Ni/Fe ratios. As shown in Fig. 4a, there are
remarkable changes in the OER activity of NiFe-LDH/CC when
increasing the Ni/Fe ratios. For a better comparison, their OER
overpotential values at the current densities of 10, 50, and
100 mA cm�2 are depicted in Fig. 4b, which presents an obvious
trend of first decreasing and then increasing on the OER over-
potential on increasing the Ni/Fe ratio. Among all the samples, the
lowest overpotential is attained for the NiFe-LDH-6-4/CC sample at
all three current densities. In alkaline aqueous solution, NiFe-LDH-
6-4/CC can deliver current densities of 10 and 100 mA cm�2 at
overpotentials of merely 226 and 252 mV, respectively. These
values are lower than those of the recently reported NiFe-LDH-
based electrocatalysts and the commercial RuO2 powder that is
often used as the benchmarking catalyst for OER (Fig. 4a and
Table S2). Tafel plots derived from the OER polarization curve are
important intrinsic identities of electrocatalysts. The lower Tafel
slope infers to the higher achievable current density at a given
overpotential. To better evaluate the OER reaction kinetics, corre-
sponding Tafel slopes derived from linear sweep voltammetry
(LSV) curves of the NiFe-LDH/CC samples are shown in Fig. S6, and
the Tafel slope values are plotted in Fig. 4c. In specific, the NiFe-



Fig. 2. (a) SEM, (b) high-magnification SEM, (c) TEM, and (d) HRTEM images of the prepared NiFe-LDH-6-4/CC. The inset in (c) shows the SAED pattern.

Fig. 3. XPS spectrum survey (a), and the high-resolution XPS spectra of Ni 2p (b), Fe 2p (c), O 1s (d) of NiFe-LDH-6-4/CC.
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Fig. 4. (a) The OER polarization curves of NiFe-LDH/CC composites and RuO2 at a scan rate of 5 mV s�1, (b) the variation trends of overpotential at current densities of 10, 50, or
100 mA cm�2, (c) corresponding Tafel slope changes derived from OER polarization curves, (d) the Cdl values, (e) the Nyquist plots and the equivalent circuit at an overpotential
of 340 mV for the NiFe-LDH/CC composites, and (f) the chronopotentiometry measurement at a current density of 100 mA cm�2 for the NiFe-LDH-6-4/CC. All data are collected
in the 1 M KOH electrolyte in DI water.
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LDH-6-4/CC sample exhibits the smallest Tafel slope of 26mV dec�1

among all the samples, indicating more favorable OER kinetics for
the NiFe-LDH-6-4/CC electrode. The enhanced OER activity of NiFe-
LDH-6-4/CC can be attributed to its more optimized electronic
structure associated with the partial electronic redistribution
among Ni and Fe atoms by bridging O2� and its larger active site
area, which facilitates the charge transfer and improves the
adsorption/desorption capacity of oxygenated species on the
catalyst surface [51,52].

To further investigate the intrinsic electrocatalytic activity of the
NiFe-LDH/CC, the electrochemical active surface area (ECSA) was
determined from the double-layer capacitance (Cdl) derived from
the non-Faradaic region in the CV measurement [53]. Explicitly, CV
curves at different scan rates are recorded (potential
range: �0.05 ~ þ0.05 V versus SCE) to obtain the capacitive current
related to Cdl for the NiFe-LDH/CC samples (Fig. S7). Then, the Cdl
value can be obtained by plotting Dj/2 ¼ (ja e jc)/2 at 0 V (vs SCE)
5

against the scan rate, where ja and jc are the anodic and cathodic
currents, respectively. The variation trend of Cdl to the concentra-
tion of Ni is depicted in Fig. 4d. The largest Cdl value of 3.51 mF is
acquired for NiFe-LDH-6-4/CC, which should be responsible for its
superior electrocatalytic OER activity. In other words, the NiFe-
LDH-6-4/CC composite has the largest ECSA among all samples
with varied Ni/Fe ratios, where this enhanced surface area can be
attributed to their cross-aligned ultrathin nanosheet arrays,
providing richer channels and more active sites for favorable
electrode reactions. Although the ECSA is a critical factor, it is not
the only one determining the activity of catalysts. In this way, it is
also essential to explore the charge transfer kinetics involved in the
OER process by recording the electrochemical impedance spectra
(EIS) of NiFe-LDH/CC composites at 1.57 V versus RHE [46,54,55].
The related Nyquist plots and equivalent circuits are shown in
Fig. 4e. All the samples display similar Nyquist plots with apparent
semicircles, corresponding to the charge transfer resistance (Rct).



Fig. 5. (a) OER polarization plots of NiFe-LDH-6-4/CC at a scan rate of 5 mV s�1 in the 1 M KOH electrolyte (seawater and DI water) and (b) chronopotentiometry measurement for
NiFe-LDH-6-4/CC at a current density of 100 mA cm�2.
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The semicircles of FeOH/CC and NiOH/CC are much bigger than
those of other samples, implying their much higher charge transfer
resistance in the OER process. The EIS data are then fitted to the
equivalent circuit, and the fitting parameters are listed in Table S3,
which reveals the slight difference in resistance (Rs) but great
disparity among the Rct values for the samples. It can be observed
that, except NiFe-LDH/CC-2-8, FeOH/CC, and NiOH/CC, the other
NiFe-LDH/CC samples show low Rct values, suggesting their much
faster charge transfer rate during the OER process [38]. The smallest
Rct of 0.24 U is observed on NiFe-LDH-6-4/CC, implying its lowest
electronic resistance at the electrode/electrolyte interface. The EIS
results are in good consistency with the Tafel slopes of the samples,
confirming that the charge transfer kinetics also play a crucial role
in the process of OER.

Besides the catalytic activity, high stability is also an essential
requirement for OER catalysts. In this work, the evaluation of the
OER stability of NiFe-LDH-6-4/CC is conducted by chro-
nopotentiometry at a current density of 100 mV cm�2, and the
result is compiled in Fig. 4f. After 450 h of OER in 1 M KOH solution,
the applied potential increases only 65 mV. Obviously, NiFe-LDH-6-
4/CC shows high OER stability and surpasses the stability onmost of
the OER catalysts reported recently [51,56]. The morphology of
NiFe-LDH-6-4/CC after 450 h chronopotentiometry test reveals that
the overall cross-aligned nanosheet arrays are still well preserved
(Fig. S8), just with some cracks on the surface, which may be
resulted from the long-time impact of releasing O2 at a fast rate.
Meanwhile, parts of the nanosheet arrays are covered by some
flakes or particles, which may block the mass transfer during the
OER process and decrease the OER stability accordingly. Never-
theless, the crystal phase of the catalyst was well preserved, as
confirmed by both the TEM image and XRD pattern recorded after
the chronopotentiometry test (Fig. S9). Faraday efficiency (FE) is an
important index to evaluate the actual productivity for HER or OER
in water splitting [57]. Here, the FE of OER on NiFe-LDH-6-4/CC is
measured by a drainage method and determined to be 97.7%,
implying a very high OER productivity (more details can be seen in
the SI). Such a high OER performance of NiFe-LDH-6-4/CC can be
attributed to the robust structure of NiFe-LDH-6-4 nanosheets and
the strong bonding between the NiFe-LDH layer and CC substrate.
3.3. OER activity of NiFe-LDH-6-4/CC in seawater

For practical considerations, seawater electrolysis is an ideal
future technology that can be used for both hydrogen generation
and seawater desalination [58,59]. It is of great importance for en-
ergy storage and freshwater harvesting from the ocean. In this case,
6

the performance of NiFe-LDH-6-4/CC on seawater electrolysis is
investigated, and the results are presented in Fig. 5. To deliver a
current density of 100 mA cm�2, the overpotential required is just
301 mV (Fig. 5a), and the OER potential increment is only 33 mV
after 165 h of seawater electrolysis at the current density of
100 mA cm�2 (Fig. 5b). The OER performance of the NiFe-LDH-6-4/
CC composite in seawater is not so good as that in the freshwater,
but it still shows good activity and distinguished stability in
seawater splitting. These performances are also among the best of
recently reported OER electrocatalysts for seawater splitting under
real or simulated seawater electrolyte conditions (Table S4 and
Fig. S10). In addition, the FE for OER in seawater is calculated to be as
high as 96.9%, which is only slightly lower than that in DI water. The
previous results are very meaningful for the scalable application of
the NiFe-LDH catalysts in hydrogen harvesting from seawater.

It was known that in the electrolysis of chloride-containing
electrolytes, chlorine evolution reaction (CER) may coexist with
OER [60,61], which will lower the OER efficiency and cause harm to
the environment and people's health [62]. Thus, the influence of
CER should be put into consideration in the OER process of
seawater. Here, a titration method coupled with absorption spec-
trometry was used to determine whether Cl2 is produced in OER
[63]. Potassium iodide (KI) is used as the reductant and will be
oxidized into I2 by ClO� generated from the reaction of Cl2 and OH�

in the electrolyzed solution (Eq. (1) & (2)). The I2 formed will then
show an absorption peak at 440 nm [63]. The electrolyzed seawater
after the stability test was used to examine the evolution of Cl2, and
more details are provided in the SI. As shown in Fig. S11, the ab-
sorption spectra of the electrolysis solution show no absorption
peak attributed to I2, indicating that no Cl2 is generated during the
seawater electrolysis, proving that the CER was fully suppressed
under the electrolysis condition. Combined with its OER perfor-
mance in activity and stability, NiFe-LDH-6-4/CC is of great po-
tential in seawater splitting for harvesting hydrogen energy.

Cl2 þ 2OH� / ClO� þ Cl� þ H2O (1)

ClO� þ 2I� þ H2O / I2 þ 2Cl‒ þ 2OH� (2)
4. Conclusion

In conclusion, we have reported a facile method to prepare a
series of NiFe-LDH nanosheets with various Ni/Fe molar ratios on
the carbon cloth under mild conditions (90 �C, atmospheric pres-
sure), and the OER activity and stability in both fresh water and
seawater are well investigated. The stoichiometric ratio of Ni and Fe
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has a strong impact on shaping the nanostructure of the catalysts
and hence the OER performance. The optimized Ni/Fe ratio of the
catalysts was found to be 6: 4, which led to NiFe-LDH-6-4/CC with
more dense and uniform arrays of NiFe-LDH nanosheets on the
carbon fibers. Consequently, it shows the better OER performance
with lower overpotentials, smaller Tafel slope and Rct, and larger Cdl
values compared with those having other Ni/Fe ratios. It also ex-
hibits a satisfactory OER durability up to 450 h in fresh water and
165 h in seawater at the current density of 100 mA cm�2. The facile
fabrication and high performance of these hybrid materials present
great promise of earth-abundant OER catalysts in meeting the
criteria of activity, durability, selectivity, and cost for practical
seawater electrolysis.
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