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Abstract: Low-cost and high-performance electrocatalysts are crucial for water-splitting reactions.
Some non-precious metal electrocatalysts are proved to be good replacements for noble metal due to
the unique electronic structure features and excellent performance. In this work, binary Ni-Co-based
layered double hydroxide nanoneedle arrays electrocatalysts are synthesized on Ni foam (NF) via
a hydrothermal process. The microstructure and the catalytic performance of the catalyst changes
significantly by regulating the molar ratio of Ni/Co. The theoretical analysis confirmed that the
as-prepared NiCo-LDH nanoneedle arrays reveal a potential behavior in oxygen evolution reaction
(OER) at a lower overpotential of 305 mV at 10.0 mA cm~2 and a Tafel slope of 110.38 mV dec~!. The
double-layer capacitance (Cq;) is 776 mF cm~2, which indicates that there are many active sites that
are exposed on the surface for the electrocatalytic reaction. The results provide an obvious reference
value to other types of LDH catalysts for the development of water electrolysis.

Keywords: nanoneedle; Ni-Co based; electrolysis; OER; electrocatalyst

1. Introduction

To solve the problems of global warming and environmental pollution, the develop-
ment and use of new energy is becoming more and more important. As the simplest form
of energy carrier, hydrogen is considered to be the most excellent candidate to replace fossil
fuels [1-3]. It has a high heat value and is convenient to transport and use, so it can be
used in hydrogen internal combustion engines or in fuel cells [1]. Because the proportion of
hydrogen in air is too little, the air separation is uneconomical [2]. Most of the hydrogen for
industrial purposes is produced from the decomposition of the organic fuel, which brings
huge energy consumption, enormous carbon emissions, and environmental pollution [3].
In this regard, the electrolysis of water is considered to be the most promising method
for hydrogen production. The water-splitting reaction includes two half-reactions, which
contain the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) [4,5].
As a sluggish kinetics process, OER is in a critical position in the reaction of water electroly-
sis [5-7]. Then, excellently designed OER catalysts become crucial in promoting the reaction
efficiency of the electrolysis of water. For a long time, the catalysts were based on precious
metals, for example, IrO,, Pt, and RuO,, which play a key role in raising the efficiency of
HER and OER [8,9]. This is attributed to their unique electron shell structure [9], which can
obviously lower the overpotential and accelerate the rate of electrolysis reaction. In practice,
however, that means large costs to industrialized promotion [10,11]. Thus, it is urgent
to research and synthesize excellent-performance OER electrocatalysts that are based on
non-noble metals or low-cost nonmetallic materials [12,13].
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Currently, abundant non-noble metal electrocatalysts have been synthesized, and
significant progress has been made [14-16]. Among these non-noble metals, nickel foam
has been widely used for the preparation of layered double hydroxide due to its high
conductivity [17], corrosion resistance [18], relatively cheap [19], and especially its electronic
orbit [20]. The oxides and hydroxide of many transition metals have been proved to
have considerable activities to be used as catalysts [17]. The activities of these oxide and
hydroxide are considered to have close relations with the number of 3d electrons of the
transition metals atom; the d electron orbitals of surface transition metal ions show a bond
to the anions on the metal surface [18,20]. This will affect the binding with the intermediates
that contain oxygen; the bond strength of the intermediates is considered to have a decisive
influence over the electrocatalytic activity. Understanding the correlation between the
catalytic activities and the structure of the electronic orbit will contribute to the discovery
of the mechanism of catalysts and the design of new cost-effective electrocatalysts for
OER [20].

Ni-based LDHs have exhibited a good electrochemical property in electrocatalytic
water splitting [17-19]. Firstly, this is attributed to the characteristic of the Ni atom or-
bit [20,21]. Jaramillo et al. found that the electronic structure of transition metal compounds
leads to their excellent electrocatalytic performance [20]. Secondly, it is due to the corrosion
resistance of nickel, which can remain stable upon prolonged exposure in oxidizing condi-
tions [22]. Moreover, during the electrolysis of water, the surface ions of the metal can give
a higher binding strength to the anion of the intermediates that offer the catalytic activity
in the reaction [20].

Compared with most nanostructure catalysts, the large number of active sites and
high specific surface area of LDH can be beneficial to the performance [23]. The high
specific surface area may provide many charge-transfer paths to the reaction of water
decomposition [24]. Nowadays, large kinds of LDHs are being designed, such as NiFe-
LDH [25,26], NixMgs_Al-LDH/rGO [27], NiV-LDH [28], CoFe-LDH [29,30], and so on.
Liu et al. designed a new strategy of high-entropy configuration to improve the activity
and the stability of NiFe-LDH since these were decreased due to the Gibbs free energy and
the Mg-O interfacial bond. These could keep the crystal structure more stable effectively
and reduce the phase separation obviously; then, the LDH can give a dramatically stability
with no activity decline at 300 mA cm 2 over 60 h [25]. Yu et al. designed NixMgs_,Al-
LDH/rGO catalysts with Au nanoclusters as precursors. The nanosheet array showed a
crossover vertically on the side of rGO with Au nanoclusters dispersed on the edge. They
found that the activity of the catalysts was connected to the Au clusters’ size and the ratio
of Ni/Mg. The special nanostructure can improve the ion diffusion and transport during
the reaction, which may give a new strategy for designing LDHs with a high performance
for catalytic applications [27]. Chavan et al. prepared a NiV-LDH via the chemical bath
deposition method. The electrocatalytic activity of this material was estimated both ex-
perimentally and theoretically. They found that the binding sites of the active O to the
bands around the Fermi level improve the OER, leading to a good conductivity of the
LDH. By doping V, the material structure could be regulated, and the AG of the O binding
could be reduced. The hydrogen desorption energy of this LDH was low, and there was
a large number of O catalytically active sites [28]. Badreldin et al. synthesized a series
CoFe-based oxyhydroxides via a simple chemical method, and the ternary oxyhydroxides
showed excellent performance and stability in alkaline, near-neutral, and neutral saline
electrolytes [29].

Herein, we synthesized a NiCo-LDH nanoneedle on nickel foam via the hydrothermal
method for the hydrolysis of water. This method is low-cost, and it is easy to regulate
the microstructure even to the properties of the electrocatalyst. The special nanoneedle
microstructure can give more active sites for the hydrolysis process. By controlling the ratio
of Ni/Co, we adjusted the microstructure of the electrocatalyst. The correlation between
the microstructure and the OER performance of the electrocatalyst was also investigated.
The NiCo-LDH shows not only highly active but also long-term stability during the OER; a
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305 mV overpotential under 10 mA cm~2 and a high Cq; of 776 mF cm ™2 were obtained in
1M KOH.

2. Materials and Methods
2.1. Materials

Co(NO3)2-6H,0O, Ni(NO3),-6H,0, and Ni foam (NF) were purchased from Aladdin.
CO(NH3); and KOH were acquired from Sinopharm Group.

2.2. Electrocatalyst Synthesis

The Ni foams (1 cm x 2 cm) were treated by ultrasound in 1 M HCl for 20 min. They
were then washed with ethyl alcohol and deionized water, in turn, three times to ensure
that the surface oxides were removed. After that, the clean Ni foams were dried in a
vacuum-drying chamber. Then NiCo-LDH nanoneedle arrays were synthesized on it via
the hydrothermal method. A solution of Co(NO3);-6H,0O, CO(NH3),, and Ni(NO3),-6H,O
was mixed into 60 mL ultrapure water under continuous stirring. The added molar ratio
of the Ni:Co ion varied from 4:2 to 4:4 to 4:6 to 4:8. The urea was always 10 mmol. After
stirring for 15 min, the pretreated Ni foam and the mixed liquids were moved to a 100 mL
polytetrafluoroethylene reactor with steel casing and kept under 150 °C for 6 h. After the
temperature dropped down to room temperature naturally, the obtained samples were
washed with ethyl alcohol and ultrapure water, in turn, three times and were vacuum-dried
under 60 °C overnight.

After controlling the molar ratio of Ni:Co to optimize the OER performance of the
electrocatalyst, the as-obtained specimens were marked as NisCo,-LDH, NiyCos-LDH,
NisCog-LDH, and NigCog-LDH.

2.3. Structural Characterization

An XRD diffractometer (D8 Advance, Bruker, Kyoto, Japan) with CuK« radiation was
used to detect the phase of the as-obtained specimens. The scanning speed of the XRD
diffractometer was 6° /min, and the 20 range was 5-80 degrees. The morphology and EDS
of the specimens were detected through a field emission scanning electron microscope,
model JSM-7800F (JEOL Ltd., Tokyo, Japan), and a transmission electron microscopy, model
TECNAI G2 F20 (FEI, New York, NY, USA). The specific surface areas of the samples were
evaluated by a Brunauer-Emmett-Teller (BET) N, adsorption—desorption solution model
Micromeritics ASAP2460 (Norcross, GA, USA). The elemental composition and atomic
states of the specimens were further examined by an X-ray photoelectron spectroscopy,
model Thermo Scientific K-Alpha (Shanghai, China).

2.4. Electrochemical Characterization

A three-electrode setup which was connected to a CHI660D electrochemical work-
station (Tesco, Shanghai, China) was utilized for the electrochemical experiments under
room temperature. A platinum electrode was used as a counter electrode, and an Ag/AgCl
electrode was used as the reference electrode. The series of as-obtained electrocatalysts was
used as the working electrode. The electrolyte was 1 M KOH. In this work, the working elec-
trode potentials were converted to reversible hydrogen electrodes (RHEs) according to the
following formula: Erpg = Eag/agcr +0.1989 + 0.0591 x pH. The linear sweep voltammetry
(LSV) curves were obtained under the scan rate of 2 mVs~!, and iR compensation was
adopted for it. The calculation of overpotentials was performed according to the formula
1n(V) = Erug — 1.23. Electrochemical impedance spectroscopy (EIS) was tested under the
sweep frequency between 0.01 and 10* Hz. Cycle voltammetry (CV) was performed with
a scanning speed ranging from 1.0 to 5.0 mV/s. Tafel slopes were tested under the same
electrolyte. The electrochemical double-layer capacitance (Cq;) of the specimens was tested
through cycle voltammetry. A stability test was performed in virtue of chronoamperometry
under 10 mA cm~2 and lasted for 24 h.
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3. Results and Discussion
Structural Analysis

The Ni-Co LDH nanoneedle arrays have a considerable specific area, as shown in
Table 1. The specific areas of NigCop-LDH/NF, NigCo,-LDH/NF, NiyCos-LDH/NF, and
NiyCog-LDH/NF are 8.6960 m?/g, 10.1848 m?/g, 11.9787 m?/g, and 7.3907 m? /g, re-
spectively. The pore volumes of NigCo,-LDH/NF, NiyCos-LDH/NEF, NigCos-LDH/NF,
and NizCog-LDH/NF are 0.009751 cm?/g, 0.011258 cm3/g, 0.013901 cm® /¢, and 0.008607
cm?/g. Thus, when the Ni/Co ratio is appropriately improved, the specific area and pore
volume of NiCo-LDH/NF is increased obviously, thus helping to provide more active sites
for OER and increase the catalytic efficiency.

Table 1. Specific area and pore volume of the samples (the superior and inferior are the errors).

Sample SgeT (m?/g) Viotal (cm®/g)
NiyCop-LDH/NF 8.6960 ) (oaa 0009751 " (074
NiyCo4-LDH/NF 1018480012 00112581 [ Crce
NiyCog-LDH/NF 11~9787f8j8(1);§ 0.013901f81882i?‘3
NiyCog-LDH/NF 73907 0o 0008607 " Sice Ty

The macro-morphology of the NF surface both before and after the synthesis is shown
in Figure 1. It can be seen that, after the hydrothermal reaction, the Ni-Co LDH catalyst
nanoneedle arrays grew uniformly on the three-dimensional network of NF substrate.
The macroscopic porous structure of NF and the porous nanostructure of the specimens
contributed to increasing the active surface area of the electrocatalyst significantly.

P.C.30 HV  x100

Figure 1. Low magnification of (a,b) NF before hydrothermal reaction and (c,d) NigCos-LDH/NF
after hydrothermal reaction.
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Figure 2 shows the XRD patterns of the specimens. As shown in the patterns, there are
three sharp peaks at 44.4°, 51.7°, and 76.3°; these correspond to NF(JCPDF No. 04-0850).
The peaks located at 33.67, 35.19, and 59.60 belong to the (110), (111), and (300) lattice
planes of 3Ni(OH),-2H,O according to the PDF card JCPDF22-0444. Diffraction peaks at
34.95, 37.65, 39.40, and 62.44 represent the lattice planes (012), (104), (015), and (113) of
Ni 75C00.25(CO3)0.125(OH),-0.38H,0, according to the PDF card JCPDF40-0216.

A-3Ni(OH),02H,0  #-Co(CO,), {(OH)0.111L,0
0-Ni, 75C0455(CO3) 1,5(OH),#0.38H,0  o-NF

¢ ©9 o $AL 9 0o

MMMWWWM‘ M'mwwmmmw i
Ni1,Cos-LDH

MWMMWMW W mewmww g
Ni,Cos-LDH

MMWWWWW

Ni,Co,-LDH

bt A MWWMWW ‘i

Ni,Co,-LDH

Intensity(a.u.)

1 " 1 " 1 L 1 " 1 " 1

20 30 40 50 60 70 80
20(°)

Figure 2. XRD patterns of as-prepared specimens.

The peaks at 17.51, 33.82, 35.48, 36.53, 39.53, 59.90, and 62.21 correspond to Co(CO3)g 5
OH-0.11H,0 of (020), (221), (040), (301), (231), (412), and (450), respectively, according to the
PDF card JCPDF48-0083. As can be seen in Table 2, the FWHM value of NigCo,-LDH/NF
is 0.306, and the crystallite size is 29 nm. Moreover, when the content of Co is increased,
the FWHM value of NigCog-LDH/NF reduces to 0.137, and the crystallite size increases to
89 nm, so the degree of crystallization is improved significantly. The binary layered double
hydroxide was successfully synthesized onto the NF substrate.

Table 2. FWHM and crystallite size of the samples.

Sample FWHM Crystallite Size (nm)
NigCor-LDH/NF 0.306 29
NiyCo4-LDH/NF 0.220 43
NiyCos-LDH/NF 0.187 68
NiyCog-LDH/NF 0.137 89

The macro-morphology of the specimens was observed by FESEM (Figure 3). As can
be seen, the Ni-Co LDH presents nanoarrays. With a higher content of Co, the pores first
decrease and then increase significantly. From the high-magnification morphologies of
the samples in Figure 4, it can be seen that the as-prepared Ni-Co LDH electrocatalysts
present nanoneedle arrays. Moreover, with the increasing amount of Co, the length of
the nanoneedles increase obviously. Meanwhile, the porosity increases firstly and then
decreases with the increasing Co, which corresponds to the pore volume information of
Table 1. This may be in favor of improving the active surface area of the catalytic reaction,
which contributes to the transfer of the charges between the catalysts and the electrolyte
during OER [30] and is conducive to enhancing the properties of the electrocatalysts.
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SED 20.0kV WD14mmP.C.30 HV

Figure 3. Low magnification of (a) NigCop-LDH/NF, (b) NigCos-LDH/NF, (c) NigCos-LDH/NEF, and
(d) NigCog-LDH/NF nanoneedle arrays.

Figure 4. High magnification of (a) NigCop-LDH/NE, (b) NigCos-LDH/NE, (¢) NiyCos-LDH/NF,
and (d) NigCog-LDH/NF nanoneedle arrays.

Figure 5 shows the TEM analysis of the NigCos-LDH/NE. As can be seen in the
figure, the nanoneedle morphology is clearly under the low-magnification TEM (Figure 5a).
Figure 5b is the high-resolution picture of the microstructure of NigCos-LDH/NE, in which
the lattice fringes with distances of 0.219, and 0.223 nm correspond to the (103) crystal face
of 3Ni(OH);-2H,0 and the (015) crystal plane of Nig 75Co00.25(CO3)0.125(OH)2-0.38H,O. The
corresponding SAED pattern (Figure 5¢c) shows the (110) crystal plane of 3Ni(OH),-2H,0O
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and the (006) crystal plane of Nig 75C00.25(CO3)g.125(OH),-0.38H, O according to the JCPDF
of X-ray diffraction (XRD).

¥ 0219mms

oa O

\7‘ ‘.'. :

Figure 5. (a) Low-magnification TEM image, (b) high-resolution TEM image, and (c) selected-area
electron diffraction of NigCos-LDH/NFE

The chemical compositions and the atomic oxidation states of the material surface in
the binary layered double hydroxide were investigated through X-ray photoelectron spec-
troscopy. Figure 6 is the XPS spectrum of NigCos-LDH/NE, which reveals the distribution
of the Ni and Co elements in the nanoneedle arrays’ surface. The peaks at 857.3 eV and
784.6 eV represent Ni 2p3, and Co 2p3, respectively, suggesting the +2 and +3 valence
states of Ni and Co [31].

Ni2p 25,5 Co2p

2ps 2ps);

5 — 2py,

< =]

= 3

3 z

= 2

- 5

890 880 870 860 850 810 805 800 795 790 785 780 775
Binding energy(eV) Binding energy(eV)

(a) (b)

Figure 6. XPS spectra of NigCos-LDH/NF: (a) Ni 2p and (b) Co 2p.
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Figure 7 shows the energy disperse spectroscopy of NigCos-LDH/NF nanoneedle. As
shown in the figure, the uniform distribution of Ni, Co, and O in the nanoarrays of the
specimens confirms that the elements’ composition on the surface of NigCos-LDH/NF is
homogeneous; this contributes to the stability of the hydrolysis performance [32].

—

Y)
)

> - N 3 ¥ '{’ . : A
G R N
L7 s j;"' ’ﬂ.")}t}ﬂa)- ‘
A S el

SED 20.0kVWD14mmP.C.30 HV x15000 1pm ——
Mar 27, 2022

Surface energy spectrum

wt¥% o
Ni 406 03
Co 395 03
(0] 199 0.3

lvrawrwn oo boronrvrvralorenraronralay

Figure 7. EDS of NiyCos-LDH/NF nanoneedle arrays.
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The electrochemical characterization of the NiCo LDH series was investigated when
it used as the working electrodes. The OER performances of the materials were studied
in 1.0 M KOH. Figure 8 shows the electrochemical characterization of the NiCo LDH
series electrocatalysts. Figure 8a displays the LSV polarization curve of the Ni-Co-based
LDH. NiyCos-LDH/NF performs an overpotential of about 305 mV at 10 mAcm~?; this is
lower than NigCoy-LDH/NF (324 mV), NigCog-LDH/NF (318 mV), and NigsCog-LDH/NF
(323 mV). To the interest of commercial water electrolysis, a higher current density is always
required to keep for a considerable time to obtain commercial benefits. Therefore, it is
important that a certified electrocatalyst can attain a demanded higher current density [29].
From the iR-corrected LSV polarization curve (Figure 8a), we can see that, to achieve the
current density of 200 mAcm 2, the overpotentials of NigCoy-LDH/NEF, NigCos-LDH/NE,
NigCog-LDH/NF, and NigCog-LDH/NF should be about 520 mV, 440 mV, 460 mV, and
467 mV. Thus, to achieve a higher current density, NigCos-LDH/NF needs the lowest
overpotential. Clearly, an appropriate Ni/Co elements ratio may decrease the overpotential

significantly, which contributes to improving the catalytic behavior of the Ni-Co-based
LDH [25,26].

200 b 1.60 — -
(a) —— NiCo,-LDH/NF ( ) =NiCoy LDHANF
—— Ni,Co,-LDH/NF 1.59 } —NiCo LDHNF B
L - ——Ni,Co,-LDH/NF
150 b —Ni.Co, LDH/NE AL Ll
Ni,Co, LDH/NF 2158 | —— Ni,Co,-LDHNF §
% El 57
;; 100} ; '
= =156
50 ;73155 L
1.54}F
[] i 1 A L 'l L A
1.0 1.1 12 13 14 15 16 1.7 0.9 1.0 1.1 I.."I 1.3 1.4
E(V vs. RHE) Log (J(mA e¢m™))
45F — . 7
(C) * NiCo LDHNI F+ ° (d) —+—Ni,Co.-LDH/NF -
40| ® NiCo LDHNI Qé g 6F —s—Ni,Co,-LDH/NF
# NiCo LDH/NE - R Ni,C OH/NF
* Ni,Co-LDHNF e 4 s} —*NiCo LDHNI
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'.:_ . 4l Ra
5 3.0F -
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= 23l
E25F -
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520} 2
1k
1.5
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1.0} ¢
A L A A A _1 L A
1 2 3 4 5 2 4 8 10

6
Scan rate(mV s™") YA(%))
Figure 8. Polarization curves of NiCo-based LDH. (a) LSV plots of the specimens at 2 mVs~lin1M
KOH electrolyte. (b) Tafel slopes of the specimens. (c) Double-layer capacitances. (d) Electrochemical
impedance spectroscopy Nyquist plots of the specimens. The inset diagram is the equivalent circuit.

Figure 7b shows the attained Tafel slopes tested in 1.0 M KOH. The series of NiCo-
based LDHs shows relatively low Tafel slopes from 106.77 to 123.06 mVdec!. Thus, the
OER kinetics can be improved by the series of as-prepared NiCo-based LDHs. The double-
layer capacitance (Cg4;) can be calculated from the CV scans [33]. Figure 8c shows the Cq; of
the specimens. NigCos-LDH/NF possesses a remarkably larger Cq; value (776 mF/cm?)
than that of NizCo,-LDH/NF (650 mF/cm?), NigCos-LDH/NF (561 mF/cm?), and NigCog-
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LDH/NF (730 mFE/ cmz). This is attributable to the intrinsic activity and the exposure of
more active reaction sites in the nanoneedle arrays of NisCos-LDH/NF, which can enhance
the OER behavior of the materials significantly [33,34].

EIS is tested to study the interfacial properties of the electrocatalysts electrodes [35]. It
can be seen in Figure 8d that the equivalent circuit is simulated according to the Nyquist
plots, in which Rt represents the charge transfer resistance of the electrolytic system, R
represents the solution resistance of the electrolytic system, and CPE is the constant phase
angle elements of the electrolytic system. According to the EIS results, the R¢; of NigCoy-
LDH/NF (1.983 Q) is lower than that of NigCo,-LDH/NF (2.16 Q2) and NigCog-LDH/NF
(2.09 Q)) and nearly equal to that of NiyCog-LDH/NF (1.933 )). Thus, all the series of
electrocatalysts display small resistances of 1.80-2.2 at 1.56 V vs. RHE, which may benefit
from the high conductivity of the nickel foam skeleton [36]. This indicates the excellent
electron transport kinetics of the series of NiCo LDHs [34-36].

As is well-known, a good OER performance (higher double-layered capacitance and
lower charge transfer kinetics) is attributed to the defect that induced into the electronic
structure and interface coordination associated with local charge distribution of the elec-
trocatalysts. This was reached by doping Co. The Ni/Co ratio plays a critical role in
determining the morphology of the Ni4Co4-LDH because the incorporation of Co atoms
changes the growth kinetics [25,27,28]. Compared with Ni, Co has a relatively lower atomic
weight in the precursor solution, so the reaction rate will be affected, and different surface
morphologies will be obtained. It has been proved that electron transfer can be facilitated
by the oxygen functional groups, which may hinder charge transfer between the electrolyte
and electrode surface [28]. Therefore, when doping excess Co, the resistance to the charge
transfer will be increased because there are increased oxidation states in the Co in the mate-
rials. Thus, the abundant oxidation states caused by doping excess Co and the increased
number of active sites have a common influence on the OER activity of NiCo-LDHs [28].

The catalytic activity of electrocatalysts is always evaluated through the turnover
frequency (TOF). The calculation of the TOF is always performed according to the following
formula: TOF = (A])/(4 mF), in which A represents the active area of the electrode materials,
] represents the current density under 300 mV of overpotential, m represents the active
sites number that estimated from the CV curves, and F is the Faradic constant [37,38].
According to Figure 9, the NigCos-LDH/NF electrocatalyst presents a TOF value of 0.2445
S~1; this obviously exceeds that of NizCo,-LDH/NF (0.1841 S~1), NiyCos-LDH/NF (0.1531
S—1), and NiyCog-LDH/NF (0.2156 S~1). Therefore, NigCos-LDH/NF has the best intrinsic
catalytic activity when compared with the others, and this also means that the appreciable
charge transfer efficiency contributed to the excellent performance of the OER [39].

025 0.2445

0.2156

0.20 0.1841

0.1531

TOF(s™ 1)

0.10

0.05

0.00

Ni,C0,-LDH/NF Ni,Co,-LDH/NF Ni,Co,-LDH/NF Ni,Co,-L DH/NF

Figure 9. TOF values of the samples under the overpotential of 300 mV.
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The OER of the electrocatalyst is supposed to be composed of multistep reactions.
Firstly, water molecules are adsorbed to the active sites on the catalysts, where the water
molecules convert to some [OH] intermediate. After that, the intermediates will be oxidized
and transformed to [O]. In the next step, [OOH] intermediate will be produced by the
reaction between the [O] and H,O molecule. Finally, [OOH] will release O,. These interme-
diates have abundant oxygen vacancy sites on the electrocatalysts. Thus, the performance
of OER is closely related to the amount of the active catalytic sites and the adsorption
capacity between the intermediates and H,O [40].

For the application of the electrocatalysts, the long-time stability is a critical factor.
The chronoamperometry is used to evaluate the long-time stability of the as-prepared
electrocatalysts. The stability of NigyCos-LDH/NF was tested at a constant 10 mAcm 2
in the 1 M KOH. Figure 10 is the V-T curve of the 24 h stability test of NiyCos-LDH/NF.
The potential of NigCo4s-LDH/NF is stable and is kept for 24 h just with only a minor
decrease from 0.62 to 0.59 V, suggesting a negligible activity loss of the catalyst after 24 h
of testing [32]. This indicates that NigCos-LDH/NF has excellent OER stability as an
electrocatalyst.

1.0
——Ni,Co,-LDH/NF

0.8 F

0.6 F

0.4

Potential/V

0.2

0 4 8 12 16 20 24
Time/h

0.0

Figure 10. Chronoamperometry test of NigyCos-LDH/NF at 10 mA-cm 2.

The OER performances of the electrocatalysts synthesized in this paper and other
reported Ni-based or Co-based LDH, electrocatalysts which show obvious advantages,
are shown in Table 3. According to the references in the table, the reported Ni-based or
Co-based LDH electrocatalysts are normally synthesized through a multi-step process and
are costly in energy and time [41-46]. Meanwhile, in this work, the Ni-Co-based LDH
electrocatalysts can be obtained by the one-step hydrothermal method, which is low in
cost and easier to operate. Moreover, the overpotential at 10 mAcm~2 in this paper is
superior to the works listed in the table, and this may be attribute to the nanoneedle arrays
of the Ni-Co-based LDH. The abundant active sites can significantly promote the electron
transport rate between the electrocatalysts and electrolyte, which contribute to the excellent
OER behavior [44-46].



Nanomaterials 2023, 13, 1941 12 of 14

Table 3. OER performances of other NiCo-LDH electrocatalytic materials reported.

Catalyst Cu(r:;ltclie_lzs;lty Ovelaf‘t;;nhal Reference
Ni(OH), 10 595 [41]
NiCo hydroxide 10 460 [39]
Co(OH), /NF 10 280 [42]
NiCo-LDH 10 367 [43]
NiCo-NS 10 334 [44]
Co(OH), 10 360 [45]
ZIF-67/CoNiAl-LDH/NF 10 303 [46]

Ni-Co-based LDH arrays 10 305 This work

4. Conclusions

NiCo LDH nanoneedle arrays were synthesized on Ni foam through the hydrothermal
method. The obtained NiCo-LDH nanoneedle arrays displayed long-time stability, in
addition to an excellent catalytic property for OER. A lower overpotential of 305 mV and
a Tafel slope of 110.38 mVdec~! were obtained when NiyCos-LDH/NF was used in the
electrolysis of water at 10 mAcm 2.

A remarkably larger Cqy value of 776 mF/cm? and TOF values of 0.2445 S~1 were also
obtained. This is better than most of the other Ni-based or Co-based LDH electrocatalysts
that have been reported. The good behavior of the as-prepared specimen is owed to
the microstructure of the materials. We believe that the method in this work can be
further extended to other types of LDH catalysts for application in fields of energy storage
and conversion.

Author Contributions: Conceptualization, Z.L.; methodology, Z.L. and Z.Z.; software, Z.L. and Z.Z;
validation, Z.L.; formal analysis, S.L.; investigation, Z.L., Z.Z.,S.L., G.T.,, H.C, Z.G.,S.L. and C.C;
data curation, S.L.; writing—original draft preparation, Z.L.; writing—review and editing, G.W.;
supervision, G.W.; project administration, G.W.; funding acquisition, C.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Student Research Train Program of Henan University
of Science and Technology (No. 2022050) and the National Natural Science Foundation of China
(No. 51901070).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Beall, C.E.; Fabbri, E.; Schmidt, T.J. Perovskite oxide based electrodes for the oxygen reduction and evolution reactions: The
underlying mechanism. ACS Catal. 2021, 11, 3094-3114. [CrossRef]

2. Song, F,; Bai, L.; Moysiadou, A.; Lee, S.; Hu, C.; Liardet, L.; Hu, X. Transition metal oxides as electrocatalysts for the oxygen
evolution reaction in alkaline solutions: An application-inspired renaissance. J. Am. Chem. Soc. 2018, 140, 7748-7759. [CrossRef]

3. Yin, H.; Xia, H.; Zhao, S.; Li, K.; Zhang, J.; Mu, S. Atomic level dispersed metal-nitrogen-carbon catalyst toward oxygen reduction
reaction: Synthesis strategies and chemical environmental regulation. Energy Environ. Mater. 2021, 4, 5-18. [CrossRef]

4. Cai,],; Ding, J.; Wei, D.; Xie, X.; Li, B.; Lu, S.; Zhang, J.; Liu, Y; Cai, Q.; Zang, S. Coupling of Ru and O-vacancy on 2D Mo-based
electrocatalyst via a solid-phase interface reaction strategy for hydrogen evolution reaction. Adv. Energy Mater. 2021, 11, 2100141.
[CrossRef]

5. Zhang, L.; Wang, Z.; Qiu, ]J. Energy-saving hydrogen production by seawater electrolysis coupling sulfion degradation. Adv.
Mater. 2022, 34,2109321. [CrossRef] [PubMed]

6. Zhang, L.; Yuan, H; Li, X.; Wang, Y. Hydrothermal synthesis of NiCo,O;,@NiCo,0; core-shell nanostructures anchored on Ni

foam for efficient oxygen evolution reactions catalysts. Coatings 2022, 12, 1240. [CrossRef]


https://doi.org/10.1021/acscatal.0c04473
https://doi.org/10.1021/jacs.8b04546
https://doi.org/10.1002/eem2.12085
https://doi.org/10.1002/aenm.202100141
https://doi.org/10.1002/adma.202109321
https://www.ncbi.nlm.nih.gov/pubmed/35150022
https://doi.org/10.3390/coatings12091240

Nanomaterials 2023, 13, 1941 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Xiang, W.; Yang, N.; Li, X,; Linnemann, J.; Hagemann, U.; Ruediger, O.; Heidelmann, M.; Falk, T.; Aramini, M.; DeBeer, S. 3D
atomic- scale imaging of mixed Co-Fe spinel oxide nanoparticles during oxygen evolution reaction. Nat.Commnn. 2022, 13, 179.
[CrossRef]

Qiu, Y; Feng, Z.; Ji, X.; Liu, J. Surface self-reconstruction of nickel foam triggered by hydrothermal corrosion for boosted water
oxidation. Int. |. Hydrogen Energy 2021, 46, 1501. [CrossRef]

Liu, Z.; Zeng, L.; Yu, J.; Yang, L.; Zhang, J.; Zhang, X.; Han, F; Zhao, L.; Li, X.; Liu, H.; et al. Charge redistribution of Ru
nanoclusters on CozO, porous nanowire via the oxygen regulation for enhanced hydrogen evolution reaction. Nano Energy 2021,
85,105940. [CrossRef]

Amirzhanova, A.; Akmansen, N.; Karakaya, I.; Dag, O. Mesoporous MnCo,04, NiC0,04, and ZnCo,0y thin-film electrodes as
electro-catalysts for the oxygen evolution reaction in alkaline solutions. ACS Appl. Mater. Interfaces 2021, 4, 2769-2785.

Han, L.; Dong, S.; Wang, E.K. Transition-metal(Co, Ni, and Fe)-based electrocatalysts for the water oxidation reaction. Adv. Mater.
2016, 28, 9266-9291. [CrossRef] [PubMed]

Ding, J.; Ji, S.; Wang, H.; Linkov, V,; Gai, H.; Liu, F; Liu, Q.; Wang, R. N-doped 3D porous Ni/C bifunctional electro-catalysts for
alkaline water electrolysis. ACS Sustain. Chem. Eng. 2019, 7, 3974-3981. [CrossRef]

Ha, Y.; Shi, L.; Yan, X.; Chen, Z,; Li, Y,; Xu, W,; Wu, R. Multifunctional electro-catalysis on a porous N-doped NiCo,O4@C
nanonetwork. ACS Appl. Mater. Interfaces 2019, 11, 45546-45553. [CrossRef] [PubMed]

Han, G.; Kim, H.; Kim, J.; Kim, J.; Kim, S.; Ahn, S. Micro-nanoporous MoO,@CoMo heterostructure catalyst for hydrogen
evolution reaction. Appl. Catal. B Environ. 2020, 270, 118895. [CrossRef]

Sun, H; Li, J.; Lv, L,; Li, Z,; Ao, X,; Xu, C.; Xue, X.; Hong, G.; Wang, C. Engineering hierarchical CoSe/NiFe layered-double-
hydroxide nanoarrays as high efficient bifunctional electrocatalyst for overall water splitting. J. Power Sources 2019, 425, 138-146.
[CrossRef]

Peng, L.; Shen, J.; Zheng, X.; Xiang, R.; Deng, M.; Mao, Z.; Feng, Z.; Zhang, L.; Li, L.; Wei, Z. Rationally design of monometallic
NiO-Ni3S, /NF heteronanosheets as bifunctional electrocatalysts for overall water splitting. J. Catal. 2019, 369, 345-351. [CrossRef]
Yang, D.; Cao, L.; Feng, L.; Huang, J.; Kajiyoshi, K.; Feng, Y.; Liu, Q.; Li, W.; Feng, L.; Hai, G. Formation of hierarchical Ni3S,
nanohorn arrays driven by in-situ generation of VS, nanocrystals for boosting alkaline water splitting. Appl. Catal. B Environ.
2019, 257,117911. [CrossRef]

Sumboj, A.; Chen, J.; Zong, Y.; Lee, PS,; Liu, Z. NiMn Layered Double Hydroxide as efficient electrocatalyst for oxygen evolution
reaction and its application in rechargeable Zn-Air batteries. Nanoscle 2017, 9, 774-780. [CrossRef]

Wang, C.; Sui, G.; Guo, D.; Li, ].; Ma, X,; Zhuang, Y.; Chai, D. Oxygen vacancies-rich NiCo,O4-4x nanowires assembled on porous
carbon derived from cigarette ash: A competitive candidate for hydrogen evolution reaction and supercapacitor. J. Energy Storage
2022, 50, 104280. [CrossRef]

Yang, Y.; Dang, L.; Shearer, M.; Sheng, H.; Li, W.; Chen, |.; Xiao, P; Zhang, Y.; Hamers, R; Jin, S. Highly Active Trimetallic NiFeCr
Layered Double Hydroxide Electrocatalysts for Oxygen Evolution Reaction. Adv. Energy Mater. 2018, 12, 1703189. [CrossRef]
Qayum, A.; Peng, X,; Yuan, J.; Qu, Y.; Zhou, J.; Huang, Z.; Xia, H.; Liu, Z.; Tan, D.; Chu, P.; et al. Highly durable and efficient
Ni-FeOy /FeNij electrocatalysts synthesized by a facile in situ combustion-based method for overall water splitting with large
current densities. ACS Appl. Mater. Interfaces 2022, 14, 27842-27853. [CrossRef]

Chaudhari, N.; Jin, H.; Kim, B.; Lee, K. Nanostructured materials on 3D nickel foam as electrocatalysts for water splitting.
Nanoscale 2017, 9, 12231-12247. [CrossRef]

Cai, M,; Liu, Q.; Xue, Z; Li, Y; Fan, Y,; Huang, A.; Li, M.; Croft, M.; Tyson, T.A.; Ke, Z.; et al. Constructing 2D MOFs from 2D
LDHs: A highly efficient and durable electrocatalyst for water oxidation. J. Mater. Chem. A 2020, 8, 190-195. [CrossRef]

Wang, H.; Li, J.; Li, K;; Lin, Y.; Chen, J.; Gao, L.; Nicolosi, V.; Xiao, X.; Lee, ].M. Transition metal nitrides for electrochemical energy
applications. Chem. Soc. Rev. 2021, 50, 1354-1390. [CrossRef] [PubMed]

Liu, D; Yan, X,; Guo, P; Yang, Y,; He, Y;; Liu, J.; Chen, J.; Pan, H.; Wu, R. Inert Mg Incorporation to Break the Activity/Stability
Relationship in High-Entropy Layered Hydroxides for the Electrocatalytic Oxygen Evolution Reaction. ACS Catal. 2023, 13,
7698-7706. [CrossRef]

Ning, M.; Wu, L.; Zhang, F.; Wang, D.; Song, S.; Tong, T.; Bao, J.; Chen, S.; Yu, L.; Ren, Z. One-step spontaneous growth of NiFe
layered double hydroxide at room temperature for seawater oxygen evolution. Mater. Today Phys. 2021, 19, 100419. [CrossRef]
Yu, S.; Li, J.; Zhang, H. Nanosheet array-like NixMgs Al-LDH/rGO hybrids loaded atomically precise Au, nanoclusters for the
solvent-free oxidation of benzyl alcohol. J. Catal. 2022, 413, 534-545. [CrossRef]

Harish, S.; Chi, H.; Akbar, I; Jonghoon, H.; Sunjung, P.; Sangeun, C.; Nabeen, K.; Sang, U.; Bo, H.; Hyunsik, L; et al. Designing
and Tuning the Electronic Structure of Nickel —Vanadium Layered Double Hydroxides for Highly E cient Oxygen Evolution
Electrocatalysis. ACS Catal. 2022, 12, 3821-3831.

Badreldin, A.; Nabeeh, A.; Youssef, E.; Mubarak, N.; ElSayed, H.; Mohsen, R.; Ahmed, F.; Wubulikasimu, Y.; Elsaid, K.; Abdel-
Wahab, A. Adapting early transition metal and nonmetallic dopants on CoFe oxyhydroxides for enhanced alkaline and neutral
pH saline water oxidation. ACS Appl. Energy Mater. 2021, 4, 6942-6956. [CrossRef]

Zheng, K.; Xu, J.; Ruan, J.; Li, X.; Yuan, Z.; Yang, M.; Chen, J.; Xie, E; Jin, Y.; Wang, N.; et al. Rapid synthesis of porous
Ni/Co/Fe-LDHs nanosheets for effective electrochemical oxygen evolution reaction and zinc-air batteries. Int. |. Hydrogen Energy
2022, 47, 26865-26870. [CrossRef]


https://doi.org/10.1038/s41467-021-27788-2
https://doi.org/10.1016/j.ijhydene.2020.10.071
https://doi.org/10.1016/j.nanoen.2021.105940
https://doi.org/10.1002/adma.201602270
https://www.ncbi.nlm.nih.gov/pubmed/27569575
https://doi.org/10.1021/acssuschemeng.8b05264
https://doi.org/10.1021/acsami.9b13580
https://www.ncbi.nlm.nih.gov/pubmed/31724846
https://doi.org/10.1016/j.apcatb.2020.118895
https://doi.org/10.1016/j.jpowsour.2019.04.014
https://doi.org/10.1016/j.jcat.2018.11.023
https://doi.org/10.1016/j.apcatb.2019.117911
https://doi.org/10.1039/C6NR08870H
https://doi.org/10.1016/j.est.2022.104280
https://doi.org/10.1002/aenm.201703189
https://doi.org/10.1021/acsami.2c04562
https://doi.org/10.1039/C7NR04187J
https://doi.org/10.1039/C9TA09397D
https://doi.org/10.1039/D0CS00415D
https://www.ncbi.nlm.nih.gov/pubmed/33295369
https://doi.org/10.1021/acscatal.3c00786
https://doi.org/10.1016/j.mtphys.2021.100419
https://doi.org/10.1016/j.jcat.2022.06.016
https://doi.org/10.1021/acsaem.1c01036
https://doi.org/10.1016/j.ijhydene.2022.06.044

Nanomaterials 2023, 13, 1941 14 of 14

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Baz, A.; Holewinski, A. Predicting macro-kinetic observables in electrocatalysis using the generalized degree of rate control.
J. Catal. 2021, 397, 233-244. [CrossRef]

Li, Z.; Shao, M.; An, H.; Wang, Z.; Xu, S.; Wei, M.; Evansa, D.; Duan, X. Fast electrosynthesis of Fe-containing layered double
hydroxides arrays toward highly efficient electrocatalytic oxidation reactions. Chem. Sci. 2015, 3, 115-122.

Lv, J.; Wang, L,; Li, R.; Zhang, K.; Zhao, D.; Li, Y,; Li, X.; Huang, X.; Wang, G. Constructing a hetero-interface composed of oxygen
vacancy-enriched CozOy and crystalline-amorphous NiFe-LDH for oxygen evolution reaction. ACS Catal. 2021, 11, 14338-14351.
[CrossRef]

Sun, H; Li, L.; Chen, Y.; Kim, H.; Xu, X.; Guan, D.; Hu, Z.; Zhang, L.; Shao, Z.; Jung, W.C. Boosting ethanol oxidation by
NiOOH-CuO nano-heterostructure for energy-saving hydrogen production and biomass upgrading. Appl. Catal. B Environ. 2023,
325,122388. [CrossRef]

Yu, M.; Budiyanto, E.; Ttiystiz, H. Principles of water electrolysis and recent progress in Cobalt-, Nickel-, and Iron-based oxides
for the oxygen evolution reaction. Angew. Chem. Int. Ed. 2022, 61, e202103824.

Sun, H.; Xu, X,; Kim, H.; Jung, W.; Zhou, W.; Shao, Z. Electrochemical water splitting: Bridging the gaps between fundamental
research and industrial applications. Energy Environ. Mater. 2022, 1, e12441. [CrossRef]

Pintado, S.; Goberna-Ferron, S.; Escudero-Adan, E.C.; Galan-Mascaros, ].R. Fast and persistent electrocatalytic water oxidation by
Co-Fe prussian blue coordination polymers. J. Am. Chem. Soc. 2013, 135, 13270-13273. [CrossRef]

Ge, R; Ren, X,; Ji, X;; Liu, Z.; Du, G.; Asiri, AM.; Sun, X.; Chen, L. Benzoate anion-intercalated layered cobalt hydroxide
nanoarray: An efficient electrocatalyst for the oxygen evolution reaction. Chem. Sus. Chem. 2017, 10, 4004—4008. [CrossRef]
Zhang, W.; Chen, G.; Zhao, J.; Liang, J.; Sun, L,; Liu, G.; Ji, B.; Yan, X.; Zhang, J. Self-growth Ni, P nanosheet arrays with cationic
vacancy defects as a highly efficient bifunctional electrocatalyst for overall water splitting. J. Colloid Interf. Sci. 2020, 561, 638-646.
[CrossRef]

Friebel, D.; Louie, M.W.; Bajdich, M.; Sanwald, K.E.; Cai, Y.; Wise, A.M.; Cheng, M.; Sokaras, D.; Weng, T.; Alonso-Mori, R; et al.
Identification of highly active Fe sites in (Ni, Fe)OOH for electrocatalytic water splitting. J. Am. Chem. Soc. 2015, 137, 1305.
[CrossRef]

Zhou, X,; Xia, Z.; Zhang, Z.; Ma, Y.; Qu, Y. One-step synthesis of multi-walled carbon nanotubes/ultra-thin Ni(OH), nanoplate
composite as efficient catalysts for water oxidation. J. Mater. Chem. A 2014, 2, 11799-11806. [CrossRef]

Rovetta, A.A.; Browne, M.P; Harvey, A.; Godwin, L].; Coleman, J.N.; Lyons, M.E. Cobalt hydroxide nanoflakes and their
application as supercapacitors and oxygen evolution catalysts. Nanotechnology 2017, 28, 375401. [CrossRef] [PubMed]

Wu, Y; Li, E; Chen, W,; Xiang, Q.; Ma, Y.; Zhu, H.; Tao, P.; Song, C.; Shang, W.; Deng, T.; et al. Coupling interface constructions of
MoS; /FesNiySg heterostructures for efficient electrochemical water splitting. Adv. Mater. 2018, 30, 1803151. [CrossRef]

Ling, C.; Shi, L.; Ouyang, Y.; Chen, Q.; Wang, J. Transition metal-promoted V,CO,(MXenes): A new and highly active catalyst for
hydrogen evolution reaction. Adv. Sci. 2016, 3, 1600180. [CrossRef]

Sayeed, M.A.; Herd, T.; O’'Mullane, A.P. Direct electrochemical formation of nanostructured amorphous Co(OH), on gold
electrodes with enhanced activity for the oxygen evolution reaction. J. Mater. Chem. A 2016, 4, 991-999. [CrossRef]

Xu, J.; Zhao, Y.; Li, M.; Fan, G.; Yang, L.; Li, F. A strong coupled 2D metal-organic framework and ternary layered double
hydroxide hierarchical nanocomposite as an excellent electrocatalyst for the oxygen evolution reaction. Electrochim. Acta 2019,
307, 275-284. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jcat.2021.03.014
https://doi.org/10.1021/acscatal.1c03960
https://doi.org/10.1016/j.apcatb.2023.122388
https://doi.org/10.1002/eem2.12441
https://doi.org/10.1021/ja406242y
https://doi.org/10.1002/cssc.201701358
https://doi.org/10.1016/j.jcis.2019.11.039
https://doi.org/10.1021/ja511559d
https://doi.org/10.1039/C4TA01952K
https://doi.org/10.1088/1361-6528/aa7f1b
https://www.ncbi.nlm.nih.gov/pubmed/28696333
https://doi.org/10.1002/adma.201803151
https://doi.org/10.1002/advs.201600180
https://doi.org/10.1039/C5TA09125J
https://doi.org/10.1016/j.electacta.2019.03.210

	Introduction 
	Materials and Methods 
	Materials 
	Electrocatalyst Synthesis 
	Structural Characterization 
	Electrochemical Characterization 

	Results and Discussion 
	Conclusions 
	References

