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Abstract The oxygen evolution reaction (OER) is the primary challenge in renewable energy storage technologies, specifically
electrochemical water splitting for hydrogen generation. We report effects of Mo doping into Ni layered double hydroxide
(Ni-LDH) microcrystal on electrocatalytic activities. In this study, Mo doped Ni-LDH were grown on three-dimensional
porous nicekl foam (NF) by a facile solvothermal method. Homogeneous LDH structure on the NF was clearly observed.
However, the surface microstructure of the nickel foam began to be irregular and collapsed when Mo precursor is doped.
Electrocatalytic OER properties were analyzed by Linear sweep voltammetry (LSV) and Electrochemical impedance spectroscopy
(EIS). The amount of Mo doping used in the electrocatalytic reaction was found to play a crucial role in improving catalytic

activity. The optimum Mo amount introduced into the Ni LDH was discussed with respect to their OER performance.
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1. Introduction

The excessive consumption of fossil fuels along with
the rapid developmnet of the economy has inevitably
caused a severe energy crisis and environmetal damage.
Water splitting is one of efficient methods to produce
clean hydrogen, which can be utilized as an alternative
energy for traditional fossil fuels [1,2]. Water electroly-
sis process contains anodic oxygen evolution reaction
(OER) and cathodic hydrogen evolution reaction (HER)
[3,4]. The slow kinetic process of OER on the anode
always leads to a high overpotential, which would
decrease the efficiency of water splitting and result in a
slow-going hydrogen production rate on the cathode.
Even some noble metal materials such as ruthenium/
iridium oxides (RuO,/IrO,) have been proved to be effi-
cient catalysts for OER [5], their large-scale commer-
cialization is limited due to their high cost and low
production. Therefore, development of efficient and cheap
OER electrocatalysts is extremely necessary for the
hydrogen production through water electrolysis [6].

In the past decade, Ni-based catalysts, specially oxides,
hydroxides, chalcogenides and others have been applied
for OER due to their highly active and low-cost proper-
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ties [7]. In order to address the corrosion issue under
harsh alkaline environment and increase the reactive areas
of Ni-based catalysts [8], the coupling of Ni nanoparti-
cles with carbon materials has become an effective way
[9]. Additionally, heteroatom doping in composite cata-
lyst could ulteriorly modify the electron transfer [10].
However, the increased structural complexity would gain
difficulty in mechanism analysis for this kind of cata-
lysts. In this case, in-situ techniques along with other
effective characterizations becomes strongly needed to
better understand the catalytic roles of different parts
and mechanism. Here, we synthesized Ni layered dou-
ble hydroxide (Ni-LDH) microcrystals via facile hydro-
thermal route on Ni foam (NF).

In this study, we show that high-valence Mo doping
into Ni-LDH microcrystals can be a promising strategy
for designing highly efficient and commercial electrocat-
alysts for alkaline OER. Mo was selected as a promising
high-valence element for modulating the catalytic prop-
erties of Ni-LDH microstructure, where electrical con-
ductivity and number of active sites can be simultaneously
enhanced [11]. Benefiting from the optimized electronic
structure from the introduced Mo and the conductive
NF as the current collector, the Li-LDH microcrystals
on NF displays superior OER performance. Optimum
Mo amount introduced into the Ni-LDH microcrystals
was discussed on the electrocatalytic OER performance.
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2. Experimental

2.1. Growth of Mo doped Ni-LDH microcrystals on
NF

Nickel foam (NF) was treated with acetone and then
with 3 M HCI solution for 10 min using ultrasonication
cleaner. The cleaned NF was dried overnight. All the
chemicals were purchased from Sigma-Aldrich chemi-
cal and were directly used without further purification.
For the synthesis of Ni-LDH microcrystal, as-prepared
NF was immersed in 25 ml of deionized (DI) water.
Then, the resulting solution was transferred to Teflon-
lined autoclave and hydrothermally reacted at 160°C for
5h. The Ni-LDH microcrystals on NF sample was
washed several times with DI water. The final Ni-LDH
microcrystals grown on NF sample (Ni-LDH/NF) was
subsequently dried in vacuum at 80°C for overnight.
Synthesis method for Mo doped Ni-LDH on NF sam-
ples (xMo-Ni-LDH/NF) were same as that of Ni-LDH/
NF, except that molybdenum pentachloride (MoCls)
solution (MoCl; 0.1 g+ H,O 100 ml) was added before
hydrothermal reaction. The added amounts of the MoClj
solution were 0.10, 25, 0.50 and 1.00 ml for the y =
0.10, 0.25, 0.50 and 1.00, respectively.

2.2. Characterizations

Microstructural images of each samples were observed
by field emission scanning electron microscopy (FE-
SEM; model S4800; Hitachi) equipped with energy dis-
persive X-ray (EDX). X-ray diffraction (XRD) was per-
formed using a D/MAX-2500/PC (Rigaku) diffractometer
at 40kV and 100 mA with Cu-Ko radiation (A=0.15418
nm). The electrochemical properties of catalysts in 1 M
KOH were tested using a three-electrode electrochemi-
cal cell controlled by an electrochemistry workstation
(model Autolab PGSTAT; Metrohm), in which the cata-
lyst grown on NF was used directly as the working
electrode [12]. Prior to measurements, the electrolyte
(1 M KOH, pH 13.7) was purged for about 10 min with
0,, and the working electrodes were sealed on all edges
with a custom-made acrylate adhesive except for the
working surface area of 0.25cm’. Graphite rod and
Hg|Hg,SO, were used as the counter and reference elec-
trodes, respectively. A titration vessel of clear glass was
used as a testing cell. The distance between working and
reference electrodes was close to 1 cm. Linear sweep
voltammetry (LSV) was measured with a scan rate of
0.5mV/s in a range from 1.20 to 1.8 V vs. a reversible

hydrogen electrode (RHE). Applied potential values were
calibrated against RHE, and all polarization curves were
iR-corrected. Electrochemical impedance spectroscopy
(EIS) measurement was conducted over the frequency
range of 0.1~100 kHz at 1.45 Vp,; with a sinusoidal
amplitude of 5 mV.

3. Results and Discussion

Ni-LDH/NF exhibits poor electrical conductivity, which
impedes facile charge transfer between the surface of
catalyst and the adsorbed reactant. After Mo doping,
electrical properties of yMo-Ni-LDH/NF can be signifi-
cantly improved to easily take up electrons in hydroxyl
ions, crucially accelerating water oxidation kinetics. The
Mo element can be doped into the transition metal and
can stabilize the active -NiOOH phase in Ni-LDH and
facilitate surface intermediate adsorption [11,13].

Typical XRD analysis confirmed the formation of the
Ni-LDH/NF and yMo-Ni-LDH,/NF crystal structures as
shown in Fig. 1. The strong diffraction peaks near 44°
and 51° could be assigned to Ni metal in the NF sub-
strate. The XRD patterns revealed the crystal structure
and phase purity of the Ni-LDH/NF microcrystals. Except
for the peaks from the NF substrate, all other detectable
diffraction peaks at low 26 angles could be indexed to
the hydrotalcite-like LDH phase. Prominent diffraction
peaks for the layered nickel hydroxide were observed
from at 19°, 33° and 38°.

Figure 2 shows highly magnified FE-SEM images of
the as-grown Ni-LDH/NF and yMo-Ni-LDH/NF (y =
0.10, 0.25, 0.50, 1.00) microcrystals. Figure 2(a) rep-
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Fig. 1. XRD patterns of the (a) Ni-LDH/NF, (b) 0.01Mo-Ni-
LDH/NF, (c) 0.25Mo-Ni-LDH/NF, (d) 0.50Mo-Ni-LDH/NF, and
(e) 1.00Mo-Ni-LDH/NF samples.
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Fig. 3. EDX spectrum and atomic composition of the 0.25Mo-Ni-LDH/NF sample.

resents that large-scale highly interconnected and aligned
microplate structure vertically grow on the skeletons of
the NF with uniform morphology and dense loading,
forming an ordered and 3D network with a highly open
and interstitial structure. Homogeneous microplate struc-
ture on the 3D macroporous NF was clearly observed
for the Ni-LDH/NF and y¥Mo-Ni-LDH/NF (y =0.10,
0.25) microcrystals. However, when the Mo doping
amount (y) is over 0.50, irregular and collapsed micro-
structure were found as Fig. 2(d).

Energy-dispersive X-ray (EDX) spectroscopy analysis
of the 0.25Mo-Ni-LDH/NF sample revealed the exis-
tence of Ni, O and Mo. Figure 3 shows an FE-SEM
image, EDX spectrum and atomic composition of the
0.25Mo-Ni-LDH/NF sample. The EDX quantitative data
of O, Ni, and Mo elements in 0.25Mo-Ni-LDH/NF
indicates all elements are homogeneously distributed.
Quantitative EDX analysis showed that the atomic ratio
of O:Ni:Mo in the 0.25Mo-Ni-LDH/NF sample was
56.39:42.81:0.80.
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Fig. 4. LSV curves at a scan rate of 0.5 mV/s for electrocata-
lytic OER properties of the Ni-LDH/NF and yMo-Ni-LDH/NF
(x =0.10, 0.25, 0.50, 1.00) samples.

The electrocatalytic activities of Ni-LDH/NF and
xMo-Ni-LDH/NF (x =0.10, 0.25, 0.50, 1.00) samples
were tested in alkaline media (1 M KOH aqueous solu-
tion) using a three-electrode system. Linear sweep vol-
tammetry (LSV) was performed at a scan rate of 0.5
mV/s on the samples. NF substrates were directly used
as working electrodes, while a rotating disk electrode
(RDE) was employed for testing powder samples such
as RuO,. Notably, yMo-Ni-LDH/NF exhibited enhanced
catalytic activity for water oxidation compared to Ni-
LDH/NF sample. The overpotential () required to trans-
mit a current density of 100 mA/em’ (n'”) is conven-
tionally used as a standard to compare electrocatalytic
OER performance [14].

Figure 4 shows LSV curves with a scan rate of 0.5
mV/s for electrocatalytic OER properties of the Ni-LDH/
NF and yMo-Ni-LDH/NF (y =0.10, 0.25, 0.50, 1.00)
samples. The n'* substantially decreased when Mo was
doped into Ni-LDH/NF from % =0.10 to 0.50. The
0.50Mo-Ni-LDH/NF sample showed minimum n'” of
320 mV, which can be beneficial for practical electroly-
sis applications. The amount of Mo incorporation used
in the reaction was found to play a crucial role in
improving catalytic activity. In terms of overpotential,
the Mo content in 0.50Mo-Ni-LDH,/NF resulted in the
best catalytic activity for water oxidation. However, fur-
ther increasing Mo content to 1.00Mo-Ni-LDH/NF sig-
nificantly disturbed its catalytic activity, which may be
related to irregular and collapsed microstructure grown
on the nickel foam substrate as shown in Fig. 2(d).

Tafel plots of the samples were derived from the mea-
sured LSV curves based on the Tafel equation (n=b x
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Fig. 5. Tafel slopes of Ni-LDH/NF and yMo-Ni-LDH/NF (y =

0.10, 0.25, 0.50, 1.00) samples derived from the measured LSV
curves.

logj +a), where n is the overpotential, j is the current
density, and b is the Tafel slope. Tafel slopes of Ni-
LDH/NF and yMo-Ni-LDH/NF were calculated and rep-
resented in Fig. 5. The measured Tafel slopes of the Ni-
LDH/NF was 194 mV/dec, and the yMo-Ni-LDH/NF
were 179, 148, 125 and 158 mV/dec for the  values of
0.1, 0.25, 0.50 and 1.00, respectively. Among the sam-
ples, 0.50Mo-Ni-LDH/NF exhibited the smallest Tafel
slope (125 mV/dec) compared to Ni-LDH/NF (194 mV/
dec), highlighting the potential use of Mo-Ni-LDH/NF
for industrial electrolyzer because a smaller Tafel slope
is desirable to reduce power losses [15].

4. Summary

The Ni-LDH and yMo-Ni-LDH (y =0.1, 0.25, 0.50
and 1.00) microcrystals were successfully grown on
nickel foam (NF) via hydrothermal reaction at 160°C for
5h as highly efficient and low-cost electrocatalysts for
water oxidation under alkaline conditions. Homogeneous
nanoplate structure on the NF was clearly observed for
the Ni-LDH and yMo-Ni-LDH samples. When Mo dop-
ing amount () is higher over 0.50, irregular and col-
lapsed nanostructures were found on the surface of NF.
The electrocatalyst of 0.50Mo-Ni-LDH/NF sample pro-
vided current densities of 100 mA/ecm’ at overpotentials
of 320 mV, respectively, with a Tafel slope of 125 mV/
dec in an alkaline medium. These results demonstrate
that the yMo-Ni-LDH/NF are promising electrocatalysts
for water oxidation and optimum Mo doping content ()
is 0.5.
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