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a b s t r a c t

Active and stable electrocatalysts are the key to water electrolysis for hydrogen production. This paper
reports a facile direct growth method to synthesize NiFe-layered double hydroxides (LDHs) on nickel
foil as an electrocatalyst for the oxygen evolution reaction. The NiFe-LDH is synthesized by a galvanic
process at room temperature without any additional energy for synthesis. The synthesized NiFe-LDH is
a karst landform with abundant active sites and efficient mass diffusion. The NiFe-LDH with an oxygen
defect show excellent electrocatalytic performance for the OER, with a low overpotential (272 mV at
10 mA/cm2), a small Tafel slope (43 mV/dec), and superior durability. Direct growth synthesis provide
excellent electrical conductivity as well as strong bonding between the catalyst layer and the substrate.
In addition, this synthesis process is simple to apply in the fabrication of a large size electrode and is
believed to be applicable to commercialized alkaline water electrolysis.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Electrocatalytic water splitting (H2O → 1/2 O2 + H2) for
ydrogen generation is considered a clean and efficient hydro-
en production approach. Water splitting involves the oxygen
volution reaction (OER, 4 OH−

→ 2 H2O + 4 e−
+ O2) and

ydrogen evolution reaction (HER, 2 H2O + 2 e−
→ 2 OH−

+

2) (Fabbri et al., 2014). Although the HER is a fundamental
eaction for hydrogen production, the OER is more important
n the overall water splitting reaction because the OER, which
equires four electrons, involves more electrons than the HER,
hich requires two electrons (Jang et al., 2020). Hence, the OER
as a higher overpotential than the HER and acts as a critical reac-
ion that determines the overall water electrolysis efficiency (Choi
t al., 2018). Therefore, a high-performance OER electrocatalyst is
equired to obtain a highly efficient water-splitting reaction.

Generally, precious-metal-based electrocatalysts, such as IrO2
nd RuO2, are considered the ideal electrocatalyst for the OER

owing to their high activity and superior durability (Fabbri et al.,
2014; Jang et al., 2020; Choi et al., 2018). On the other hand, their

∗ Corresponding authors.
E-mail addresses: akyzaky@kims.re.kr (S.M. Choi), yangdo@pusan.ac.kr

Y. Kim).
1 These authors have contributed equally.
ttps://doi.org/10.1016/j.egyr.2020.10.007
352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access art
scarcity and high cost have restricted their use as an electrocat-
alyst. This problem can be overcome using a high-performance
OER electrocatalyst based on non-precious metals. Recently, a
range of OER electrocatalysts based on non-precious metals, such
as Ni, Mn, Co, Cu, and Fe, have been developed (Jang et al., 2020;
Choi et al., 2018; Chung et al., 2020; Kim et al., 2019; Jiang
et al., 2019). These include transition metal oxides, transition
metal sulfides (Park et al., 2020; Wan et al., 2019; Han et al.,
2019), transition metal phosphides (Park et al., 2019; Tao et al.,
2020; Xu et al., 2020), and transition metal hydroxides (Xu et al.,
2018; Guo and Li, 2018; Fang et al., 2019). In particular, LDHs, a
type of transition metal hydroxide, are considered an excellent
electrocatalyst because of their unique layered structure with
high specific surface areas and various electron distributions (Liu
et al., 2017; Long et al., 2015; Yang et al., 2018; Lu et al., 2016).
In addition, many studies have reported that the electrocatalyst
based on the LDH structure showed high performance in the
OER. Despite this, the low electrical conductivity of LDHs is a
serious drawback limiting their use as an electrocatalyst for the
OER (Zhang et al., 2013; Tadanaga et al., 2010). Even, polymeric
binders (nafion and PTFE) are essential to fabricate electrodes
using powder type electrocatalysts, but these binders also have
poor electrical conductivity. The typical synthetic route of the
LDH structures reported to date is a complicated process requir-
ing more than two steps as well as a long heat treatment time at

high temperatures (Yang et al., 2019; Zhong et al., 2019; Xie et al.,

icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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020; Feng et al., 2020). However, in order to be applied to a com-
ercial system, the synthesis process needs to be simplified. The
omplex processes lead to many variables in the development of
arge scale. These faults are a serious obstacle to the application of
DHs as an OER electrocatalyst to commercial water electrolysis
ystems. The key point to overcome is to synthesize an LDH
tructure simply while at the same time ensuring high electrical
onductivity.
This paper proposes the self-assembly synthesis of NiFe-LDH

n nickel-foil (NF) at room temperature by a galvanic process.
hrough the galvanic-process of NF and Fe3+ ions, a NiFe-LDH
as grown directly on NF without any additional energy for
ynthesis. The NiFe-LDH was directly grown on NF without metal
xide simply by controlling the concentration of Fe(NO3)3. NiFe-

LDH has excellent electrical conductivity between the NF and
NiFe-LDH catalyst layer and a strong physical bond because it was
grown directly on NF. In addition, this synthesis process is simple
to apply to the fabrication of large size electrode and is considered
to be applicable to commercialized alkaline water electrolysis

2. Experimental

2.1. Preparation of NiFex – LDH by galvanic process

NiFex was grown directly on NF by a galvanic corrosion re-
action in an electrolyte composed of different concentrations of
Fe(NO3)3 (x = 0.05, 0.1, 0,15 and 0.2 M). The Fe(III) ion act as an
oxidant and corrodes the NF-substrate (1 cm × 2 cm). The NF was
sed as a nickel ion source and current collector. The electrolyte
omposed of different concentrations of Fe(NO3)3 was prepared
n amounts of 75 mL at 25 ◦C. Before the corrosion of NF, the
surface native oxide layer of NF was removed in 6 M HCl for 30
min at 25 ◦C. The NF was then cleaned with acetone, ethanol, and
DI water in an ultrasonic bath for 10 min. The NF was immersed
completely in the electrolyte composed of Fe(NO3)3 for four hours
at 25 ◦C. After the galvanic process, the NiFex on NF was rinsed
thoroughly with DI water and dried in a convection oven at 50 ◦C.
For comparison, commercial IrO2 powders (Sigma Aldrich, 99.9%
trace metal basis) were used as precious metal electrocatalyst.
The ink solution was prepared with IrO2 powder (20 mg), 5 wt.%
nafion solution (100 ul) and ethanol (900 ul) and coated on nickel
foil (1 × 1 cm2). The amount of IrO2 was ∼0.5 mg/cm2.

2.2. Electrochemical characterization

All electrochemical analyses, including linear sweep voltam-
metry (LSV), cyclic voltammetry (CV), and chronopotentiometry
(CP), were conducted using a potentiostat (Parstat 2273, Prince-
ton Applied Research). The synthesized NiFex was carried out for
the OER in a three-electrode cell with an N2-purged 1 M KOH
electrolyte at 25 ◦C. The reference electrode was Hg/HgO (1M
KOH), and the counter electrode was a Pt-mesh, respectively.
All potentials were converted to a reversible hydrogen electrode
(RHE). The electrochemical surface area (ECSA) was measured by
CV with different scan rates (10–160 mV/s) in the non-faradaic
region in 1M KOH. The ECSA was calculated using the following
equations:

ECSA = Cdl/Cs (1)

Cs is the smooth plane capacitance for a metal surface, of which
value is 40 µF/cm2 (McCrory et al., 2013). The activity of the
OER was examined by LSV at 5 mV/s and Tafel slope was cal-
culated from LSV at 1 mV/s in 1M KOH. All electrochemical anal-
ysis results were iR-corrected. Electrochemical impedance spec-
troscopy (EIS) was conducted over the frequency range, 200 kHz
to 10 Hz, with an amplitude of 10 mV at 1.58 V. The durability
was measured by CP at 10 mA/cm2 and 100 mA/cm2 for 1200
min.
249
2.3. Physical property characterization

The surface morphology of NiFex on NF was observed by field-
emission scanning electron microscopy (FESEM, CZ/MIRAI LMH,
TESCAN) and a high-resolution transmission electron microscopy
(TALOS F200X, Thermo Fisher Scientific). X-ray diffraction (XRD,
UltimaIV, Rigaku) was performed at a scan speed of 1◦/min using
Cu Kα radiation. X-ray photoelectron spectroscopy (XPS) was
conducted on a K-Alpha (AXIS SUPRA+, KRATOS Analytical) spec-
trometer.

3. Results and discussion

A NiFex (x = 0.05, 0.1, 0.15, 0.2 M) was grown directly on
nickel foil (NF) via a galvanic corrosion reaction of Fe(III) ion
and Ni at room temperature, as shown in Fig. 1. When Fe(NO3)3
s a precursor is dissolved in deionized water (DI), Fe3+ ions
aving higher reduction potential (Fe3+ + e−

→ Fe2+; 0.77 V)
han Ni (Ni2+ + 2e−

→ Ni; −0.26 V) are formed. The NF reacts
ith dissolved oxygen and Fe3+ in the solution to generate Ni2+
nd OH− ions. The chemical reaction for synthesizing NiFex is as
ollows:

i → Ni2+ + 2e− (2)

2 + 2H2O + 4e−
→ 4OH− (3)

i2+ + Fe3+ + x OH−
→ NiFex − OH (4)

The surface morphology of the synthesized NiFex on NF was
bserved by FE-SEM. The NF had a clean and smooth surface,
s shown in Fig. 2a. When the concentration of Fe(NO3)3 was
ncreased from 0.05 M to 0.2 M, all NiFex showed karst landform
eatures, which provide abundant active sites and allow facile
ass diffusion (Gao et al., 2020). In addition, as the concentration
f Fe(NO3)3 was increased, dense NiFex was grown on NF, and the
urface roughness increased, as shown in Fig. 2(b–e). In addition,
his synthesis route is quite simple on a large scale (Fig.S1).
RD was performed to confirm the crystal structure of NiFex
rown directly on NF, as shown in Fig. 2f. All samples showed
eaks at 44.5◦, 51.8◦, and 76.4◦ 2θ , which indicated the metallic
i (ICSD: 98-005-2265) from the Ni-foil. No recognizable XRD
eaks of NiFex were observed in any of the samples, indicating
n amorphous structure (Xie et al., 2018; Zhou et al., 2018).
urther structural information of NiFe0.15M was analyzed by TEM,
s shown in Fig. 3a. The SAED pattern (inset of Fig. 3a) indicates
he diffuse rings for the amorphous NiFe0.15M. In addition, there
re no recognizable lattice fringes can be observed from HR-TEM
mages (Fig. 3b). These results were consistent with the analysis
n XRD results. Elemental mapping results of NiFe0.15M showed a
niform distribution of Ni, Fe and O, as shown in Fig. 3c.
Since synthesis at low temperature results in low crystallinity,

he synthesized NiFex at room temperature has low crystallinity
Gan et al., 2019). Raman spectroscopy was conducted to examine
he structure of NiFex, as shown in fig.S2. All samples showed
broad band at 530 cm−1, suggesting that NiFe-LDH was de-

ective or disordered (Lu et al., 2014; Louie and Bell, 2013). On
he other hand, NiFe0.2M showed an additional shoulder band
t ∼660 cm−1, indicating Fe–O in iron oxide (Muniz-Miranda
t al., 2020). These oxides originated from the harsh oxidation
onditions due to the high concentration of Fe(NO3)3.
XPS was performed to confirm the elemental structure of the

ynthesized NiFex, as shown in Fig. 4. The high-resolution spectra
f the Ni 2p region revealed two peaks, 2p3/2 (∼855 eV) and 2p1/2
∼873 eV), due to spin–orbit coupling. The Ni of NiFe0.05M in Ni
p3/2 showed three oxidation states: Ni0(∼853 eV), Ni2+ (∼854.9
V), and Ni3+ (∼855.3 eV), as shown in fig.S4. The NiFe0.05M was
rown at a low Fe(NO ) concentration, so NiFe0.05 was not fully
3 3
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Fig. 1. (a) Schematic diagram of NiFe-LDH on Ni-foil (NF) by a galvanic corrosion reaction. (b) photograph of NiFex (x = 0.05, 0.1, 0.15 and 0.2 M) on NF.
Fig. 2. (a–e) FE-SEM images of NF and the karst landform-featured surface of NiFex on NF (x = 0.05, 0.1, 0.15 and 0.2 M). (f) XRD pattern of NiFex on NF.
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grown on the surface of the NF. Therefore, the Ni of NF, which
was Ni0. Ni3+ in NiFe0.05M was observed on the Ni due to the
low concentration of Ni2+ near the NF surface. Because Fe3+ is
a strong oxidant that reduces to Fe2+, Fe3+ oxidizes NF to form
Ni2+ and simultaneously oxidizes the Ni2+ generated from NF
to Ni3+. When the concentration of Fe(NO3)3 was increased, the
observed oxidation state of Ni3+ shifted to Ni2+. The corrosion
of NF proceeded rapidly when the Fe(NO3)3concentration was
increased. Therefore, the peak intensity of Ni2+ increases because
the rate at which Ni2+ is produced is faster than the rate at which
Ni2+ is oxidized to Ni3+. The high-resolution spectra of the Fe
 a

250
2p region showed two peaks, 2p3/2 (∼712 eV) and 2p1/2 (∼722
eV). Although the concentration of Fe(NO3)3 increased from 0.05
o 0.15 M, the oxidation state of Fe was only +3, as shown in
ig. 4b. On the other hand, the peak position of Fe 2p3/2 and
p1/2 shifted in the positive direction, which is related to the
egative shift of Ni 2p3/2 and Ni 2p1/2. The positive shift of Fe 2p
ndicates the accumulation of electrons around the Ni site, and
he negative shift of Ni 2p indicates a decrease in the number
f electrons at the Fe site (Jiao et al., 2019). These changes in
lectron accumulation changed the electron distribution, which
ltered the local electronic structure of the metal site. When the
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Fig. 3. (a) TEM images of NiFe0.15M with SAED patterns. (b) HR-TEM images of NiFe0.15M . (c) TEM-EDS mapping of Ni (cyan), Fe (green) and O (yellow).
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oncentration of Fe (NO3)3 was 0.2 M, Fe3+ and Fe2+ coexisted
ith an increase of the peak intensity of Fe2+, as shown in fig.S5.

n particular, the difference in binding energy between 2p3/2
710.1 eV) and 2p1/2 (723.5 eV) in NiFe0.2M was ∼13.5 eV, which
as different from NiFex (x = 0.05, 0.1 and 0.15 M) synthesized
t other Fe(NO3)3 concentrations. In previous studies, the binding
nergy difference between Fe 2p3/2 and Fe 2p1/2 was related to
he oxidation state of Fe. The binding energy difference of NiFex
x = 0.05, 0.1 and 0.15 M) was measured approximately 12 eV
nd binding energy difference of NiFe0.2M was approximately 12.4
V. This binding energy difference indicate tri-valent oxidation
tate (Fe3+) (Li et al., 2017; Wu et al., 2011). However, the Fe in
iFe0.2M was deconvoluted by Fe2+ and Fe3+, as shown in fig.S5.
hen combined with the XPS analysis of O 1s, NiFex (x = 0.05, 0.1

nd 0.15 M) is considered as NiFe-LDH, and NiFe0.2M is considered
s a mixture of NiFe-LDH and NiFe-oxide. These results indicated
hat high concentrations of Fe(NO3)3 produced a harsh oxidizing
ondition; hence, NiFe-oxide, rather than NiFe-LDH, was syn-
hesized. The O 1s spectra of all NiFex were deconvoluted to
ydroxyl groups (OOH), oxygen vacancies (OV), and chemisorbed
ater (OW) (Xu et al., 2018). In addition, the OL observed in the
xide was present in NiFe0.2M because of the harsh oxidation
onditions. The OV indicates a defect site with low oxygen coordi-
ation, which decrease the barrier for the adsorption of OH− and
romotes OER. In particular, NiFe0.1M and NiFe0.15M had a similar
rea of OOH(∼50%), but OV showed a clear difference. NiFe0.15M
as a higher oxygen defect density than NiFe0.1M(∼30%: ∼21%).
Linear scan voltammetry (LSV) was performed on N2-purged

M KOH to observe the OER performance of the synthesized NiFex
x = 0.05, 0.1, 0.15, and 0.2 M), as shown in Fig. 5a. Pure NF
howed poor OER activity, which was an overpotential of 371 mV
t 10 mA/cm2. To compare with the precious metal electrocata-
yst, IrO2 was coated on NF, and an OER test was performed under
he same conditions, which was an overpotential of 347 mV at
0 mA/cm2, as shown in Fig.S6. Fig. 5b shows the overpotential
f NiFex (x = 0.05, 0.1, 0.15, and 0.2 M). The NiFe0.05M has low

atalytic activity for the OER because of the low coverage of the s
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atalyst layer on the surface, and NiFe0.2M has low OER perfor-
ance because of the oxide formed on the surface. In particular,
iFe0.15M had an extremely low overpotential of 272 mV at 10
A/cm2 because of the abundant oxygen defects. Table S1 lists

he performance of OER catalysts deposited on flat substrates,
uch as metal foil. The Tafel slope is an important factor showing
he mechanism in the OER. The Tafel slope of the synthesized
iFex was calculated from LSV, and the slope of all synthesized
iFex was approximately 40 mV/dec, as shown in Fig. 5c. In the
ER, there were three theoretical Tafel slopes: 40, 60, and 120
V/dec (Han et al., 2017; Zhou et al., 2017). The Tafel slope of
0 mV/dec indicated that the second electron transfer was the
ate-determining step (rds), and the Tafel slope of 60 mV/dec
ndicated that an OH− intermediate coverage step after the first
lectron-transfer step was the rds (Choi et al., 2018). A Tafel
lope of 120 mV/dec means a single electron transfer step without
pre-equilibrium step. Therefore, the second electron transfer

eaction was the rds of all synthesized NiFex. To measure the
lectrochemically active surface area (ECSA) of the synthesized
iFex, the double-layer capacitance (Cdl) was calculated in the
on-faradaic region by cyclic voltammetry, as shown in fig.S7. The
easured values of Cdl showed the same trend, as obtained by
SV, as shown in Fig. 5d. The NiFe0.15M had a higher ECSA (61.75
mECSA

2) than NiFe0.05M (34.75 cmECSA
2), NiFe0.1M (46.00 cmECSA

2),
nd NiFe0.2M (32.25 cmECSA

2). The large ECSA contributed partially
o the fastest catalytic kinetics. To calculate the activity of the OER
er ECSA, the LSV was normalized with ECSA (Fig. S8). Similar
o the above result, NiFe0.15M showed the best OER performance
er active electrochemical site. The exchange current density (i0)
as calculated from the Tafel slope to verify the intrinsic kinetic
roperties of the synthesized NiFex (Suen et al., 2017). The i0
f the synthesized NiFex (x = 0.05, 0.1, 0.15, and 0.2M) was
pproximately 0.0004, 0.0009, 0.005, and 0.0008 µA/cm2, respec-
ively, These results confirmed that the NiFe0.15M showed the
ptimal intrinsic activity for the OER, as shown in fig.S9. To obtain
he charge transfer resistance (Rct), electrochemical impedance

pectroscopy (EIS) was conducted at 1.58 V vs. RHE. Similar to



S.H. Kim, Y.S. Park, C. Kim et al. Energy Reports 6 (2020) 248–254
Fig. 4. (a) High-resolution XPS spectra of Ni 2p, (b) XPS spectra of Fe 2p, (c) XPS spectra of O 1s. The dot lines in Ni 2p and Fe 2p indicate the 2p3/2 peak. The OL ,
OOH , OV, and OW in O 1s indicate lattice oxygen, hydroxyl species, oxygen vacancy, and chemisorbed water.
Fig. 5. OER on NiFex (x = 0.05, 0.1, 0.15 and 0.2 M) on Ni-foil. (a) LSV curves of NF and NiFex recorded at a scan rate of 5 mV/s in N2-saturated 1M KOH. (b)
Comparison of the overpotential for OER at 10 mA/cm2 . (c) Tafel slope of NiFex . (d) double layer capacitance (Cdl) of NiFex . (e) Durability test of NiFe0.15M at 10 at
100 mA/cm2 .
the results of the previous electrochemical analysis results, the
NiFe0.15M had the lowest Rct value than the other NiFex (Fig. S10).
Constant current tests were conducted to confirm the durability.
The NiFe0.15M, which was the best OER electrocatalyst, was tested,
and a change in overpotential was observed while applying a
current of 10 and 100 mA/cm2 for 1200 min. In addition, almost
no sign of decay was observed, as shown in Fig. 5e. The surface
morphology of NiFe0.15M was not changed, which meant that
physical desorption was minimized due to the strong bonding
252
of the catalyst layer (NiFe0.15M) and substrate (NF). In addition,

to confirm the change of chemical state of NiFe0.15M after the

durability test, we conducted XPS analysis, as shown in fig.S11.

The chemical states of Ni after the durability test were observed

as 2+ and 3+. In addition, the chemical state of Fe was observed

as 3+. No other change of component was observed in Ni and Fe.

These results indicate that NiFe0.15M has good chemical durability.
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. Conclusion

NiFe-LDH was grown directly on nickel-foil by a galvanic
orrosion reaction and showed excellent OER performance. This
ynthesis process was facile and did not require external energy
or synthesis. The NiFe0.15M synthesized in 0.15 M Fe(NO3)3 ex-
ibited the highest OER activity with an overpotential of 272 mV
t 10 mA/cm2 and a low Tafel slope of 43 mV/dec due to the
bundant oxygen defects, which were much higher than the IrO2
lectrocatalyst. The direct growth of the NiFe electrocatalyst on
ickel foil prevented physical detachment of the catalyst layer
hrough strong bonding between the catalyst layer and substrate
nd provided excellent electrical conductivity by lowering the
hmic contact resistance. This unique synthesis process by the
alvanic corrosion reaction can be applied easily to the fabrication
f large electrodes and is applicable to commercialized alkaline
ater electrolysis.
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