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HIGHLIGHTS

e Electrochemical activation method is a time and energy-saving method.

e Strong electronic interaction between NiOOH and Ni favors electron transfer.
e High valence Ni in NiOOH enhances the chemisorption of OH™ during OER.

e In situ formation of NiOOH layer reduces the interfacial electronic resistance.
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Introduction

Electrochemical water splitting, which is composed of the
hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER), has been regarded as one of the most ideal
strategies for the production of hydrogen [1-9]. However, the
OER displays a high overpotential (n) because of its sluggish ki-
netic process even using noble metal-based materials (IrO, and
RuO,) as electrocatalysts in alkaline media [10—12]. Therefore,
considerable efforts have been devoted to developing low-cost,
highly active and stable electrocatalysts [13—18].

In the past decades, transition metal-based oxides, (oxy)hy-
droxides and sulfides have achieved excellent electrocatalytic
activity for the OER in alkaline media [19—25]. For example, Sun
et al. prepared serials of nanostructured materials as highly
active electrocatalysts for the OER, such as Co(OH),, Co-doped
CuO, Zn-doped NisS,, Fe-doped NiCr,0, [26—29]. Feng et al.
fabricated 3D NiCoP@NiCoPO, core-shell nanostructure and
NiCoP-decorated N, S, P-codoped hierarchical porous carbon
nanosheet as efficient OER electrocatalysts [30,31]. In addition,
recent research indicated that the surface of the Ni-based elec-
trocatalyst is slightly oxidized to Ni** under OFR conditions,
which favors the formation of NiOOH [32—34] Liu et al. synthe-
sized Ni—Co oxide hierarchical nanosheets with active NiOOH
onthesurface, which was considered as the main active sites for
the OER [33]. Wan et al. reported a hierarchical porous NisS,
electrocatalyst with enriched high-valence Ni sites, which
exhibited an excellent OER activity [35]. The density functional
theory (DFT) calculations confirmed that the presence of Ni**
enhances the chemisorption of OH™. Despite all this progress,
Ni-based electrocatalysts still suffer problems in practical ap-
plications, such as insufficient electrocatalytic activity, poor
long-term stability due to detachment from the electrode athigh
current densities, and low electronic conductivity.

To this end, we develop an electrochemical activation
method for the in-situ formation of Ni (oxy)hydroxide on Ni
foam (NF) in a strong alkaline electrolyte (6.0 M KOH). When
comparing with other synthesis methods, such as sol-
vothermal/hydrothermal methods, and high-temperature
pyrolysis methods, the in-situ electrochemical activation of
NF exhibits several advantages. First, the electrochemical
activation method is a time and energy-saving method, which
is performed at room temperature. Second, the Ni (oxy)hy-
droxide directly formed on the surface of NF as a binder-free
catalyst, which reduced the interfacial electronic resistance
[36,37]. Third, the high porosity of NF not only increases the
number of active sites on its surface but also favors faster
mass transfer [38,39]. As a result, the optimized electrode NF-2
exhibits low overpotentials (5) of 288, 333, 358 and 370 mV at
10, 100, 300 and 500 mA cm 2 in 1.0 M KOH, respectively, as

well as excellent stability during 240 h at 100 mA cm™2.

Experimental
Materials preparation

Ni foam (NF) was used as the substrate. The Ni foam was
sonicated in ethanol, acetone and hydrochloric acid for

10 min, respectively, to remove grease and generate a rough
surface. Then it was washed with deionized water and sub-
sequently dried under vacuum at 60 °C. The in-situ electro-
chemical activation process was first conducted at a current
density of 2 A cm~2 for 3 h in three concentrations of elec-
trolytes (1.0 M, 6.0 M, and 10.0 M KOH) to optimize the con-
centration of electrolytes (Fig. S1). Then, the electrodes were
activated at a serial of current density 1 A cm 2,2 A cm 2 and
3Acm ?for3h, respectively, in the selected alkaline solution
using a two-electrode setup. The Ni foam (0.5 cm x 1 cm) was
used as the anode and a graphite plate (1 cm x 5 cm) was used
as the cathode. The obtained Ni foam electrodes activated at a
current density of 1 A cm™2, 2 A cm 2 and 3 A cm™2 were
denoted as NF-1, NF-2, and NF-3, respectively.

Physicochemical characterizations

X-ray diffraction (XRD) patterns were recorded on a Bruker
AXS D8 diffractometer using Cu Kol radiation (A = 0.15405 nm)
and Ni filter with 26 ranging from 5° to 80° with a step size of
0.02° (1.0 s per step) at 40 kV. X-ray photoelectron spectros-
copy (XPS) was performed with a PHI quantum-2000 (mono-
chromatic Al Ko with 1486.6 eV operating at 15 kV and 300 W).
The morphologies and energy dispersive spectroscopy (EDS)
were performed on an FEI/Philips XL30 FEG scanning electron
microscopy (SEM). Micro-Raman spectroscopy measurements
were performed on a LabRAM™ system (Horiba Scientific,
France) using a 532 nm (power <150 mW) laser diode as the
excitation source.

Electrochemical characterization

All the electrochemical properties were characterized using
an Autolab electrochemical workstation at room temperature
(25 °C). A three-electrode system with a graphite plate
(1 cm x 5 cm) as the counter electrode and a Hg/HgO electrode
(Tianjin Aida Hengsheng Technology Co. Ltd., China) as the
reference electrode was used. The activated Ni foam was used
as the working electrode. To evaluate the electrocatalytic ac-
tivity of the OER, cyclic voltammograms were recorded at
10 mV s~ in the potential range between 0.98 and 1.73 V vs.
RHE in oxygen-saturated 1.0 M KOH solution. The long-term
stability was evaluated by chronoamperometry at
100 mA cm~2 in 1.0 M KOH solution. EIS measurements were
recorded in a frequency range from 100 kHz to 0.1 Hz with an
amplitude of 5 mV (peak-to-peak) at an applied potential of
1.56 V vs. RHE.

Results and discussion

The electrochemical activation process of the NF is illustrated
in Scheme 1. In this process, the NF is electrochemically
activated in-situ at different current densities (1 A cm™2,
2 Acm 2and 3 A cm 2 for 3 h, respectively) in a two-electrode
system. The resulting electrodes are denoted as NF-1, NF-2,
and NF-3, respectively. There are three reactions occurring at
the anode (Scheme 1). At such high current densities, most of
the current go-to the oxygen evolution reaction. Besides this,
the surface Ni sites are oxidized to Ni** and react with OH™ to
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XC-72 on
carbon paper
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Electrode reactions

Ni(OH), + OH™ <> NiOOH +e™ + H,0

Anode:
40H™ - 2H,0 +4e” + O,

Ni + 20H- > Ni(OH), + 2e"

Cathode:

2H,0 +2e~ > 20H" +H,

Scheme 1 — Schematic illustration and electrode reactions during the electrochemical activation of Ni foam.

form Ni(OH), [40]. The Ni(OH), then further oxidizes to Ni (oxy)
hydroxide [40].

Scanning electron microscopy (SEM) shows that there are
cracks on the surface of the NF electrodes, which is due to the
acid pre-treatment (Fig. 1a—b, Figs. S2—S3). The NF-2 exhibits a
rough surface, which is beneficial for electrocatalysis. Oxygen
was uniformly distributed on the surface of the Ni foam, and
the O content increased with increasing electrochemical
activation current density from 1 to 3 A cm~? (Fig. 1c). This

indicates an increased thickness of the oxide film on the
surfaces of the NF electrodes, which confirms the formation of
Ni (oxy)hydroxide. The Raman peaks at 464 and 538 cm ™' are
attributed to the combination peaks of Ni(OH), and y-NiOOH,
while the broad peaks at around 900-1150 cm™! were
assigned to y-NiOOH [41-43]. X-ray diffraction (XRD) was
employed to detect the crystal structure of the electrocatalyst
(Fig. S4). The 2¢ diffraction peaks at 44.6°, 51.8°, and 76.5°

correspond to the (111), (200), and (220) planes of cubic Ni
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Fig. 1 — (a) SEM image and elemental mapping results of NF-2; (b) SEM image of the NF-2 at higher resolution (scale bar: 2 pm)
(c) Elemental content of the activated NF electrode surfaces based on the EDS result; (d) Raman spectrum of the activated Ni

foam electrode.
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Fig. 2 — (a) High-resolution XPS peaks of Ni 2ps,, for all samples; (b) Ni 2p5,, peak and the peak fitting results for NF-2; (c) O 1s
peak and the peak fitting results of NF-2; (d) Elemental content of Ni?* and Ni** of the NF electrodes.

(JCPDS: 01-077-8341), respectively [44]. However, no diffraction
peaks of Ni (oxy)hydroxide were identified, which may be due
to its amorphous state or low crystallinity. This result is
consistent with previous reports [43,44].

To further investigate the surface elemental composition
and chemical changes of the NF electrode during the electro-
chemical activation, X-ray photoelectron spectroscopy (XPS)
measurements were performed. The survey spectra indicate
the presence of Ni and O on the surface of the NF electrodes
(Fig. S5). The O content increased with the increased activa-
tion current density from 1 to 3 A cm~?, consistent with the
EDS result (Fig. 1c). Fig. 2 shows the Ni 2p peaks of the NF
electrodes. The Ni 2p peaks at 855.9 eV, 873.4 eV, and 861.5/
880.1 eV were assigned to the Ni 2ps/,, Ni 2py/», and satellite
peaks, respectively. All of the electrochemically activated NF
electrodes show a negative shift (0.5 eV) of binding energy
compared to the inactivated NF, indicating strong electronic
interactions between the surface Ni (oxy)hydroxide and the
NF substrate [45,46], which favors electron transfer during
OER

The peaks at 852.5 eV correspond to Ni 2ps, of the metallic
Ni°, which is attributed to the Ni foam substrate [47]. Obvi-
ously, the intensity of the metallic Ni° peaks decreased with

increasing activation current density due to the growth of the
(oxy)hydroxide film on the surface of the NF electrodes. The Ni
2p,s3 and O 1s spectra of the activated NF electrodes were
further deconvoluted (Fig. 2b and c, Fig. S6). For the Ni 2p,/3,
the three peaks at 852.5 eV, 854.9 eV, and 855.9 eV correspond
to different Ni valences of Ni’, Ni**, and Ni*", respectively
[47-50]. The O 1s peaks were deconvoluted into three peaks
located at 528.9 eV for the lattice oxygen 02, 530.9 eV for
lattice OH™ bond, and 532.4 eV for adsorbed H,0 molecules
[33,51—-53]. These results further confirm the formation of Ni
(oxy)hydroxide during the electrochemical activation process.
Fig. 2d summarizes the content of Ni% Ni**, and Ni**on the
surface of the NF electrodes. It is seen that the content of Ni**
slightly increased with increasing activation of current den-
sityfrom1to3A cm 2. Based on the above-mentioned results,
the activated NF electrodes are expected to show an enhanced
OER activity.

The electrocatalytic activity of the NF electrodes toward
OER was investigated in 1.0 M KOH (Fig. 3a). The peaks at
1.37 Vand 1.29 V vs. RHE was assigned to the redox reaction of
Ni** = Ni** that goes forward and backward, respectively
[54,55]. When scanning to more positive potentials, the cur-
rent density rapidly increases due to oxygen evolution [35]. It
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Fig. 3 — (a) Cyclic voltammograms of the NF electrodes in 1.0 M KOH at a scan rate of 10 mV s~ %; (b) The corresponding
overpotentials at different current densities extracted from Fig. 3b; (c) The corresponding Tafel plots of NF electrodes in
1.0 M KOH; (d) Plot of current densities versus scan rates for the NF electrodes at the electrode potential of 0.82 V vs. RHE,
from which the electrical double layer capacitance (Cq4;) of the NF electrodes were derived from the slope; (e) Nyquist plots
and fitting results of the catalysts in the frequency range from 100 kHz to 0.1 Hz with an amplitude of 5 mV at 1.56 V vs. RHE
(Inset is the equivalent circuit, where R; is the resistance of the electrolyte, R is the charge transfer resistance, and CPE is a
constant phase element); (f) Stability test of the NF-2 electrode at 100 mA cm~2 in 1.0 M KOH.

is found that all electrochemically activated NF electrodes
exhibit a significant improvement in OER activity. The over-
potential (n) at a current density of 10 mA cm ™2 was employed
to evaluate the electrocatalytic activity of OER [56]. The over-
potential at 10 mA cm ™2 of the NF electrodes follows the order:
NF-2 < NF-3 < NF-1 < NF (Fig. 3b). The NF-2 electrode displayed
an overpotential of 288 mV at 10 mA cm ™2, which is one of the
best performing OER catalysts reported in the literature (Table
S1). In particular, the NF-2 achieved a current density as high
as 500 mA cm~? at an overpotential of 370 mV, making it a
promising anode electrocatalyst for practical applications of
water splitting. The Tafel slopes of the activated NF electrodes
were around 40 mV dec™! (Fig. 3c), indicating that the OER
process may be controlled by the formation of *-O of the
Krasil'shcikov path [57—59]. The Faradaic efficiency of the NF-
2 electrode for the OER was found to be around 99%, indicating
that nearly all of the current was used for the evolution of
oxygen (Fig. S7).

In order to further insight into the activity of the electrodes,
the electrical double layer capacitance (Cq) of the NF elec-
trodes was extracted from the slope of the plot of current
densities versus scan rates at the electrode potential of 0.82 V
vs. RHE (Fig. 3d, Fig. S8). The Cq is usually employed to eval-
uate the electrochemically active area of the electrodes during
electrocatalysis. A higher C4, means better access of electro-
lyte to the active sites. It is seen that all of the activated NF
electrodes exhibit a larger Cq4 than the original NF, which is
attributed to the formation of Ni (oxy)hydroxide species (Figs.

1d and 2) thus increasing the active area of the NF electrodes,
consistent with the OER activity (Fig. 3a). The NF-2 electrode
exhibits the highest Cq of 2.37 mF cm 2, which is nearly three
times that of the untreated NF electrode (0.85 mF cm™~2). While
the NF-3 electrode with a high content of Ni (oxy)hydroxide
species shows a lower Cq value than that of NF-1 and NF-2.
This may be attributed to the destruction of the NF surface
structure at such a high current density of 3 A cm~? thus
decreasing the electrochemically active area. Moreover, the
charge transfer resistance (R.) of the NF electrodes for the OER
was evaluated by electrochemical impedance spectroscopy
(EIS) at an applied potential of 1.56 V vs. RHE (Fig. 3e). It is
found that all of the electrodes exhibit low R (1.3 Q for NF-2,
1.8 Q for NF-3, 2.9 Q for NF-1), which is attributed to the direct
formation of Ni (oxy)hydroxide on the NF electrodes without
using any (non-conductive) binder. The NF-2 electrode dis-
plays the lowest charge transfer resistance of 1.3 Q. Due to the
large content of nickel (oxy)hydroxide species, highest active
area and lowest charge transfer resistance, the NF-2 electrode
exhibits the best OER activity among the tested NF electrodes.

Finally, the NF-2 was selected to perform at 100 mA cm 2
for 240 h, which exhibits excellent long-term stability with
negligible potential increase over 240 h at100 mA cm™2
(Fig. 3f). After the OER test, there were no changes in the
structure of the sample (Fig. S9). The oxygen content was
further increased after long-term stability tests, which may be
attributed to the oxidation of the nickel foam during the OER
test (Fig. S10).
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Conclusions

In summary, an electrochemical activation method was
developed for the in-situ formation of Ni (oxy)hydroxide on
the surface of Ni foam electrodes in alkaline media. The ob-
tained NF-2 electrode exhibits highly electrocatalytic activity
for the OER with an overpotential of 288 mV at 10 mA cm 2
and 370 mV at 500 mA cm 2, respectively, as well as excellent
long-term stability at 100 mA cm 2 over 240 h. The
outstanding OER performance is attributed to the highly active
Ni (oxy)hydroxide, large electrochemically active area, and
low charge transfer resistance and interfacial electronic
resistance. This work provides an easy and marketable strat-
egy for the preparation of highly active and stable OER elec-
trocatalysts for a future hydrogen economy.
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