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ABSTRACT: Herein, we report electrodeposited nickel-based thin film (NiO,)
on multiwalled carbon nanotubes (MWCNTSs) as a highly efficient bifunctional
catalyst for both the oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER). Under reductive conditions (—1.2 V vs Ag/AgCl), the hydrogen
evolution catalyst (H,-NiO,) was facilely deposited on MWCNTSs. The resulting
film demonstrates good catalytic activity for hydrogen production in a near-
neutral aqueous solution at low overpotential. When switched to oxidative
conditions (+1.1 V vs Ag/AgCl), the amorphous H,-NiO, film onto MWCNTs
can be transformed into another amorphous material (O,-NiO,) to efficiently
catalyze OER. The NiO,-MWCNTs catalyst was further characterized by scanning
electron microscopy (SEM), energy-dispersive X-ray analysis (EDX), and X-ray
photoelectron spectroscopy (XPS). The results show that the content of oxygen
in the O,-NiO,-MWCNTs film is higher than that in the H,-NiO,-MWCNTs

film. The NiO,-MWCNTs catalyst has good catalytic stability, and the film is reversible when the potentials are switched between
the reductive conditions and oxidative conditions. The Faradaic efficiencies of hydrogen and oxygen production are >95%.

KEYWORDS: electrocatalyst, oxygen evolution, hydrogen production, water splitting, nickel, bifunctional

B INTRODUCTION

Solar energy conversion has attracted much attention in recent
decades. Efficient catalytic hydrogen evolution reaction (HER,
2H* + 2e” — H,) or oxygen evolution reaction (OER, 2H,0
— O, + 4H" + 4e7) is a requirement for one-half of a solar
water-splitting system.' ™ Progress has been recently made in
identifying catalysts capable of producing oxygen and hydrogen
from water using either synthetic mimics of enzymes
(hydrogenase and photosystem II (PS II) active site) or
heterogeneous metal/metal oxide systems.*”'* So far, the most
efficient catalysts for HER and OER are still made from the
precious metals (Pt for HER™™' and Ir or Ru for
OER'"'®7%%) which may significantly hamper large-scale
solar fuel production. The development of efficient water-
splitting catalysts made of earth-abundant elements has
therefore attracted much attention.”>® The typical abundant
materials used for HER include MoS,*'"** NiMoN_** Ni—
Mo,26 and Ni—Mo—Zn alloys.14 In contrast, OER is considered
to be more difficult because the water oxidation reaction
involves a four-electron transfer process with the removal of
four protons from water molecules.”’” In natural photosynthetic
systems, the Mn,CaOjs cluster is used as the active site of
photosystem II to oxidize water and release oxygen molecules.
To closely imitate the catalytic functions of the Mn,CaOjq
cluster, much effort has been devoted to the discovery of earth-
abundant materials for water oxidation.”'*'**® Recently,
catalysts made of first-row transition metals for water oxidation
have been widely explored, especially the catalysts made of
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cobalt, manganese, and nickel.”#1%2°733 However, in terms of
the catalytic efficiency and stability, water splitting remains a
great challenge in the conversion of solar energy into chemical
fuels.

More recently, a bifunctional cobalt-based material was
reported to catalyze both hydrogen evolution and oxygen
evolution by switching the applied electrochemical potential.**
A similar result was also found in a nickel-based material.>> On
the basis of these findings, it is possible to simultaneously
prepare HER and OER catalysts under the same conditions by
a simple electrodeposition method. However, these bifunctional
materials suffered from their low catalytic performance for both
HER and OER. In this present study, we reported an approach
to improve the catalytic activity of a nickel-based bifunctional
material by electrodepositing it onto multiwalled carbon
nanotubes (MWCNTSs). MWCNT materials have been widely
used to transfer and store energy due to their advantages of
high surface area, high electrical conductivity, and structural
flexibility.>®**™** The nickel-based bifuncational catalyst
(NiO,-MWCNTs) was facilely prepared by reduction-induced
electrodeposition in a potassium borate buffered solution
containing Ni** under near-neutral conditions. The catalyst can
effectively catalyze both hydrogen evolution and oxygen
evolution at low overpotentials with good stability. Under the

Received: June 19, 2014
Accepted: August 19, 2014
Published: August 19, 2014

dx.doi.org/10.1021/am503938c | ACS Appl. Mater. Interfaces 2014, 6, 15395—15402


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

~ 0.8+ a ——MWCNTs
2 ——H,-NiO,
i 0.4 4 —H,-NiO -MWCNTs
E —
= 0.0
2 ____,.-{——/
‘A
S -0.44
=
-
S -0.8-
=
-
=
O -1.24
12 -0 08 06 04 02 00

Potential (V)

0.4
b ——H-NiO_
0.04 — Hz.Ni()l.]\-l\)\-’CNTs
-0.4 4

-0.8-\
-I.Z-M
-1.6 4

L}

2 3
Time (h)

Current density (mA/cmz)

=
—
-
wn

Figure 1. Electrochemical performance of the H,-NiO,-MWCNTs catalyst under reductive conditions for the hydrogen evolution reaction. (a) CV
curves using ITO (red) and MWCNTs/ITO (blue) as the working electrodes in a 0.1 M KBi solution (pH 9.2) containing 0.1 mM Ni**. Black plot
is the control experiment using the MWCNTSs/ITO electrode in a 0.1 M KBi solution at pH 9.2 with no Ni**. The scan rate is 50 mV/s with iR
compensation. (b) Current density profiles for bulk electrolysis using an ITO (black) and MWCNTSs/ITO (red) electrode at —1.2 V in a 0.1 M KBi

solution (pH 9.2) containing 0.1 mM Ni**,

same conditions, it is fully reversible to conduct the reductive
process and oxidative process by altering the applied electro-
chemical potential.

B EXPERIMENTAL SECTION

Materials. All chemical reagents, including nickel nitrate
hexahydrate (Ni(NO;),-6H,0), boric acid (H;BO;), potassium
hydroxide (KOH), potassium borate (KBi), ethanol, N-methyl-2-
pyrrolidone (NMP), and S wt % Nafion solution, are commercially
available (Aldrich or Acros) and used without further purification.
MWCNTSs were purchased from Chengdu Organic Chemistry Co.,
Ltd, and indium tin oxide (ITO, 8—12 Q /sq) glass was purchased
from Zhuhai Kaivo Electronic Components Co., Ltd. The ITO glass
plates were ultrasonicated in deionized water, ethanol, and deionized
water for 3 min, successively, and dried in air.

Fabrication of MWCNTSs/ITO Electrodes. The fabrication of
MWCNTSs/ITO electrodes was as follows: 5 mg of MWCNTSs was
dispersed in 1 mL of N-methyl-2-pyrrolidone (NMP), followed by the
addition of 100 uL of 5% Nafion solution. The MWCNT suspension
was homogenized by ultrasonic dispersion for 20 min to make
MWCNT ink. Using a pipet, 30 uL of the resulting ink was carefully
dropped onto clean ITO glass within an area of about 1 cm® The as-
prepared MWCNTs/ITO electrodes were put into a vacuum oven at
100 °C for 3 h. The final MWCNTSs/ITO electrodes were used as the
working electrodes for electrochemical experiments.

Cyclic Voltammetry (CV). All of the following electrochemical
experiments were performed at room temperature with a CHI602D
Instrument Potentialstat (Shanghai Chen Hua Instrument Co., Ltd.).
In a typical three-electrode system, MWCNTs/ITO or ITO glass
plates were used as the working electrode, with an Ag/AgCl electrode
(3 M KCl, with potential of 0.21 V vs NHE) as the reference electrode
and platinum wire as a counter electrode. The electrolyte solution was
0.1 M potassium borate (KBi) solution at pH 9.2 containing 0.1 mM
Ni** or no Ni**, and all the potentials reported in this article were
versus an Ag/AgCl reference electrode. All of the cyclic voltammo-
grams were measured at 50 mV/s with iR compensations and no
stirring.

Bulk Electrolysis. The nickel-based catalyst was electrodeposited
onto the MWCNT/ITO electrode surface at —1.2 V during bulk
electrolysis in a 0.1 M KBi solution at pH 9.2 containing 0.1 mM Ni**.
The nickel-based catalyst was also electrodeposited onto the ITO
electrode under the same conditions to compare the catalytic activities
for water splitting. The electrodeposited NiO,-MWCNTs were then
transferred to a 0.1 M KBi solution at pH 9.2 without Ni** to study the
water oxidation reaction at an applied potential of +1.1 V.

Tafel Plot. The NiO,-MWCNT catalyst was electrodeposited after
1 C of charges passed through the working electrode at —1.2 Vin a 0.1
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M KBi solution at pH 9.2 containing 0.1 mM Ni**. Then the NiO,-
MWCNT electrode was transferred to a 0.1 M KBi solution at pH 9.2
without Ni**. The Tafel plot was obtained by performing bulk
electrolysis in the solution at variable applied potentials when the
steady current was achieved. The applied potentials were varied from
0.65 to 0.80 V, and the intervals were 25 mV.

Hydrogen Generation Reaction. The catalytic hydrogen
production experiments were performed in a gastight electrochemical
cell. The solution of 0.1 M KBi at pH 9.2 containing 0.1 mM Ni** was
degassed by bubbling with high purity N, for 20 min with vigorous
stirring. Hydrogen gas evolution was measured by gas chromatography
(SP-6890, nitrogen as a carrier gas) with thermal conductivity
detection (TCD).

Faradaic Efficiency. A fluorescence-based oxygen sensor (Ocean
Optics) was used for quantitative detection of O,. The experiment was
also performed in a gastight electrochemical cell. The solution of 0.1
M KBi without Ni** was degassed by bubbling with high purity N, for
20 min with vigorous stirring. The NiO,-MWCNT electrode was used
as the working electrode. The reference electrode was positioned
several millimeters (2—4 mm) from the NiO,-MWCNT electrode. O,
content from the FOXY probe, recorded at 2 s intervals, was converted
into the partial pressure of O, in the headspace. After calibration, bulk
electrolysis was initiated at +1.1 V.

X-ray Diffraction (XRD). The phase analysis of the H,-NiO,-
MWCNTs and O,-NiO,-MWCNTs catalyst materials was measured
by X-ray diffraction (XRD, D/max-TTR III) via graphite mono-
chromatized Cu Ka radiation of 1.5406 A, operated at 40 kV and 200
mA. The scanning rate was 5° min~' from 10° to 70° in 26.

Scanning Electron Microscopy (SEM) and Energy-Dispersive
X-ray Analysis (EDX). SEM images and EDX spectra were obtained
using a SIRION200 Schottky field emission scanning electron
microscope (SFE-SEM) equipped with a Rontec EDX system. The
detected samples were rinsed with deionized water and dried in air,
then coated with Pt to make the samples conductive before loading
into the instrument. Images were obtained with an acceleration voltage
of S kV or 10 kV.

Transmission Electron Microscopy (TEM). The morphologies
of the samples were further analyzed by TEM. TEM images were
obtained on a JEM-2011 electron microscope, operated at an
acceleration voltage of 200 K.

X-ray Photoelectron Spectroscopy (XPS). The elemental
composition of the catalysts on the surface of the electrode and the
valence states of metal elements were probed with an ESCALAB 250
X-ray photoelectron spectroscope (XPS). The survey scan and the
high resolution Ni 2p spectra were obtained. The spectra are
referenced to the C 1s peak (285.0 V).

dx.doi.org/10.1021/am503938c¢ | ACS Appl. Mater. Interfaces 2014, 6, 15395—15402
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Figure 2. (a) SEM image of the MWCNTs. (b) The surface of the H,-NiO,-MWCNTs electrode after 8 h of electrodeposition at —1.2 Vin a 0.1 M
KBi solution containing 0.1 mM Ni**. (c) XPS survey of the H)-NiO,-MWCNTs electrocatalyst. (d) Ni 2p character.

B RESULTS AND DISCUSSION

Figure 1a shows the cyclic voltammogram (CV) curves of ITO
and MWCNT/ITO electrode in a 0.1 M KBi solution at pH 9.2
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Figure 3. Hydrogen production during bulk electrolysis measured by
gas chromatography (red dots) and the theoretical amount of
hydrogen calculated by the passed charges through the H,-NiO,-
MWCNT working electrode at —1.2 V in a 0.1 M KBi solution
containing 0.1 mM Ni** (black dots).

containing 0.1 mM Ni**. An Ag/AgCl electrode was used as the
reference electrode and a Pt wire as the counter electrode. The
scan range varied from 0 V to —1.2 V (all the potentials in this
article are versus Ag/AgCl). The cathodic scan using ITO as
the working electrode shows a sharp catalytic wave for HER
with an onset potential at —0.98 V (Figure la, red plot).
Interestingly, when a MWCNT/ITO was used as the working

15397

electrode, the onset catalytic potential was shifted to —0.83 V,
which is ~150 mV lower than the onset value using bare ITO
as the working electrode. This observation indicates that the
MWCNTSs electrode can significantly lower the overpotential
and highly enhance the catalytic performance of the NiO,
catalyst for hydrogen production from water. The produced
hydrogen gas has been confirmed by gas chromatography
(GC). In addition, in the control experiment performed in a 0.1
M nickel-free KBi solution, no appreciable catalysis for
hydrogen production was observed on the MWCNT/ITO
electrode at —1.2 V (Figure 1a, black plot). This result indicates
that the existence of both MWCNTSs and Ni** is crucial for
catalytic hydrogen production under a low overpotential.

The current density profiles for bulk electrolysis under
reductive conditions using the ITO or MWCNT/ITO
electrode are shown in Figure 1b. The experiments were run
in a 0.1 M KBi buffered solution at pH 9.2 containing 0.1 mM
Ni**, and the applied potential was —1.2 V. The electro-
deposited material is named as H,-NiO,. A stable current
density using a bare ITO electrode was achieved at 0.77 mA/
cm?. In contrast, the MWCNT/ITO electrode has an enhanced
catalytic current density at 1.25 mA/cm?, which is 62% higher
than that of the bare ITO electrode under the same conditions.
The results indicate that MWCNTSs can greatly improve the
catalytic performance of the HER, which is probably
attributable to the MWCNTs facilitating the transport of
electrons to the surface of the nickel-based catalyst in the
process of hydrogen production. The stable current density has
no significant decrease even after 36 h of electrolysis (Figure
S1, Supporting Information), demonstrating that the H,-NiO,-

dx.doi.org/10.1021/am503938c | ACS Appl. Mater. Interfaces 2014, 6, 15395—15402
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Figure 4. Electrochemical performance of 0,-NiO,-MWCNTs and O,-NiO, catalysts in a 0.1 M KBi solution (pH 9.2) without Ni**. (a) CV curves
of 0,-NiO,-MWCNTs and O,-NiO, at the scan rate of 50 mV/s with iR compensation. (b) Current density profiles of O,-NiO,-MWCNTs and O,-
NiO, for bulk electrolysis at +1.1 V. (c) CV curves of O,-NiO,-MWCNTs under various pH values from 8.42 to 9.31. The scan rate is SO mV/s. The
inset shows that the slope of the linear fit for E,,, to pH is =100 mV per pH unit. (d) O, production for the 0,-NiO,-MWCNT catalyst, measured by
a fluorescence-based oxygen sensor (red plot) and the theoretical amount of O, produced (black plot), at +1.1 V in a 0.1 M KBi solution (pH 9.2)

without Ni%*.
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Figure S. Tafel plot. The applied potential varied from 0.65 to 0.93 V
(vs Ag/AgCl). 5 = Vippl — iR — Eypy, where V. is the applied potential
vs NHE, and E,y = 1.23 V — 0.059 pH.

MWCNTs electrocatalyst has good stability during bulk
electrolysis.

The surface morphologies of MWCNTSs and electro-
deposited H,-NiO,-MWCNTs are shown in Figure 2a,b. The
H,-NiO,-MWCNTs sample was obtained after 8 h of bulk
electrolysis at —1.2 V in a 0.1 M KBi buffered solution (pH 9.2)
containing 0.1 mM Ni**. SEM images show that the MWCNTs
possess tubular structure. The structure of the H,-NiO,-
MWCNTSs sample in Figure 2b has a similar tubular shape, and
the H,-NiO, particles were evenly dispersed on the surface of
MWCNTSs. The MWCNTs are the substrate to support the
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electrodeposited H,-NiO, nanomaterial, as shown in TEM
images (Figure S2, Supporting Information). In contrast to the
SEM image, the H,-NiO, nanoparticles on MWCNTs from the
TEM image are not well dispersed probably because of the
sonication before TEM measurement. The element composi-
tion of the electrodeposited H,-NiO,-MWCNTSs was analyzed
by energy-dispersive X-ray analysis (EDX), as shown in Figure
S3 (Supporting Information). The EDX spectrum demon-
strates that Ni, O, C, K, and Pt are the main elements on the
surface of the electrodeposited H,-NiO, on MWCNTSs. The Ni
and O are the elements from the H,-NiO, catalyst, and the C
can be attributed to MWCNTSs on the ITO glass plate. The Kis
from the KBi electrolyte, and the Pt was artificially sprayed on
the surface of the H,-NiO,-MWCNTs film to improve
conductivity.

Furthermore, the electrodeposited H,-NiO,-MWCNTs
catalyst was analyzed by XPS (Figure 2c). The XPS spectra
show the presence of Ni, O, and C elements on the surface of
the working electrode, which is consistent with the results
obtained by EDX. The Ni and O should be from H,-NiO,
nanomaterial, and the high resolution Ni 2p peaks are shown in
Figure 2d. In Ni 2p spectra, two typical sets of broad signals
were observed, corresponding to Ni 2p;,, (856.28 eV) and Ni
2p1/, (873.78 eV), indicating that the Ni element is in a range
of typical Ni** or Ni** bound to oxygen.’” The O 1s signal is
located at 531.6 eV, and the major C 1s peak is located at 285.0
eV. The peak of C 1s could be from both MWCNTs and the
reference C peak. The XPS data show that the element ratio of

dx.doi.org/10.1021/am503938c¢ | ACS Appl. Mater. Interfaces 2014, 6, 15395—15402
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Figure 6. (a) SEM image of the O,-NiO,-MWCNT catalyst under an anodic potential for 8 h. (b) EDX pattern of the O,-NiO,-MWCNT catalyst.

(c) XPS survey of the O,-NiO,-MWCNT catalyst. (d) Ni 2p character.

C, O, and Ni in the H,-NiO,-MWCNTs film is about
16.2:5.7:1.0 (56.93%, 20.01%, and 3.51%, for C, O, Nj,
respectively). According to the previous studies, the Ni(OH),
peaks appeared at 856—857 eV with related satellite peaks due
to shakeup processes at 860—865 eV (Ni 2p 3/2 region), and
the O peak showed up at ~532 eV (O 1s).>>* It is probably
that the catalyst films mainly contain Ni(OH),. However,
NiOOH also has quite similar XPS features as Ni(OH), with
broad peaks at 855—856 eV (Ni 2p3/2) and 532 eV (O
1s).*"* The appearance of a shoulder peak at around 854.13
eV might indicate the presence of another form of Ni species.
The absence of the O peak at ~529 eV may exclude the
existence of NiO.>>*

A catalytic HER was performed in a gastight electrochemical
cell under inert atmosphere. Bulk electrolysis was run at —1.2 V
in a 0.1 M KBi solution (pH 9.2), and the amount of hydrogen
gas was measured by GC. The hydrogen bubbles were rapidly
produced on the MWCNTs/ITO electrode, and GC data
showed the rise of hydrogen percentage in the headspace of the
electrochemical cell. The theoretical amount of hydrogen was
calculated by assuming that the total charge was from 2e”
reduction of protons by Faraday’s law. The amount of
produced hydrogen in the experiment matched well the
theoretical amount of hydrogen under the total charge during
the process of electrolysis over 150 min, corresponding to an
efficiency of >98% (Figure 3).

The as-deposited H,-NiO,-MWCNTs electrocatalyst was
further transferred to a nickel-free 0.1 M KBi solution at pH 9.2
to study the electrocatalytic OER activity. The anodic scan
using the H,-NiO,-MWCNTs electrode exhibits a broad wave
of nickel ion oxidation at E,,, = +0.76 V, followed by an obvious
catalytic wave with an onset catalytic potential at +0.91 V

15399

(Figure 4a). Under this oxidative condition, the H,-NiO,
catalyst is transformed into another amorphous form, which
is named as O,-NiO,. Interestingly, the anodic scan shows a
broad wave of nickel ion oxidation at E,, = +0.82 V, but the
current density of the sharp catalytic wave was much higher
than that without MWCNTSs. The presence of the enhanced
catalytic wave prompted us to examine the electrode activity
during bulk electrolysis. Current density profiles of O,-NiO,-
MWCNTs and O,-NiO,, at a fairly positive potential (+1.1 V
versus Ag/AgCl) for bulk electrolysis are shown in Figure 4b. A
stable current density of 1.5 mA/cm® was achieved for O,-
NiO,-MWCNTs, which is much higher than that for O,-NiO,
without MWCNTs (0.8 mA/cm?). Both of the electrocatalysts
have good stability for oxygen evolution during S h of bulk
electrolysis (Figure 4b). The pH dependence of the electro-
deposited O,-NiO, on MWCNTSs was examined via the CV
scans (Figure 4c). The redox potentials of O,-NiO,-MWCNTs
are highly dependent on the pH values, indicating that a
proton-coupled electron transfer process is involved in this
system. The oxidation waves are gradually shifted to a lower
potential under a higher pH, which reflects the shifts in the
thermodynamic potential for water oxidation. CV experiments
conducted at a scan rate of SO mV/s give rise to a plot of E, , vs
pH with a slope of —100 mV per pH unit (Figure 4c, inset),
which is different from the theoretical value of —59 mV per pH
unit expected for a le™-1H"* redox process from Ni"(OH), to
Ni""O(OH). This result shows that the loss of le” is probably
accompanied by the transfer of ~1.5 protons.”~*

The Faradaic efficiency of the O,-NiO,-MWCNTs electro-
catalyst was measured by a fluorescence-based oxygen sensor
(Figure 4d). Bulk electrolysis was performed at +1.1 Vin a 0.1
M nickel-free KBi solution (pH 9.2) in a gastight electro-

dx.doi.org/10.1021/am503938c | ACS Appl. Mater. Interfaces 2014, 6, 15395—15402
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Figure 7. (a) Current density and (b) charge density as a function of
time using NiO,-MWCNT catalyst for water splitting. The NiO,-
MWCNT catalyst was prepared by electrodeposition at —1.2 Vin a 0.1
M KBi solution (pH 9.2) containing 0.1 mM Ni**. The catalyst was
then transferred to the same buffered solution without Ni**. Bulk
electrolysis for oxygen evolution was performed at +1.1 V for 1 h, then
the applied potential was switched to —1.2 V for hydrogen production.

chemical cell under nitrogen. The theoretical amount of oxygen
evolution under the applied potential +1.1 V was calculated by
assuming that the total charge was from 4e™ oxidation of water
by Faraday’s law. The amount of oxygen was a good match for
the theoretical amount of oxygen under the total charge during
the process of electrolysis, corresponding to a Faradaic
efficiency of >95% in 85 min (Figure 4d), showing that the
0,-NiO,-MWCNTs electrocatalyst is highly effective for water
oxidation.

The Tafel plot was obtained by measuring the stable current
density (j) of O,-NiO,-MWCNTs (obtained after 1 C of
charges passed through the electrode at +1.1 V) at various
potentials for water oxidation, as a function of the overpotential
() (Figure S). The slope of the Tafel plot ranging from 0.65 to
0.93 Vis 137 mV per decade, which is outside the range of 40—
80 mV per decade for typical Ni oxides.*****” A current density
of 0.5 mA/cm? requires 7 = 0.33 V, which is much lower than
the previous report using nickel-based catalysts for oxygen
evohltion, such as Ni—Bi film (0.5 mA/cm? requires 7 = 0.41
V).

The surface morphologies of the O,-NiO,-MWCNTSs
catalyst were measured by SEM and TEM (Figure 6a and
Figure S4, Supporting Information). The image shows
nanotubes and O,-NiO, nanoparticles. The nanotubes are
from the MWCNTSs, and the O,-NiO, nanoparticles are
uniformly dispersed on the nanotubes. The close contact of the
MWCNTs and O,-NiO, indicates that MWCNTSs can
effectively enhance the transport of electrons during the
OER. The element composition of the O,-NiO,-MWCNTs
sample was measured by EDX (Figure 6b). The EDX spectrum
demonstrates that Ni, O, C, K, and Pt are the main elements in
the catalyst, which is similar to the result for the H,-NiO,-
MWCNTSs film electrodeposited at —1.2 V. Moreover, the
element composition and element valence states of the O,-
NiO,-MWCNTSs were further analyzed by XPS. The XPS
spectra show the presence of Ni, O, and C elements (Figure
6c). In Ni 2p spectra, two typical sets of broad signals
corresponding to Ni 2p;/, (856.5 eV) and Ni 2p1)s (873.8 V)
are observed, indicating the Ni element is in a range of typical
Ni** or Ni** bound to oxygen (Figure 6d).>*** The XPS data
show that the element ratio of C, O, and Ni in the O,-NiO,-
MWCNTSs film is 18.8:6.7:1.0 (51.07%, 18.22%, and 2.72%, for
C, O, and Nj, respectively), demonstrating that the O content is
higher than that in the H,-NiO,-MWCNTs film. Similar to the
previous analysis for H,-NiO,-MWCNTs film, the O,-NiO,-
MWCNTs film probably contains Ni(OH),, but the presence
of NiOOH is not excluded. The EDX and XPS results indicate
that the elemental components of O,-NiO,-MWCNTSs are
similar to those of the H,-NiO,-MWCNTs for water reduction,
but the oxygen content is obviously higher in the O,-NiO,-
MWCNTs for water oxidation (Figures 2 and 6). Powder X-ray
diffraction data show that the NiO,, species from both H,-NiO,-
MWCNTs and O,-NiO,-MWCNTs electrodes have amor-
phous character with no typical diffraction peaks of nickel based
materials (Figure SS, Supporting Information).

Finally, the H,-NiO,-MWCNTs film electrodeposited at
—12 V was used for both OER and HER in the same
electrochemical cell (Figure 7). The film was obtained after 1 C
of charges passed through the electrode at —1.2 V and then
transferred to a 0.1 M nickel-free KBi solution (pH 9.2). After 1
h of bulk electrolysis at +1.1 V, the potential was switched to
the reductive condition (—1.2 V). The stable current density
was about —1.0 mA/cm” at the —1.2 V for hydrogen reduction
and 1.5 mA/cm? at +1.1 V for water oxidation. The switch
between HER and OER shows good reversibility. The results
demonstrate that the NiO,-MWCNTs film is highly efficient
for both OER and HER and that the film has good stability
during bulk electrolysis for water splitting.

B CONCLUSIONS

The results reported here show nickel-based thin films on
MWCNTs that do not require precious metals yet are highly
effective for both hydrogen reduction and water oxidation. The
H,-NiO,-MWCNTs film was prepared by reduction-induced
electrodeposition in KBi buffered solution containing Ni**, and
it catalyzes water splitting effectively under nearly neutral pH
value. EDX spectra and XPS data indicated that the NiO,-
MWCNT film contains Ni, O, C, and K elements in the process
of both water reduction and water oxidation and that the
content of O is raised during OER. The NiO,-MWCNTs
electrocatalyst can effectively catalyze water oxidation at a low
overpotential, which might be attributed to the excellent
conductivity of MWCNTs in transporting electrons. The NiO,-
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MWCNTS electrocatalyst also has good stability, and the water-
splitting catalysis is reversible when the applied potential is
switched from reduction to oxidation. The efficiency of
hydrogen and oxygen production is >95% in the present
systems.
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