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Abstract In this communication, we demonstrate the
preparation of Ni nanoparticles-graphene hybrid film via
simultaneous electrochemical reduction of graphene oxide
and Ni’" on conductive substrate for the first time. We
further show the utilization of such hybrid film as an effi-
cient oxygen evolution reaction electrocatalyst with highly
catalytic activity and good durability.
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1 Introduction

Hydrogen is the most promising option to replace fossil
fuels in the long-term owing to its carbon-free, high-energy
content, and potential to be efficiently converted into either
electrical or thermal energy. Electrolysis of water is cur-
rently an emerging technology to produce bulk hydrogen,
and the kinetic bottleneck of water splitting is the oxygen
evolution reaction (OER) [1, 2]. Thus, an efficient

Z.Pu - Q. Liu - X. Sun

Chemical Synthesis and Pollution Control Key Laboratory of
Sichuan Province, College of Chemistry and Chemical
engineering, China West Normal University,

Nanchong 637002, Sichuan, China

A. M. Asiri - X. Sun
Chemistry Department, Faculty of Science, King Abdulaziz
University, Jeddah 21589, Saudi Arabia

A. M. Asiri - X. Sun (IX))

Center of Excellence for Advanced Materials Research, King
Abdulaziz University, Jeddah 21589, Saudi Arabia

e-mail: sunxpcwnu@gmail.com

electrocatalyst is required to improve the reaction rate and
lower the overpotential [3]. Many researchers are currently
working on water oxidation catalysts [4]. Precious metal
oxides such as RuO; and IrO, are the most active catalysts
with the lowest overpotentials for the reaction at practical
current densities, but their high cost and poor long-term
stability in alkaline solution limit their widespread com-
mercial use [5, 6]. As such, great efforts have been made to
develop earth-abundant metal-based alternatives [7—11].

Ni is a promising candidate for replacing precious cat-
alysts due to its high theoretical activity and low cost [12,
13], but it suffers from low efficiency and poor stability
[14]. The use of conductive graphene sheets as supports
can enhance electron transport and hence catalytic perfor-
mance, and the direct deposition of electrocatalyst film
onto electrode surfaces eliminates the immobilization step
of catalyst. In this communication, we develop a one-step
electrodeposition strategy toward rapid preparation of Ni
nanoparticles-graphene hybrid film (NiNPs-G) on con-
ductive substrate via simultaneous electrochemical reduc-
tion of graphene oxide (GO) and Ni**. We further
demonstrate the use of such hybrid film as OER electro-
catalyst with high efficiency and good durability.

2 Experimental

Graphite and H,SO, were purchased from Aladdin Ltd.
(Shanghai, China). KMnO, was purchased from Beijing
Chemical Corporation. NiSO4-6H,O was purchased from
Tianjin Fuchen Chemical Reagent Factory. Sodium citrate
(CgHsNa3;07-2H,0) was purchased from Xilong Chemical
Co. Ltd. All the chemicals were used as received without
further purification. The water used throughout all experi-
ments was purified through a Millipore system.
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GO was prepared from natural graphite powder by
Hummers method [15]. In a typical synthesis, 1 g of
graphite was added into 23 mL of 98 % H,SO,, followed
by stirring at room temperature (25 £ 2 °C) over a 24 h
period. After that 100 mg of NaNOj was introduced into
the mixture and stirred for 30 min. Subsequently, the
mixture was kept below 5 °C in an ice bath, and 3 g of
KMnO, was slowly added into the mixture. Then the
mixture was stirred for another 30 min at 35-40 °C. After
that 46 mL of water was added into the above mixture over
a period of 25 min. Finally, 140 mL of water and 10 mL of
30 % H,0, were added into the mixture to stop the reac-
tion. After the unreacted graphite in the resulting mixture
was removed by centrifugation, as-synthesized GO was
dispersed into individual sheets in anhydrous ethanol at a
concentration of 0.5 mg mL™~" with the aid of ultrasound
for further use.

NiNPs-G was electrodeposited in solution of 2 mmol
NiSO,-6H,0, 3.5 mmol C¢HsNa;0,-2H,0, and 1 mg mL ™"
GO (pH value was controlled to 6.0 by adding Na,COs3) with
current density of 0.5 mA cm™? at 50 °C for 25 min. Fluo-
rine-doped tin oxide (FTO) was used as working electrode
for electrodeposition. A graphite electrode and an Ag/AgCl
electrode were used as the counter electrode and reference
electrode, respectively. The Ni nanoparticles (NiNPs) were
also prepared by the same route without adding GO into
deposition solution. The NiNPs or NiNPs-G loading on FTO
was determined by reading the difference between bare FTO
and NiNPs or NiNPs-G on FTO using a high-precision
analytical balance. The mass loading of NiNPs and NiNPs-G
was about 0.2 mg cm ™ 2.

Powder X-ray diffraction (XRD) data were recorded on
a RigakuD/MAX 2550 diffractometer with Cu Ko radiation
(A = 1.5418 A). Raman spectra were obtained on J-Y
T64000 Raman spectrometer with 514.5 nm wavelength
incident laser light. X-ray photoelectron spectroscopy
(XPS) was carried out on an ESCALABMK II X-ray
photoelectron spectrometer using Mg as the exciting
source. Scanning electron microscopy (SEM) measure-
ments were made on a XLL30 ESEM FEG scanning electron
microscope at an accelerating applied potential of 20 kV.
Transmission electron microscopy (TEM) measurements
were made on a Hitachi H-8100 electron microscope
(Hitachi, Tokyo, Japan) with an accelerating voltage of
200 kV.

The electrochemical properties of the prepared electro-
catalysts were studied in a standard three-electrode system
with 0.1 M KOH aqueous solution. The NiNPs-G- or
NiNPs-coated FTO was used as working electrode. An Ag/
AgCl was used as reference electrode and a Pt wire as
counter electrode. Electrochemical measurements were
carried out on a CHI 660D electrochemical workstation.
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All electrochemical measurements were carried out at
room temperature.

3 Results and discussion

Figure 1a shows the powder XRD pattern of the resulting
electrodeposited products on FTO substrate. The diffraction
peaks at 34 and 38° can be assigned to the (101) and (200)
planes of FTO substrate (JCPDS no. 41-1445). The dif-
fraction peaks at 45° can be assigned to metallic Ni. Fig-
ure 1b shows the Raman spectra of GO and the NiNPs-G
obtained by electrodeposition. It is seen that both GO and
the produced graphene exhibit two characteristic main
peaks: the D band at ~1,356 cm ™, arising from a
breathing mode of A;, symmetry involving phonons near
the K zone boundary; the G band at ~ 1,595 cm™ !, ori-
gining from in-plane vibration of sp® carbon atoms and a
doubly degenerate phonon mode (E,, symmetry) at the
Brillouin zone center [16].The G band of graphene red-
shifts from 1,602 to 1,595 cm™!, which is attributed to the
high ability for recovery of the hexagonal network of car-
bon atom [17]. It is also found that the graphene shows the
relative higher intensity of D to G band (0.97) than that of
GO (0.81). This change in the intensity ratio of the D to G
bands is attributed to the increased defect concentration
present in graphene relative to that in GO [18]. The depo-
sition of graphene from GO suspension can be explained as
follows [19]: GO in direct contact with FTO accepts elec-
trons and is electrochemically reduced into graphene during
cathodic scan. The poor solubility in water of these graph-
ene sheets causes their direct attachment to FTO surface.
Figure 1c shows the XPS C 1 s spectrum of the NiNPs-G,
which indicates the presence of C—C (284.5 eV) and C-O
(286.0 V) [20]. The XPS Ni 2p spectrum (Fig. 1d) indi-
cates that the binding energies of Ni 2ps,, and Ni 2p;,, peaks
are located at 852.7 and 870.1 eV, respectively.

Figure 2a shows the low magnification SEM image of
the NiNPs-G, indicating that a large amount of nanoparti-
cles and graphene nanosheets are generated on the surface
of conductive substrate. The high magnification SEM
image reveals that the nanoparticles have sizes ranging
from 30 to 90 nm, as shown in Fig. 2b. A high-resolution
TEM (HRTEM) image of one single particle (inset) reveals
a lattice fringe of 0.2 nm corresponding to the (111) plane
of Ni, suggesting these nanoparticles are NiNPs. Pure
NiNPs film was electrodeposited using the same procedure
without adding GO, as shown in Fig. 2c. The high mag-
nification SEM image shown in Fig. 2d further reveals that
the NiNPs have sizes ranging from 50 to 100 nm. All these
observations indicate the formation of NiNPs-G through
the one-step electrodeposition process.
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Fig. 2 a Low and b high magnification SEM images of NiNPs-G (inset HRTEM images taken from one single particle). ¢ Low and d high
magnification SEM images of NiNPs
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The linear scan voltammograms (LSVs) measurements
were used to test OER properties of NiNPs-G, NiNPs and
graphene with a scan rate of 5 mV s™' in 0.1 M KOH from
0.964 to 1.964 V versus RHE. Figure 3a shows polarization
curves of these catalysts. For NiNPs-G, an extremely weak
anodic wave near 1.394 V is observed, which is more neg-
ative than that of NiNPs (1.434 V). Graphene displays no
apparent anodic waves. Note that NiNPs-G shows a more
negative onset potential (1.564 V) than those of NiNPs
(1.604 V) and graphene (1.634 V). The overpotential of
NiNPs-G is 334 mV, which is only slightly higher than that
of recent N-doped graphene film-confined NiNP (320 mV)
[14]. The highly catalytic activity is demonstrated by com-
paring the current density of NiNPs-G with those of NiNPs
and graphene. For achieving a catalytic current density of
5 mA cm~?, the applied potentials need to be 1.622 V
(n =392 mV)and 1.694 V (5 = 464 mV) for NiNPs-G and
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NiNPs, respectively. When the overpotential is 550 mV,
NiNPs-G shows the largest catalytic current density (30.29
vs. 11.15mA cm™> for NiNPs and 1.72 mA cm™> for
graphene). These values compare favorably to the behavior
of other non-noble OER electrocatalysts, including N-doped
graphene-NiCo,0,4 hybrid [21] and 3D Ni foam/porous
carbon/anodized Ni [22]. All these results indicate that
NiNPs-G is a highly active catalyst toward water oxidation.
What’s more, Tafel plots of the samples were recorded with
the linear regions fitted into the Tafel equation
(n = a + blogj, where 1 is overpotential, b is the Tafel slope
and j is the current density) [23]. As shown in Fig. 3b, the
NiNPs-G shows the smallest Tafel slope value (81 mV
dec™') among all the presented samples (NiNPs:
99 mV dec™' and graphene: 235 mV dec™'). Although the
Tafel slope of NiNPs-G is larger than that of Ni oxyhy-
droxide catalyst (60 mV dec_l), this value is still much
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smaller that those of N-doped graphene film-confined nickel
nanoparticles (188.6 mV dec_l) [14] and Ni3S, nanorods/
Ni foam composite (159.3 mV dec™") [24]. Further experi-
ments with NiNPs-G showed a very similar catalytic current
with the scan rates increasing from 5 to 100 mV s™', cor-
responding to the highly efficient transport and favorable
catalytic kinetics within electrodes (Fig. 3c). Figure 3d
shows the electrochemical impedance spectroscopy (EIS)
data of NiNPs-G and NiNPs. From the plots, we can learn
that the NiNPs-G displays bulk resistance, and charge-
transfer resistance than NiNPs, indicating that the NiNPs-G
exhibits higher conductivity because of the presence of
graphene. Thus, compared to NiNPs, NiNPs-G thus exhibits
more favorable OER kinetics.

In addition to the highly catalytic activity, good corrosion
durability is vital for an advanced electrocatalyst for OER.
We examined the durability of these catalyst using cyclic
voltammograms (CVs) measurements for scanning 1,000
cycles from 0.964 to 1.964 V versus RHE with a scan rate of
100 mV s~'in 0.1 M KOH. Figure 3e shows that NiNPs-G
has good stability in alkaline electrolyte with less than 17 %
anodic current loss during 1,000 cycles. Figure 3f shows the
current—time chronoamperometric responses to OER on
NiNPs-G and NiNPs catalysts at an overpotential of
384 mV. Although current densities of both two catalysts
decrease with time, NiNPs-G exhibits a relatively slow decay
rate, maintaining 86 % of their initial currents even after
45,000 s, whereas the OER current response for NiNPs
decreases nearly 40 %. We attempted to quantify the active
sites according to reported method [11]. The turnover fre-
quency (TOF) was calculated from the steady-state current
obtained from controlled potential electrolysis. The current
gives a value of electrons passed per second. Because water
oxidation is a four electron process this value is divided by
four to give the number of oxygen molecules formed per
second. The number of Ni atoms can be calculated by inte-
gration of the CVs (Fig.4), 5.71 x 107> C or
5.92 x 10" mol Ni. The TOF of NiNPs-G was calculated
to be 2.4 s™' at overpotential of 330 mV, which is higher
than those of hydrous nickel oxide electrodes (1.2 sfl) [25]

Potential (V vs RHE)

and gold-supported nickel oxide catalysts (1.9 s~") [26]. All
of these results indicate that NiNPs-G shows superior dura-
bility over NiNPs catalyst due to the presence of graphene
facilitating the electrons transport in the hybrid film.

4 Conclusions

Simultaneous electrochemical reduction of GO and Ni*"
has proved to be an effective strategy toward one-step
preparation of NiNPs-G. As OER electrocatalyst, such
NiNPs-G exhibits high efficiency with an onset potential of
1.564 V (n = 334 mV) and a tafel slope of 81 mV dec™!,
as well as good stability. Our present study is important
because it provides us a general methodology for facile,
rapid, and direct deposition of metal nanostructures-
graphene hybrid film on conductive substrates toward
electrocatalysis and other applications.
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