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Abstract
Nickel nanoparticles uniformly anchored on reduced graphene oxide (Ni/RGO) nanosheets is successfully prepared by a facile
wet-chemical method. It is found that many small Ni nanoparticles with the particle size of 4–8 nm are anchored on RGO,
showing uniform dispersion. The Ni/RGO nanocomposite-modified glassy carbon electrode (GCE) (i.e., Ni/RGO/GCE) is
investigated as an electrocatalyst for the ethanol oxidation reaction. Especially, the as-prepared Ni/RGO/GCE delivers excellent
electrocatalytic performance in terms of the low peak potential value, the low reduction of its overvoltage, and satisfactory peak
current density. The excellent electrocatalytic properties could be ascribed to the synergistic effect of Ni spherical nanoparticles
and RGO nanosheets, which can lead to the high use ratio of Ni. It is proposed that the anodic peak that emerged in the potential
negative-going sweep may be attributed to the oxidation of ethanol, which results from the high concentration of ethanol and an
autocatalytic process at Ni/RGO/GCE.
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Introduction

In recent years, direct ethanol fuel cells (DEFCs) have re-
ceived considerable attention owing to their high energy den-
sity and conversion efficiency, low operating temperature, and
environmental friendliness [1–7]. Especially, compared with
methanol and formic acid, ethanol possesses numerous advan-
tages of higher theoretical mass energy density, non-toxic, low

cost, and availability [2, 4]. Furthermore, it can be produced in
large quantity by the fermentation process of sugar-containing
biomass or agricultural products [2]. As a result, DEFCs as
alternative power sources have achieved increasing interest in
their application in the fields of automobile and portable con-
sumer electronics [8, 9]. However, before the commercializa-
tion of DEFCs, several challenges should be solved, one of
which is to develop an electrocatalyst with a high activity and
a competitive price. As is well known, Pt and Pt-based cata-
lysts are considered as promising and most effective catalysts
in DEFCs and have been intensively studied for many years
[4, 10–16]. However, Pt catalysts still suffer from multiple
problems such as slow reaction kinetics, high cost, poor dura-
bility, etc. [2, 4]. Thoughmassive research has been conducted
to reduce the amount of Pt [4, 10–16], the expensive cost and
limited reserve of Pt catalysts significantly hinder its applica-
tion in DEFCs. Therefore, it would be highly incentive to
develop efficient, durable, and inexpensive alternatives to sub-
stitute Pt-based catalysts.

Nickel and nickel-based nanocomposites, as less expensive
analogs of platinum, have been recognized as effective
electrocatalysts for the direct oxidation of small organic
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molecules [2, 5, 17–20]. Many studies have demonstrated that
nickel can deliver a high activity for electrooxidation of alco-
hol in alkaline media, confirming an attractive and effective
candidate to be applied as an electrocatalyst for the ethanol
oxidation reaction [21]. It is also reported that for a small
organic molecule, the catalytic oxidation processes generated
by the Ni-based materials are attributed to the formation of a
high-valent, oxyhydroxide species [NiOOH] in alkaline me-
dium [17]. As we know, catalyst support with superior elec-
trical conductivity, high surface area, and chemical stability
plays a great role on the catalytic activity improvement. In
general, using a proper carbon-based support to anchor
nanocatalysts is considered as another effective strategy for
the enhancement of their catalytic properties for ethanol oxi-
dation [4, 12, 22–27]. Owing to their higher electrical conduc-
tivity, excellent mechanical as well as their high specific sur-
face area, graphene and its derivatives have been extensively
applied as a good support for catalysts and electrode materials
[2, 4, 28–30].

Recently, many types of nickel-based nanocomposites
have been proposed as electrocatalysts for the ethanol oxida-
tion in alkaline solution, such as Ni/activated hydrothermal
carbon composite [23], nano-Ni/graphite [24], Ni-based alloy
[31], mesoporous nickel/nickel hydroxide [32], NiCo/NRGO
prepared by nitrogen-doped reduced graphene oxide (RGO)
with NiCo nanoparticles [33], Ni-MW-NP/CPE fabricated
using carbon paste electrode (CPE) modified by nanoporous
nickel phosphate molecular sieves and multiwalled carbon
nanotubes (MWCNT) [34], polycrystalline nickel electrode
[35], MWCNT/Ni catalysts [36], Ni/graphene aerogel [37],
N-doped carbon-encapsulated nickel nanoparticles [38], and
NiCo/C-N/CNT composite [39], as well as Ni/NA/MWCNT/
Ch/WGE constructed by nickel nanoparticles, 4-nitroaniline
(NA), MWCNT, choline (Ch), graphite [40], etc.
Nevertheless, there is still a lot of room to enhance its electro-
catalytic property. To the best of our knowledge, electrocata-
lytic properties of reduced graphene oxide-supported nickel
nanoparticles (Ni/RGO) for ethanol oxidation in alkaline so-
lution have rarely been studied and remain largely unknown.
In addition, the action mechanism and electrode process of
nickel-based electrocatalyst for ethanol oxidation reaction in
an alkaline medium are not yet adequately understood [23,
24]. In this context, the objectives of this study are to fabricate
a Ni/RGO nanocomposite by a facile method and to evaluate
its electrocatalytic properties, and further to explore its elec-
trode reaction process for ethanol oxidation.

In this paper, Ni/RGO nanosheets have been fabricated
through a facile, low-cost, and environmentally friendly route
by reducing nickel salt and GOwith NaBH4. In this nanocom-
posite, nickel nanoparticles are uniformly deposited on the
surface of RGO, showing good dispersibility. The Ni/RGO
nanocomposite-modified glassy carbon electrode (GCE)
(i.e., Ni/RGO/GCE) is investigated as an electrocatalyst for

the ethanol oxidation reaction for fuel cells using cyclic volt-
ammetry and chronoamperometry. Especially, in comparison
to some previous work, the as-prepared Ni/RGO nanosheet
electrode displays a better catalytic role for ethanol oxidation
in terms of the lower peak potential value and the reduction of
its overvoltage. It is discovered that the as-prepared Ni/RGO/
GCE delivers excellent electrocatalytic performance due to
the synergistic effect of small Ni spherical nanoparticles and
RGO nanosheets.

Experimental section

Materials

Graphite powder (99.95%) and H2O2 (30%) were purchased
from Shanghai Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Ethanol and NaBH4 were obtained from
Chemical Reagent Co., Ltd. of Shantou and Beijing, respec-
tively. All the other chemicals were of analytical grade and
used without further purification. All the aqueous solutions
were prepared with twice-distilled water in all of the
experiments.

Preparation of the nickel/reduced graphene oxide
(Ni/RGO)

In a typical procedure, graphene oxide (GO) was prepared
from natural graphite powder using a modified Hummers
method [40]. The Ni/RGO was prepared using a one-step
reaction procedure. For preparing the Ni/RGO sheets, the the-
oretical molar ratios of the elements C, Ni, and B, which were
originally from the flake graphite, NiSO4·6H2O, and NaBH4

respectively, were controlled at 125:9:30. The concentration
of the ultrasonically dispersed GO suspension was diluted to
9.0 mgmL−1 with deionized water, and 6 mMof NiSO4·6H2O
was dropwise added to the as-prepared suspension of
graphene oxide sheets. The mixture was stirred for 2 h, and
then the pH value was adjusted to 10.0 with the aqueous
ammonia. Next, an aqueous NaBH4 solution of 0.2 M with
the desired mole number of B (NaBH4) was trickled into the
mixture. After reaction for 30 min, the Ni/RGO was formed
and then filtered and washed using deionized water and alco-
hol sequentially.

Preparation of Ni/RGO/GCE

For the preparation of the Ni/RGO/GCE, 2 mg of Ni/RGO
powder was dispersed into 1.0 mL water by ultrasonication
for 20 min to obtain a homogeneous suspension. Then, 3 μL
of the Ni/RGO suspensionwas dropped onto the surface of the
pre-polished glassy carbon electrode (GCE, 0.3 cm in
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diameter) and dried at room temperature. As a result, the Ni/
RGO/GCE-modified electrode was fabricated.

Characterization

The structural information of the GO and Ni/RGOwas obtain-
ed by X-ray diffraction (XRD) using a Bruker D8 X diffrac-
tometer with Cu Ka radiation. Raman spectra of the GO and
Ni/RGO were collected using a HR800 Raman spectrometer
with a laser excitation energy of 532 nm. Scanning electron
microscopy (SEM) was performed with an S-3400NII scan-
ning electron microanalyzer with energy-dispersive X-ray
spectrometry (EDS). Transmission electron microscopy
(TEM) images were acquired using a JEM-2100 Ffield emis-
sion TEM at 200 kV, after dispersing the Ni/RGO
nanohybrids in ethanol and depositing several drops of the
suspension on the carbon-coated copper grids and drying them
under ambient conditions. The loading content of Ni in the Ni/
RGO nanohybrids was identified with an IRIS Advantage
inductively coupled plasma atomic emission spectrometer
(ICP-AES).

Electrochemical measurements

Electrochemical measurements were made on a CHI832 elec-
trochemical workstation (CH Instruments, Chenhua Co.,
Shanghai, China). A conventional three-electrode system
was used, containing a saturated calomel electrode (SCE) as
the reference electrode, a Pt wire as the counter electrode, and
the bare or modified glassy carbon electrodes (GCE) as the
working electrode. The electrocatalytic activity of the Ni/
RGO-modified electrode was examined by cyclic voltamme-
try in 1.0 M NaOH. To investigate the catalytic activity and
mechanism of the Ni/RGO toward ethanol oxidation, cyclic
voltammetric experiments, in 1.0 M NaOH containing 0.1 M
ethanol or 0.1 M acetaldehyde saturated with N2, were per-
formed at a scan rate of 50 mV s−1 with 0–0.6 Vof potential
scanning region.

Results and discussions

Material characterization

The typical FE-SEM images of the as-prepared GO and Ni/
RGO nanosheets are illustrated in Fig. 1. As shown in Fig. 1a,
b, the GO sample is composed of GO nanosheets with a curly
and wavy morphology, which is beneficial to achieve a high
surface area. FE-SEM images (Fig. 1c, d) of Ni/RGO display
that the Ni/RGO remains a similar wrinkled surface morphol-
ogy like GO. Especially, it can be seen that the Ni/RGO shows
more pronounced wrinkles than GO and no agglomerate of Ni
particles can be observed, indicating that Ni/RGO can easily

reserve high specific surface area and Ni nanoparticles were
highly dispersed on the surface of RGO sheets. The EDS
spectrum (Fig. 1e) shows that the obtained Ni/RGO nano-
sheets consist of three elements of nickel, carbon, and oxygen
and no other impurity phases are detected. An ICP test shows
that the loading content of nickel nanoparticles in the Ni/RGO
nanosheets is 19.65%.

Figure 1f displays the typical XRD patterns of the GO
and Ni/RGO nanosheets. It can be seen that the GO
shows a strong peak centered at 10.2°, which is indexed
to its (001) reflection. As for the Ni/RGO, three main
peaks at 44.3°, 51.4°, and 76.3° are detected, which cor-
respond to the (111), (200), and (220) diffraction planes
of Ni (JCPDS No. 65-2865), respectively [30]. In addi-
tion, the characteristic peak of GO is not detected and a
broad peak centered at 25° (the characteristic peak of
RGO) is observed in the XRD pattern of Ni/RGO, illus-
trating that GO has been effectively reduced to RGO by
NaHB4. This result is further confirmed by the test of
Raman spectrum, which has been generally conducted
to characterize carbon and carbon-based materials. As
shown in Fig. 1g, the GO and Ni/RGO show two char-
acteristic peaks at about 1355 cm−1 (D band) and
1590 cm−1 (G band) [41]. Generally, the intensity ratio
of the D band to the G band (ID/IG) plays a great role in
the evaluation of the degree of crystallinity of the carbon
materials. In this work, the value of ID/IG increases from
0.95 of the GO to 1.05 of the Ni/RGO nanocomposite,
illustrating the enhancement of the crystallinity degree of
the Ni/RGO. This is because some new and smaller sp2
domains have formed through the reduction reaction and
the loading of Ni nanoparticles [30, 41].

The microstructures of the GO and the Ni/RGO were
further investigated using TEM and HRTEM, as shown
in Fig. 2. It can be seen from Fig. 2a that the GO is
substantially composed of thin nanosheets. From
Fig. 2b, it can be clearly seen that nearly monodispersed
Ni nanospheres are anchored uniformly on the surface of
RGO nanosheets, showing an excellent dispersion. The
higher magnification TEM image of Fig. 2c displays that
the spherical nickel nanoparticles exhibit a diameter size
of about 4–8 nm, which are almost separated from each
other. Figure 2d shows the HRTEM image of Ni/RGO. It
is obvious that the Ni nanospheres have an interplanar
distance of about 0.21 nm, corresponding to the (111)
plane of the crystallized Ni phase, confirming that the
Ni/RGO nanohybrid has been successfully achieved
[30, 41].

Figure 3 displays theXPS spectra of the Ni/RGO sample. The
C1s spectrum of Ni/RGO (Fig. 3a) displayed the characteristic
peaks of C=C, C–C (at 284.8 eV), C–O–H, C–O–C (at
286.7 eV), and O=C–OH (at 288.05 eV), confirming the pres-
ence of epoxide, hydroxyl, and carboxyl group. Figure 3b shows
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the Ni 2p spectrum. It is obviously seen that the Ni 2p3/2 can be
identified into four peaks at 852.4, 855.4, 855.8, and 862.1 eV,
respectively, corresponding to Ni(0), NiO, Ni(OH)2, and the sat-
ellite peak [42]. This confirms the successful deposition of Ni
nanoparticles on the surface of RGO, which is consistent with
some previous reports [42, 43]. The existence of oxidized species
of Ni suggests its low-degree oxidized surface, which is mainly
due to the environment containing O2 and H2O [44].
Furthermore, as shown in Fig. 3c, the O1s spectrum shows that
the peak located at 531.9 eV mainly results from the oxidized
species of Ni and the residual oxygen-containing groups that
bonded with C atoms in RGO [44].

Electrochemical measurements

Figure 4a shows the surface cyclic voltammograms (CVs) for
the RGO/GCE and Ni/RGO/GCE in blank electrolyte (1.0 M
NaOH) solution in the absence of ethanol. In the case of RGO/
GCE (curve b in Fig. 4a), no obvious redox peaks are detect-
ed. In contrast, as for the Ni/RGO/GCE, a pair of well-defined
redox peaks with an anodic peak at 0.405 V and a cathodic
peak at 0.305 V are observed, which can correspond to the
Ni(III)/(II) redox couple [17, 45]. According to some reported
work, the redox peaks at the Ni/RGO/GCE were attributed to
Ni(OH)2/NiOOH shift reaction. According to literature [17],

Fig. 1 Low-magnification and
high-magnification FE-SEM
images of the as-prepared GO (a,
b) and Ni/RGO nanohybrids (c,
d); e EDX spectrum of Ni/RGO
nanocomposite; f XRD patterns
of GO and Ni/RGO
nanocomposite
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Fig. 2 Low-magnification and high-magnification TEM images of the as-prepared GO (a) and Ni/RGO nanohybrids (b, c, d)

Fig. 3 XPS spectra of a C1s, b
Ni2p, and c O1s of Ni/RGO
nanocomposite
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the metal Ni(0) could be transformed into Ni(OH)2 or NiO in
the alkaline medium at the onset of the potential scan (0 V).

Niþ 2OH−−2e−→NiOþ H2O ð1Þ
or

Niþ 2OH−−2e−→Ni OHð Þ2 ð2Þ

The Ni(OH)2 and NiO were further oxidized into NiOOH
as potential shifted to the positive direction. The possible
mechanism involving the direct electrochemical process for
Ni/RGO/GCE can be expressed as follows:

NiOþ OH−−e−→NiO OHð Þ ð3Þ
or

Ni OHð Þ2 þ OH−−e−→NiOOHþ H2O ð4Þ

In addition, Fig. 4b reveals that the stability of the Ni/RGO/
GCE was also examined after activation by recording 20 con-
secutive cyclic voltammogram curves (CVs) for 30 days. No
obvious peak current change is found, implying that the mod-
ified Ni/RGO is very stable on the surface of the GC electrode.

The influence of NaOH concentration on the electrochem-
ical behavior of Ni/RGO/GCE was investigated, as shown in
Fig. 4c, d. In Fig. 4c, it can be seen that with the concentration
of NaOH increasing from 0.10 to 2.5 M, both oxidation peak
potential and reduction peak potential take place, shifting neg-
atively. Figure 4d clearly indicates that the situations of those

redox peak potentials vary with the change of the concentra-
tion of NaOH. Based on laws of chemical thermodynamics,
the more negative the oxidation potential, the greater the ten-
dency of the reduced form to be oxidized. Therefore, with an
increase in the concentration of NaOH, the oxidation potential
of Ni(OH)2 or NiO becomes more negative, which is consis-
tent with the conclusion induced by the Nernst equation ofEpa,

Ni(II I) /Ni(I I) = E0
pa, Ni(II I) /Ni( II) + 0.059lg ([Ni(OH)3]/

[OH][Ni(OH)2]) = E0
pa,Ni(III)/Ni(II) − 0.059lg [OH−], corre-

sponding to above-mentioned Eqs. (3) and (4) (activity of both
Ni(OH)3 and Ni(OH)2 being equal to 1). Meanwhile, the ox-
idation peak current also increased, with the oxidation poten-
tial shifting negatively. In a similar way, based on the above-
mentioned Eq. (1) or (2), the Nernst equation of the Ni(0) to be
oxidized into Ni(OH)2 could be expressed as follows:

ENi IIð Þ=Ni ¼ E0
Ni IIð Þ=Ni þ 0:059lg

�
Ni OHð Þ2
� �

= OH−½ �2

¼ E0
pa;Ni IIð Þ=Ni IIð Þ−0:059lg OH−½ �2 ð5Þ

Thus, it can be seen that the ENi(II)/Ni also negatively shifts
with the increase in the NaOH concentration. The result shows
that OH− ion is kinetically involved in the process of
electrooxidation reaction of Ni(0). It was that the OH− ions in
solution promoted the oxidation of Ni(0) into Ni(II) and Ni(III).

In order to further figure out the electrochemical process of
Ni/RGO, the CVs of Ni/RGO/GCE were recorded in 1.0 M
NaOH solution at different scan rates, as shown in Fig. 5. It is
obvious in Fig. 5a that both redox peaks were enhanced with

Fig. 4 a CVs acquired on RGO/
GCE (a) and Ni/RGO/GCE (b) in
1.0 M NaOH solution; b CVs of
Ni/RGO/GCE in 1.0 M NaOH
solution at 30 days, scan rate
50 mV s−1. c CVs obtained at Ni/
RGO/GCE containing NaOH of
0.1, 0.3, 0.4, 0.5, 0.7, 1.0, 1.5, 2.0,
and 2.5 mol L−1; d the plot of
redox potentials vs concentrations
of NaOH; scan rate 50 mV s−1
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the increase of the scan rate. As can be seen in Fig. 5b, the
peak current (Ip) was directly proportional to the potential scan
rate within 15–400 mV s−1. The linear regression equations
were Ipa = 0.8257v + 0.0501 (v: V s−1, R = 0.9937) and Ipc = −
0.3168v + 0.0373 (v: V s−1, R = 0.9920), indicating that the
electron transfer reaction on the Ni/RGO/GCE involves a
surface-controlled process.

Figure 6 presents the CVs of Ni/RGO/GCE in 1.0 M NaOH
solution in the presence of ethanol. It is obviously observed that
the anode peak currents increase with the increase of ethanol
concentration, indicating that the reaction is controlled by the
ethanol concentration at the electrode surface. Moreover, the an-
ode peak current (ip) is a linear correlation with ethanol concen-
tration in the range from 0.25 to 3.0 M with a correlation coeffi-
cient of 0.9950, further proving that the oxidation process of
ethanol is controlled by the diffusion rate of ethanol from the
electrolyte to the active sites of the electrode surface [38]. This
result also implies that more ethanol molecules are attached onto
Ni(III) active sites, showing that the as-preparedNi/RGO catalyst
has better tolerance for product adsorption [46]. Especially, it is
found that the onset potentials of Ni/RGO/GCE shift negatively
from 0.345 to 0.326 Vas the ethanol concentration is increased,
indicating that more ethanol is beneficial to accelerate the reac-
tion more easily.

When the ethanol concentration is 3.0 M, Ni/RGO/GCE in
the 1.0 mol L−1 NaOH electrolyte delivers the highest peak cur-
rent density of 12 mA cm−2. When the ethanol concentration
exceeds 3.0M, the peak current no longer increases with increas-
ing ethanol concentration. The reason might be similar to the
mechanism study of the ethanol oxidation reaction on the Pd
electrode in alkaline media [47], owing to the fact that nickel
and palladium belonged to the eighth group transition elements
in the same column and had similar chemical properties. As
shown in Table 1, the as-prepared Ni/RGO catalyst displays
better catalytic performance for electrochemical oxidizing of eth-
anol than some previously reported nickel-based catalysts
[48–50]. Especially, the as-prepared Ni/RGO nanosheet elec-
trode shows a better catalytic role for ethanol oxidation in terms
of its relatively low overvoltage and the lower oxidation peak
potential value (~ 0.46 V vs. SCE) in comparison to some previ-
ous works, such as nickel nanoparticle/graphene aerogel (~
0.60 V vs. SCE) [37], nano-Ni/graphite electrode (~ 0.60 V vs.
Ag/Ag/Cl) [24], nanostructured nickel and nickel-boron tubes (~
0.60 V vs. Ag/Ag/Cl) [51], FePtSn/C (~ 0.60 V vs. SCE) [22],
nickel/multiwalled carbon nanotubes (~ 1.0 V vs. SCE) [52],
nickel-dimethylglyoxime complex-modified nickel electrode (~
0.60 V vs. SCE) [18], and N-doped carbon-encapsulated nickel
nanoparticles (~ 0.60 V vs. SCE) [38].

All the obtained experimental results indicate that the Ni/
RGO catalyst demonstrates huge potential in DEFCs. It is
believed that the improved electrocatalytic activity can be at-
tributed to the synergetic effect of the Ni nanoparticle size and
the nanosheet structure of the RGO, which can contribute a
large amount of active sites and lead to the high use ratio of Ni.

Chronoamperometry was used to evaluate the stability of the
modified electrodes. Figure 7 displays the chronoamperometric
response curves of different electrodes in 1.0 M NaOH in the
presence (a, c, d) and absence (b) of ethanol. As can be seen in
Fig. 7 (curves c and d), no electrochemical responding corre-
sponds to ethanol on RGO/GCE (c) and GCE (d), while curve
b corresponds to the electrochemical signal of Ni/RGO/GCE in
blank (NaOH) solution, and the current densities of curve b
immediately reach a steady state at the initial stage, indicating
that the electron transfer reaction involves a surface-controlled
process on the Ni/RGO/GCE electrode as described above.
Moreover, the current density of the Ni/RGO/GCE is higher than

Fig. 5 a CVs of Ni/RGO/GCE in
1.0 M NaOH at different scan
rates; b plots of current density vs
scan rate (v)

Fig. 6 CVs of Ni/RGO/GCE recorded in 1.0 mol L−1 NaOH electrolyte
with the addition of various concentrations (0.25–3.0 mol L−1) of ethanol
at a scan rate of 50 mV s−1; inset: ip vs concentrations of ethanol plots
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those of the RGO/GCE (Fig. 7, curve c) and GCE (Fig. 7, curve
d) in 1.0 M NaOH solution containing 1.0 M ethanol. This im-
plies that the electrocatalytic activity of the Ni/RGO/GCE is
improved. Besides, the polarization currents on the Ni/RGO/
GC-modified electrode decrease within 300 s and then decay
quite slowly to approach a limiting current (up to 1000 s). That
initial current rapid decrease can probably be attributed to the
formation of the intermediate species during ethanol oxidation
reaction [53]. In the inset in Fig. 7, the plot of net current (i)
versus theminus square roots of time (t1/2) is a linear dependency
that was consistent with the Cottrell equation [54], indicating that
the electrocatalytic oxidation of ethanol is ostensibly controlled
by diffusion.

The oxidation peak of ethanol in negative-going
sweep

In the CVs of electrocatalytic oxidation of ethanol (as shown
in Fig. 8 (curves a and b)), it is clearly seen that the oxidation
peak can appear not only in the positive-going scan but also in

the negative-going scan. This interesting phenomenon is
greatly different from conventional CVs of reversible systems
and irreversible systems. In fact, like ethanol, such as metha-
nol, ethylene glycol, and glycerol as well as aldehyde, etc.,
their cyclic voltammograms also show similar oxidation peaks
during negative-going sweep [45, 46, 55].

Fig. 8 The CVs of 1.0 mol L−1 ethanol (a, b), 1.0 mol L−1 acetaldehyde
(c, d), and supporting electrolyte (e) at Ni/RGO/GCE as well as those of
RGO/GCE in the presence (f) and absence (g) of 1.0 mol L−1 ethanol; a, b
initial potential 0 V; b, d initial potential 0.6 V; supporting electrolyte
1.0 mol L−1 NaOH; scan rate 50 mV s−1

Table 1 Comparative electrocatalytic performance of various Ni-based catalysts for ethanol oxidation in alkaline solution

Catalysts Peak current density
(mA cm2−)

Ethanol
concentration (M)

Reference electrode Ref.

Ni particles 2.0 1.0 Hg/HgO 49

Ni hollow spheres 17 1.0 Hg/HgO 49

Carbon nanotubes–Ni 0.5 0.2 Ag/AgCl 50

Ni-CMs/WGE 0.1 0.1 Hg/HgO 51

Ni/RGO nanosheets 4.8 1.0 SCE This work

Ni/RGO nanosheets 12 3.0 SCE This work

Fig. 7 Chronoamperograms obtained at Ni/RGO/GCE (a), RGO/GCE
(c), and GCE (d) in 1.0 M NaOH in the presence and absence (Ni/
RGO/GCE, b) of 1.0 mol L−1 ethanol; inset: dependency of transient
current on t1/2 obtained from curve a; applying potential 0.5 V;
sweeping rate 50 mV s−1
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To date, numerous reports on the researches of the electrocat-
alytic oxidation mechanism for ethanol in alkaline media have
been reported [23, 24, 35, 47]. Among these, Liang et al. [47]
proceeded to relatively detail explanations for the electrocatalytic
oxidation mechanisms of ethanol. They believed that the acetal-
dehyde and acetate were active intermediate and final products of
ethanol oxidation, respectively. So, they claimed that the oxida-
tion peak in negative-going scan could be ascribed to the reduc-
tion of the catalyst oxidation state. To our knowledge, in addition
to this work, little study has been carried out to investigate the
real reason for this phenomenon. Thus, figuring out the emerging
cause of the ethanol oxidation peak in the negative-going sweep
is of very important scientific significance. Based on our follow-
ing study using the CV technique, we believe that these above
explanations are not completely convincing.

In order to figure out the causes of the ethanol oxidation peak
that appeared in the negative-going scan and eliminate the impact
of a one-way sweep curve of the positive-going scan on that of
the negative-going scan, the CVs of ethanol oxidation are obtain-
ed by adopting a contrary potential scanning mode, as shown in
Fig. 8a (curve b). Due to the fact that only the ethanol in the
solution can be oxidized and the oxidation peak potential
(0.505 V) of the negative-going scan (on curve b) is almost
identical (0.508 V) to that of the positive-going scan, it can be
concluded that the oxidation peak of the negative-going scan that
emerged on curve b (potential scanning direction from 0.6 Vof
the initial potential to 0 V of the terminal potential) should be
ascribed to the oxidation of ethanol.

Comparing curve a with curve b, it can be found that al-
though the sizes of ethanol oxidation peak currents are not the
same, the oxidation peak potential (0.510 V) of the negative-
going scan that emerged on curve a is also almost identical to
that (0.505 V) of its positive-going scan, which is similar to
that of curve b. Therefore, the negative-going scan oxidation
peak on curve a, like the negative-going scan oxidation peak
on curve b, should positively be the oxidation peak of ethanol,
rather than the oxidation peak formed by reduction of the
catalyst oxidation state as explained by literature. The reason
may be that with a high concentration of ethanol, it is difficult
to form a stable concentration polarization diffusion layer be-
tween the electrode surface and the bulk solution.

In addition, because the oxidation peak potentials of curves
a and b in the positive- and negative-going scans are almost
the same, this shows that the same oxidation product should
be obtained in electrocatalytic oxidation of ethanol under such
conditions. This is in view of the fact that the acetaldehyde
formed by ethanol oxidation is very easily further oxidized
into acetic acid, and meanwhile showing that the oxidation
peaks that emerged by the negative-going scan on curves a
and b are still the oxidation peaks of ethanol rather than that of
acetaldehyde.

In order to distinguish the oxidation peak of ethanol and
acetaldehyde, the CVs of acetaldehyde, like ethanol, are

recorded in Fig. 8 (curves c and d) for different potential
scanning modes. Similarly, the oxidation peak potentials of
acetaldehyde on CVs of curves c and d are completely lower
than those of ethanol (curves a and b), indicating that acetal-
dehyde is easier to be oxidized than ethanol; this is consistent
with the acknowledged fact. Based on this point, the oxidation
peaks that emerged on CVs of curves a and b by the negative-
going scan are indeed the oxidation peak of ethanol rather than
that of acetaldehyde. Furthermore, it is found that whether the
initial scanning potential is 0 Vor 0.6 V, the oxidation peaks
that emerge on CVs of curve c and curve d no matter whether
positive- or negative-going are also almost the same peak
potentials. This means that acetaldehyde, like ethanol, can
be not only oxidized in the forward scan but also oxidized in
the reverse scan.

Based on the above CV tests, the reasons why ethanol can
be also oxidized in the negative-going scan may be related to
the following factors:

(I) The influence of ethanol concentration

Ethanol on the electrode surface can be quickly oxidized
when the scanning potential arrived at 0.505 V in the positive-
going scan (see curve a in Fig. 8a). As a result, a maximum of
peak current for oxidation of ethanol is obtained.When the scan-
ning potential exceeds 0.505 V, the oxidation peak current is
rapidly decreased accompanied by the increase in scanning po-
tential and the diminishing ethanol concentration on the electrode
surface. Ultimately, the limiting diffusion current of ethanol is
attained at about 0.57 Von curve a in Fig. 8a due to the diffusion
equilibrium of ethanol on the electrode surface.

Based on the literature [17], with glucose, concentration
1 mM, containing both alcoholic hydroxyl group and alde-
hyde group, on the nano-Ni-based electrode, similar to Ni/
RGO/GCE in this paper, the oxidation peaks do not emerge
on its CVs in the negative-going scan. However, the oxidation
peaks can appear on CVs of 1 M of the ethanol and acetalde-
hyde in the negative-going scan, obviously showing that this
is related to the concentration of ethanol. Because it is difficult
to form a stable concentration polarization diffusion layer be-
tween the electrode surface and bulk solution for a high etha-
nol concentration in solution, it can again quickly spread to the
surface of the electrode and is rapidly oxidized in the negative-
going scan, so that the negative-going scan oxidation peak
(0.510 V) of ethanol can be detected on curve a in Fig. 8.

In order to verify the effect of ethanol concentration on the
oxidation peak of the negative-going scan, the obtained CVs
of ethanol within the concentration range of 0.005–0.07M are
displayed in Fig. 8b. As can be clearly seen, the oxidation
peak does not appear on the reverse scan, which may be due
to the fact that low ethanol concentration in solution easily
results in a stable concentration polarization diffusion layer
at the working electrode/electrolyte interface. Therefore,
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according to the results of Fig. 8, it can be deduced that a high
concentration of ethanol in bulk solution plays a great role on
the appearance of the ethanol oxidation peak that emerged on
the CVs of curve a (Fig. 6) in the reverse scan. This is because
the high concentration of ethanol makes it difficult to form a
concentration polarization between the electrode surface and
the bulk solution.

(II) The effect of the autocatalytic oxidation process at Ni/
RGO/GCE

The CVs of Ni/RGO/GCE in 1.0 M NaOH solution in the
absence and presence of 1.0 M ethanol are shown in Fig. 8a
(curves a, b, and e). In 1.0MNaOH blank solution (curve e), a
pair of well-defined redox peaks at about 0.405 Vand 0.305 V
is observed, which can be ascribed to the Ni(OH)2/NiOOH
transformation on the surface of Ni/RGO/GCE [56]. After
ethanol is added to 1.0 M NaOH solution (curves a and b), a
significant increase in the anodic current density at the Ni/
RGO/GCE is detected, indicating that the Ni/RGO can greatly
promote the oxidation of ethanol. According to some litera-
tures [35, 47] and the above CV tests, the mechanism of eth-
anol electrochemical oxidation by the Ni(III)/(II) redox couple
can be expressed as follows:

Ni OHð Þ2 þ OH−→NiOOHþ H2Oþ e− ð6Þ
NiOOHþ ethanol→Ni OHð Þ2 þ acetic acid ð7Þ

Ethanol is oxidized by a chemical reaction with NiOOH
species generated by electrochemical oxidation reaction of
Ni(OH)2 on the electrode surface, which decreases the amount
of the NiOOH species on the electrode surface, resulting in a
decrease in the extent of the electroreduction reaction of the
NiOOH species. As a result, as can be seen in Fig. 8a (curve
a), the change in concentrations of Ni(II) and Ni(III) species
causes the increase of the anodic peak current and the obvious
decrease of the cathodic peak current in comparison with
those in the absence of ethanol (Fig. 8a (curve e)).

For example, as can be seen in curve a in Fig. 8a, the reverse
scan oxidation peak potential of ethanol is about 0.510 V, which
is positive than the oxidation peak potential (0.405 V) of trans-
formation of Ni(OH)2 to NiOOH at the Ni/RGO/GCE surface.
Therefore, despite the potential negative scanning, all the
Ni(OH)2 at the Ni/RGO/GCE surface will still be oxidized to
NiOOH at about 0.51 V through the electrode reaction. Thus, it
is obvious that there are an electrode reaction (E) (Eq. 6) and a
catalytic chemical reaction (C) (Eq. 7), which take place simul-
taneously at overlapping potential values, corresponding to the
oxidation of ethanol and the formation of NiOOH. Furthermore,
a high concentration of ethanol diffuses to the electrode surface
and is again oxidized by the NiOOH species in the negative-
going scan. Especially, the NiOOH species can be regenerated
by an electrochemical reaction (E) in the negative-going scan,

displaying an autocatalytic process. Consequently, this autocata-
lytic process and high concentration of ethanol invoke the emer-
gence of an oxidation peak of ethanol on the CVs in the negative-
going scan.

Conclusions

In summary, nickel nanoparticles anchored on reduced graphene
oxide nanosheets have been fabricated via a facile wet-chemical
method. The achieved Ni/RGO catalyst was characterized via
various techniques including FE-SEM, EDX, TEM, XRD,
XPS, and Raman spectroscopy. It is found that many highly
dispersed Ni nanoparticles with a particle size of 4–8 nm are
anchored on the RGO nanosheets. Moreover, the electrocatalytic
properties of the Ni/RGO catalyst have been evaluated for etha-
nol oxidation in the alkaline media. It was proved that Ni/RGO/
GCE can present an excellent catalytic activity and stability to-
ward ethanol oxidation in terms of the low peak potential value,
the low reduction of its overvoltage, and satisfactory peak current
density. All the obtained experimental results indicate that the Ni/
RGO catalyst demonstrates huge potential in DEFCs. The excel-
lent electrocatalytic properties could be ascribed to the synergistic
effect of Ni spherical nanoparticles and RGO nanosheets, which
can lead to the high use ratio of Ni. Especially, for the first time, it
is proposed that the anodic peak that emerged in the potential
negative-going sweep may be attributed to the oxidation of eth-
anol, which is different from other reasons reported in related
literatures. Also, it is believed that an autocatalytic process at
Ni/RGO/GCE and high concentration of ethanol invoke the
emergence of the oxidation peak of ethanol on the CVs in the
negative-going scan. These above findings are conductive to
figure out the mechanism of nickel-based catalysts for ethanol
electrooxidation reaction in the fuel cells in future related
researches.
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