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Abstract

Controllable synthesis of highly dispersed non-precious nanocatalysts is an attractive strategy to prepare efficient electrocatalysts
for fuel cell applications. In this study, a facile synthesis of Ni-based mono- and bimetallic nanocatalysts has been developed by
adsorption and conversion of metal ions on graphene oxide. The morphology and composition of Ni catalyst are characterized by
scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and X-ray photoelec-
tron spectroscopy (XPS). The electrochemical and electrocatalytic properties of Ni catalysts are studied using cyclic voltammetry,
chronoamperometry, and electrochemical impedance spectroscopic techniques. The catalytic performance can be improved
easily by increasing the adsorption and deposition cycles of metal ions and changing the composition of precursor metal ions
solution. This work will be of general interest to design efficient nanostructured catalysts and find ideal electrocatalysts for

application with high catalytic performance and low price.
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Introduction

Direct methanol fuel cells (DMFCs) have attracted persistent
attention among advanced energy conversion technologies
due to their high energy density, low pollutant emissions,
and simple system configuration [1]. To improve the kinetics
of methanol oxidation reaction (MOR), an enormous amount
of attention has been focused on the development of efficient
electrocatalysts. Typically, in DMFCs, platinum-based cata-
lysts have been extensively used [2]. However, the high cost
and the low natural abundance on earth of the Pt-based cata-
lysts severely hamper the practical application of fuel cells [3].
Finding non-precious, active, and durable electrocatalysts to
replace Pt for MOR is of critical importance. Transition metals
(such as nickel, cobalt, and copper) are very attractive candi-
dates because they are abundant, inexpensive, and efficient
electrocatalytic materials. Among them, nickel-based
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materials have received much attention due to its excellent
electrocatalytic performance for the electro-oxidation of meth-
anol demonstrated and long-term stability in alkaline solutions
[4-6].

The well-designed catalysts with controllable composition
and structure are regarded as a key point to achieve high per-
formance for electrocatalytic applications. It is known that the
electrocatalytic activity can be improved significantly when
nanostructures are employed [7, 8]. Graphene materials play
an important role in constructing nanostructured catalysts due
to their high specific surface area, high conductivity, and ex-
cellent stability. For instance, graphene materials have
attracted great interests as potential catalyst supports in direct
methanol fuel cells [9, 10]. Furthermore, the abundant oxygen
atoms on the surface of graphene oxide can be used as anchor-
ing sites for metal ions. Graphene materials have been proven
to be good adsorbents for metal ions [11]. Although different
methods have been used to prepare graphene-supported
nanocatalysts, such as chemical precipitation [12],
solvothermal methods [13], and microwave irradiation [14],
the production of isolated nanoparticles or nanostructures with
adjustable composition on the surfaces is still a challenge.

In this work, oppositely charged poly(ethylenimine) (PEI)
and GO were first assembled into GO multilayer films via the
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spin self-assembly method. Metal ions were spontaneously
adsorbed onto the GO films, followed by the conversion of
metal ions to metal catalyst in alkaline solution. Various tech-
niques were used to characterize the Ni catalysts, such as
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), energy dispersive X-ray spectra (EDX),
X-ray diffraction (XRD), and X-ray photoelectron spectrosco-
py (XPS). The electrochemical behavior and electrocatalytic
activity of as-prepared metal nanocatalysts were studied. The
influence of the adsorption and deposition cycles and the com-
position of precursor solution were also investigated. Different
monometallic or bimetallic catalysts could be prepared using
this method.

Experimental
Materials

Poly(ethylenimine) (PEI) was purchased from Alladdin.
Natural graphite power (99.9%) was purchased from
Qingdao Hensen Graphite Co. Ltd. NiCl,, CuCl,, and CoCl,
were bought from Sinopharm Chemical Reagent Co. Ltd. All
other chemicals were obtained from Beijing Chemical Plant.
GO was prepared according to a modified Hummer’s method
using our previously published methods [15]. All the solutions
were prepared with Millipore water.

Preparation of Graphene Oxide Films

Prior to coating, ITO (Zhuhai Kaivo Co. Lit, < 15 Q2 sqﬁl, area
0.3 sz) was cleaned via sonication in water, ethanol, and
acetone sequentially, followed by UV/ozone treatment for
30 min to form negative charges on its surface. The assembly
of PEI/GO films was as follows: (1) 20 pL 2 mg mL™" PEI
solution was cast onto ITO to completely cover the electrode
surface, followed by spinning at the speed of 750 rpm for 5 s
and then 5000 rpm for 20 s, and then 20 puL water was cast
onto the ITO/PEI surface with the same procedure to wash the
surface; (2) step 1 was repeated but with 20 uL GO solution
instead of PEIL. Then step 1 and step 2 were repeated alternate-
ly until forming (PEI/GO); films.

Preparation of Ni-Based Catalysts

For Ni deposition, (1) the (PEI/GO); films electrodes were
immersed in 20 mM NiCl, for 30 min, followed by twice
water washing to remove loosely bounded ions. The water
washing process was carried out by dipping the electrodes in
10 mL fresh water for 1 s; (2) a constant potential of —1.0 V
was applied to the Ni(Il)-loaded electrodes for 120 s in 0.1 M
KCl, which had been pre-purged with N, for 15 min; (3) after
being washed with water, the above electrodes were activated
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in 0.1 M NaOH by cyclic voltammetry (CV) between 0 to
0.80 Vat 100 mV s~ for not less than 50 cycles, until stable
cyclic voltammograms were obtained. To increase the loading
amount of nickel, the Ni(Il) adsorption and deposition proce-
dure could be repeated for several cycles, forming (PEI/GO)s-
XNi, where X is the number of Ni(I) adsorption and deposi-
tion cycles. As a control, a cleaned ITO was immersed in
20 mM NiCl, (containing 0.1 M KCI) and the electrode po-
tential was hold at —1.0 V for 120 s, followed by activation in
NaOH by CV under the potential range of 0 to 0.80 V at
100 mV s~ '. This bulk electrodeposited nickel electrode was
named as Nigg electrode.

For NiCo catalysts preparation, the precursor metal ion
solutions were displaced by 20 mM CoCl, and NiCl, using
direct method. The molar ratios of Ni to Co were 0:100, 50:50,
75:25, and 90:10, forming (PEI/GO);3;-XCo, (PEI/GO);-
XNiSOCOSO, (PEI/GO)3-XNi75C025, and (PEI/GO)3-
XNiggCoj g, respectively. For NiCu catalysts preparation, the
(PEI/GO)3-XCu, (PEI/GO);3-XNis5oCusg, and (PEI/GO)s-
XNigoCuyo were prepared using the same method as NiCo.

Characterization and Measurements

A CHI 660D electrochemical workstation was used for elec-
trochemical measurements. A three-electrode cell was used
with a saturated calomel electrode (SCE) as the reference
electrode, a platinum wire as the counter electrode, and the
ITO with films as the working electrode. For MOR, the elec-
trolyte is 0.1 M NaOH and the scan rate is 50 mV s .
Scanning electron microscopy (SEM) images and energy dis-
persive X-ray (EDX) spectra were obtained on a Hitachi
S4800 with an acceleration voltage of 10 kV. UV-vis experi-
ments were performed with Agilent Cary 5000. Tapping mode
atomic force microscope (AFM) image was performed on a
Bruker Dimension EDGE. Transmission electron microscopy
(TEM) characterization was carried out by JEM-2100Plus.
The X-ray diffraction (XRD) data were collected on Bruker
D8 Advance diffractometer with Cu Ko radiation. The X-ray
photoelectron spectroscopy (XPS) measurements were carried
out using an AXIS-Ultra instrument from Kratos Analytical
with monochromatic Al K« radiation (hv = 1486.6 eV).

Results and Discussion
Preparation and Characterization of Ni Catalysts

The scheme of the fabrication of GO films modified elec-
trodes and the procedure of metal ions loading and converting
was shown in Fig. la. The graphene oxide films were first
prepared to deposit Ni catalyst. As shown in Fig. 1b, most
GO nanosheets used had heights of ~ 1 nm and length in the
range of 200-500 nm. GO is negatively charged in aqueous
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Fig. 1 a Scheme of'the preparation of Ni-based catalysts for methanol oxidation reaction. b AFM image of as-prepared graphene oxide. ¢ UV—vis spectra

of (PEI/GO), (n=1, 2, 3) films assembled on ITO

solution because of its functional groups, such as carboxyl,
epoxy, and hydroxyl groups. Thus, positively charged PEI and
negatively charged GO were assembled into multilayer films
on ITO substrate mainly by electrostatic interaction through
spin-coating technique, which is an efficient method for mak-
ing well-organized multilayer films in a very short process
time [16, 17]. The assembly was monitored by UV-vis. The
transparency decreased with the assembly numbers (Fig. 1c),
which indicated that GO multilayer films were successfully
assembled on the surface of ITO.

When the assembled GO films were immersed in NiCl,
solution, Ni(Il) would spontaneously diffuse onto the GO
surface and bind to negatively charged sites on GO by
electrostatic interaction. After the conversion of the
Ni(Il) ions to metal catalyst, the electrodes were activated
in 0.1 M NaOH by CV, which was an important step to
create NIOOH compound and initiate the electrochemical
activity [18, 19]. During the scanning, a pair of redox
peaks appeared in the range 0 to +0.8 V (Fig. 2a). At last,
the peaks were stabilized at about 0.55 and 0.42 V, re-
spectively, which was not seen for (PEI/GO); films. For
comparison, the as-prepared Ni electrode was also
scanned in 0.1 M KClI, and no redox peaks were observed
(Fig. 2a, inset). The redox peaks should be due to Ni(Il)/

Ni(III) redox couple with the reaction mechanism shown
below [20, 21]:

Ni(OH), + OH~ —NiOOH + H,0 + ¢~ (1)

It is inferred that the deposited Ni could be converted to
nickel hydroxide as OH ions progressively diffused into
films. Furthermore, the amount or density of nickel in the
films could be controlled by deposition numbers. Upon the
transformation of Ni(Il), negatively charged sites on GO sur-
face might be regenerated and reused to bind Ni(Il). Thus,
after one adsorption and deposition cycle, the electrode was
immersed in Ni(Il) solution again for next loading cycles. As
expected, the Ni(I)/Ni(IIl) redox peaks increased with nickel
deposition numbers (Fig. 2b), indicating that the nickel con-
tent could be improved easily by repeating the adsorption and
deposition cycles.

The formation of Ni catalysts was confirmed by EDX.
Nickel peak is observed for (PEI/GO);-3Ni electrode in
EDX spectra (Fig. 3a), indicating the presence of nickel on
GO-modified electrode after electrodeposition and activation.
TEM was conducted to characterize the morphology and
structure of Ni catalysts. These Ni nanocatalysts were random-
ly decorated onto graphene oxide (Fig. 3b). It was difficult to
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Fig. 2 a Activated CVs of (PEI/ a

GO);-1Ni electrode in 0.1 M 0.24}
NaOH solution. b CVs of (PEV/ 0201 In kel Rty
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obtain well diffraction peaks by XRD, as the low content and
the less crystalline (which could be revealed by TEM). For
better comparison, nickel electrode (Nigg) was prepared via
bulk electrodeposition from Ni(II) solution to increase the
content of Ni, followed by repeated cycling in NaOH. The
Nigg was further characterized by XRD. The XRD pattern
of Ni(OH), could be observed [22, 23], while some diffraction
peaks overlapping with those from the substrate. The chemical
composition of the Ni(OH), was further provided by XPS.
The peaks of the Ni 2p spectrum in Fig. 3d were assigned to
the 2p;/, spin orbit levels. And two major peaks and two
satellites for Ni 2p;, and Ni 2p;,, were observed (Ni 2p;,:
855.6 eV, satellite: 861.5 eV, Ni 2p;,: 873.5 eV, satellite:
880.2 eV). This binding energy of the Ni 2ps,, peaks is similar
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to other instances of Ni(OH), and different from that in other
reports of NiO (853.7 eV) and Ni (852.6 eV) [24].

Electrochemical and Electrocatalytic Properties
of Ni-Based Catalysts

The effect of scan rate on the electrochemical behavior of
(PEI/GO);3-XNi electrode was investigated. The cyclic volt-
ammograms of (PEI/GO);-3Ni electrode in 0.1 M NaOH at
different scan rates are represented in Fig. 4a. With increasing
the scan rate, the current of Ni(I)/Ni(Ill) redox couple in-
creased. In addition, the anodic peaks shifted significantly
towards more positive potentials and the cathodic peaks
shifted slightly towards more negative potentials as the scan

Fig.3 a EDX and SEM (inset) of a
(PEI/GO);-3Ni on ITO. b TEM

image of (PEI/GO);-3Ni on ITO.

¢ XRD patterns of ITO, (PEl/

GO)s, (PEI/GO)3-3Ni, and bulk
electrodeposited Ni-based

catalyst (Nigg). d XPS spectrum

of (PEI/GO);-3Ni
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Fig. 4 a CVs of (PEI/GO);-3Ni a
electrode in 0.1 M NaOH solution

at various scan rates (from inner
to outer): 5, 10, 20, 40, 90, 160,
250, 360, 490, 640, and

810 mV s~". b The linear
dependency of the peak current
on the scan rate at lower values
(5-90 mV s ') and the linear
dependency of the peak current
on the square root of scan rate at
higher values (160-810 mV s ")

Current (mA)

0.0 0.2 0.4

Potential (V)

rate increased. The peak currents were linearly proportional to
the scan rate in the range of 5-90 mV s ' (Fig. 4b), suggesting
that the electrode reaction of the immobilized Ni(II)/Ni(III)
redox couple was a surface-confined electrochemical process.
From the slopes of these lines, the surface coverage of the
redox species could be calculated using the following equa-
tion [25]:

I, = (n*F?/4RT)vAT" (2)

where I'* is the surface coverage of the redox species
(mol cm?) and other symbols have their usual meanings.
Taking average of both cathodic and anodic results, * values
were estimated as 1.1 x 1072 mol ecm ™2 (INi), 2.5 x
10~° mol cm 2 (2Ni), 4.5 x 10~° mol cm 2 (3Ni), and 6.4 x
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107 mol cm 2 (4Ni). In the higher scan rates (160—
810 mV s "), the peak currents are linearly proportional to the
square root of scan rate (Fig. 4b), signifying the dominance of
the diffusion controlled processes. This diffusion process was
expressed in Eq. 1 and might occur as a result of the charge
neutralization of the film during the oxidation/reduction process
[26, 27].

The electrocatalytic activity for MOR of synthesized
nickel hydroxide was studied. A significant enhancement
in the oxidation current after the complete oxidation of
Ni(Il) to Ni(IIl) appeared in the presence of methanol,
and the currents increased with the concentration of meth-
anol (Fig. 5a), indicating that the as-synthesized Ni cata-
lysts could promote the oxidation of methanol. The
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electrochemical oxidation of methanol at nickel or nickel
oxide electrodes have been reported and can be represent-
ed by the following equation [21]:

NiOOH + methanol—Ni(OH),

+ oxidation product of methanol (3)

We also investigated the electrocatalytic activity of (PEI/
GO);3-XNi electrode for MOR. As shown in Fig. 5b, the cat-
alytic currents increased with the deposition number of Ni
(from ONi to 4Ni). The electrochemical stability of the (PEI/
GO);-XNi electrodes for methanol oxidation were investigat-
ed by chronoamperometry at 0.65 V (Fig. 5c). The currents
reached a steady state after a rapid initial decay, indicating a
high stability for these Ni catalysts. The catalytic activity of
the prepared Ni electrocatalysts for MOR was also studied
using electrochemical impedance measurements (EIS), which
is an effective tool for studying the interface properties of
surface-modified electrodes. The Nyquist impedance plots of
(PEI/GO);-XNi electrode with 1 M methanol in 0.1 M NaOH
were shown in Fig. 5d. High frequency semicircle of the
Nyquist plots corresponds to the charge transfer resistance.
The semicircle diameters decreased with the deposition num-
ber of Ni, indicating a faster rate of methanol oxidation at
higher Ni content. The presence of Ni greatly decreased the
charge transfer resistance for MOR.

As a control, nickel electrode (Nigg) was prepared via bulk
electrodeposition from Ni(I) solution, followed by repeated
cycling in NaOH. The enhancement for MOR was also ob-
served on Nigg electrode (Fig. 6a, inset). The methanol oxi-
dation peak potential for Nigg electrode was around 0.93 'V,
which was much more positive than that for (PEI/GO);-XNi
electrode (Fig. 5b). For better comparison, currents were also
normalized by the mass of electroactive Ni(OH), (mnicon)2),
to provide a value for specific activity (current/mass=A
gNi(OH)271) [28, 29]:

specific activity = i/myjom)2, Where myion)2

The (PEI/GO);-3Ni electrode showed enhanced mass-
normalized activity for the MOR relative to Nigg electrode
(Fig. 6a). These results indicated that the Ni catalysts by ad-
sorption and deposition of Ni(Il) were much more active for
methanol oxidation. Obviously, the high activity was mainly
due to the contribution of graphene oxide. As the precursor
metal ions were located around the negatively charged sites of
GO, the GO films probably inhibited the aggregation of nano-
composites, which would increase the amount of electroactive
sites. To support the above speculation, the morphology of
Nigg electrode was further investigated by SEM. Large ag-
glomerates were observed on the surface from SEM image
(Fig. 6b). While the transmittance of the (PEI/GO);-3Ni elec-
trode was above 80%, the transmittance of the Nigg electrode
was close to 0%, indicating a dense Ni film was presumably
formed by bulk electrodeposition in Ni(I) solution. From the
above, it was speculated that isolated and nanostructured cat-
alysts were obtained by adsorption and deposition of Ni(Il)
adsorbed onto GO with high activity.

Preparation of Ni-Based Bimetallic Catalysts

Besides nickel, other transition mono- or bimetallic catalysts
were prepared by changing the precursor solution using this
method. As shown in Fig. 7a, the obtained Co-based catalysts
promoted the methanol oxidation reaction but with lower
catalytic activity for MOR. The presence of Ni in Co-based
catalysts significantly improved the oxidation currents for
MOR (Fig. 7b). Moreover, the onset potential of methanol
oxidation was 0.30 V ((PEI/GO);3-3Co), 0.48 V ((PEI/GO);-
3NisqCosg), 0.50 V ((PEI/GO)3-3Ni;5Co,5), 0.52 V ((PEl/
GO);3-3NiggCoyg), and 0.57 V ((PEI/GO);3-3Ni), respectively.
The addition of Co decreased the overpotential for the
methanol oxidation. Figure 6b (inset) showed the cyclic
voltammograms for pure Co, pure Ni, and mixed Ni/Co
hydroxides. The redox peaks were also shifted to less
positive potentials in the presence of Co, indicating the
doping of Co can facilitate the redox processes of Ni(Il)/
Ni(IIT). It was agreed with previous reports that the
incorporation of Co into nickel catalysts can increase the

=T X Myiony (4)
Fig.6 a CVs of the (PEVGO)s- a -
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activity for MOR [30]. We also prepared Cu and NiCu
composites using the method of the adsorption and
deposition metal ions. The as-prepared monometallic or bime-
tallic catalysts also exhibited enhancement for MOR (Fig. 7c,
d). Unlike Co, the addition of Cu increased the overpotential
for the methanol oxidation. As a result, this method can be
used to prepare different single or mixed metallic composites
for catalytic applications. Furthermore, the catalytic activity
can be controlled by simply changing the composition of pre-
cursor solution.

Conclusions

In this work, we have developed a new method for the prep-
aration of mono- and bimetallic catalysts by direct adsorption
and deposition of metal ions adsorbed on GO films. As the
precursor metal ions are located around the negatively charged
sites of GO, isolated and nanostructured catalysts are obtained
after the transformation of Ni(II). The as-synthesized Ni
nanocatalysts have shown good electrocatalytic activity and
stability for methanol oxidation. The catalytic performance is
improved simply by increasing the adsorption and deposition
cycles to increase the nickel loading content. Furthermore,
various monometallic or bimetallic catalysts can be prepared
using this strategy. The catalytic activity can be controlled by
the composition of precursor solution. Such findings will pro-
vide an innovative way to design efficient non-precious

Potential (V)

catalysts and find ideal electrocatalysts for fuel cells with high
catalytic performance and low price.
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