Cu-Co bimetallic nanospheres embedded in graphene as excellent anode catalysts
for electrocatalytic oxygen evolution reaction
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In this work, novel Cu—Co bimetal/reduce graphene oxide nanostructures with excellent catalytic activity were prepared by embedding Cu—Co
bimetallic nanospheres into the interlayer of graphene. The composite materials were characterised by X-ray diffraction (XRD), Fourier
transform infrared (FTIR), and scanning electron microscopy (SEM) etc. The characterisation results indicated that the diameters of the
bimetallic nanospheres were controlled within ~60 nm, which embedded uniformly in graphene. A series of electrochemical tests were
carried out and the composites were found to exhibit excellent oxygen evolution properties under alkaline conditions. The excellent
catalytic activity and stability make the composite have great potential for wide application and provide a basis for its industrial application.

1. Introduction: In the face of the dual pressures of environment
and energy, hydrogen energy was widely recognised as a new
type of green energy that can replace fossil energy. Among the
many hydrogen production methods, electrolysed water hydrogen
production technology was considered to be the most probable
large-scale hydrogen production technology, but higher energy con-
sumption restricted its development [1, 2]. An excellent anode
oxygen evolution catalyst can reduce the oxygen evolution over-
potential and thus reduces the energy consumption. In recent
years, a large number of anode catalyst materials have been
developed [3]. Among them, noble metals have excellent
performance. For example, noble metals such as Pt, Ru, Ir, and
Pd have excellent oxygen evolution catalytic activity in alkaline
solution, and their corresponding oxides also have higher oxygen
evolution activity [4]. However, whether simple metals or oxide
thereof, the anodic polarisation phenomenon was severe under
strong alkaline conditions, which may cause the electrode to be
rotted, thereby causing a decrease in oxygen evolution activity.
In addition, the relatively small stock of raw materials also limits
the application of precious metal materials. Therefore, the
development of some other transition metals in place of precious
metals has attracted great interest. Non-precious metal materials
such as Ni, Co, Zr etc. have been extensively studied because of
their oxygen evolution activity close to noble metals [5, 6].
Compared to single metal oxygen evolution catalysts, bimetallic
catalysts are composed of two different metals and have superior
catalytic activity and catalytic efficiency because bimetallic
catalysts not only inherited the intrinsic catalytic properties of
each component but also had a strong synergy between metals
[7]. Alloys such as Ni—Co [8] and Ni—Fe [9] have been reported
to have a lower oxygen evolution overpotential. Kibria and
Tarafdar found that the presence of Cu in the alloy can greatly
increase the activity of the Ni electrode and reduce the oxygen
evolution overpotential after a series of scientific studies [10].
In addition, if a magnetic metal is present in the alloy, the catalyst
can be easily recovered by magnetic separation to be reused [11].
Co and Cu were selected as the target materials because the
high-catalytic activity of Co and the high conductivity of Cu can
complement defects of each other and enhance the catalytic activity
by synergistic action [12].

In order to improve the stability of the transition metal catalyst in
the redox process, the catalyst carrier strategy has been extensively

466
© The Institution of Engineering and Technology 2019

explored [13]. Compared with other carbon materials, graphene has
received extensive attention due to its large specific surface area,
excellent electrical conductivity and thermal stability, high-thermal
conductivity and remarkable mechanical strength [14]. In addition,
it exhibits fascinating electrochemical properties including wide
electrochemical potential windows, excellent electrochemical
activity and low charge transfer resistance [15]. These excellent
properties make graphene an excellent catalyst base material. In
addition, previous reports indicated that the nanostructure of the
electrocatalyst is also critical for catalytic activity [16]. The use
of graphene as a carrier greatly reduced the aggregation of metal
nanoparticles and enhanced the active site [17]. On the other
hand, the presence of metal nanoparticles may hinder the re-
deposition of the graphene layer and increased the space between
the layers which preserved the large specific surface area of gra-
phene [18].

In this work, a novel Cu—Co bimetal/reduced graphene oxide
(rGO) nanostructure with excellent catalytic activity was prepared
by inserting Cu—Co bimetallic nanospheres into the reduced
graphene intermediate layer by one-step hydrothermal method
and explored the effect of annealing temperature on the sample.
We expect it to have excellent catalytic oxygen evolution activity
and stability. The simple and effective preparation of composite
materials in this Letter also provided new ideas for the preparation
of other bimetallic catalytic materials and provided a basis for its
industrial application.

2. Experimental: First, graphene oxide (GO) was prepared by the
modified Hummers method [19]. Next, a total of 2 mmol Cu
(CH3CO0), and 4 mmol Co(CH3;COO), were weighed and dis-
solved in 20 ml deionised water. 7.5 mg/ml of GO dispersion
liquid was added into 10 ml solution and stirred until the mixture
was evenly dispersed. Then 16 mmol CO(NH,),, which was dis-
solved in 10 ml deionised water, was slowly added to the solution
and stirring was continued to 30 min. The mixture was transferred
to a stainless steel autoclave with a volume of 50 ml and the auto-
clave was placed in 150°C for 4 h. Afterwards, the precipitates were
washed three times with deionised water and absolute ethanol.
Finally, the obtained precursor was dried under vacuum at 60°C
overnight and annealed under argon flow at 400, 500 or 600°C
for 2 h to obtain Cu—Co/rGO nanomaterials, which marked as
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Fig. 1 Preparation process of Cu—Co bimetal/rGO nanomaterials

CCG-1, CCG-2, and CCG-3, respectively. The synthesis process is
shown in Fig. 1.

Characterisation: The 26 is in the range of 10-80° using a scanning
electron microscope (Bruker D8 Advance) with Cu Ka radiation
(A=1.5406 A) at a scan rate of 7°/min. Scanning electron micros-
copy (SEM) images were obtained under a JEOL JSM-7001F
field emission electron microscope. Test Fourier transform infrared
(FTIR) spectroscopy (Nicolet NEXUS 470) collected by KBr
pelleting.

Electrocatalytic performance tests: The electrochemical properties
of the catalyst electrode were tested by a three-electrode system
with the prepared catalyst coated electrode as the working electrode,
the saturated calomel electrode as the reference electrode and the
platinum electrode as the auxiliary electrode. The test temperature
was ambient temperature, and the electrolyte was 1 M KOH solu-
tion. The activity of the catalyst was obtained at a scan rate of
0.5 mV/s to obtain an oxygen release reaction (OER) polarisation
curve. In addition, the time-current curve is tested to investigate
its stability.

3. Results and discussion: The crystalline nature and phase forma-
tion of CCG prepared at different temperatures were characterised
by X-ray diffraction (XRD) as shown in Fig. 2. Stronger diffraction
peaks could be observed as follows: 26 values 43.297° and 44.216°
correspond to the (111) plane, 50.433° and 51.522° correspond to
the (200) plane, and 74.130° and 75.853° correspond to the (220)
plane. All diffraction peaks were identical to the standard cards
for Cu and Co (JCPDS Card No. 04-0836 and JCPDS Card No.
15-0806), which indicated the Cu—Co bimetal was successfully
prepared. In addition, a broad diffraction peak appeared at 30°
which corresponds to the (002) plane of rGO [20]. Therefore,
Cu—Co bimetal/rGO nanomaterials were successfully prepared. It
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Fig. 2 XRD patterns of the as-prepared samples
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was worth noting that with the annealing temperature increasing,
the intensity and sharpness of the diffraction peaks are enhanced,
indicating that the crystallinity is improved.

The morphology and size of the as-prepared samples were further
investigated by SEM. Figs. 3a-c show the microstructure of
CCG-1, CCG-2, and CCG-3, respectively. It could be observed
that rGO was used as the substrate, and nanometal particles were
embedded in the interior and surface of rGO. The obvious differ-
ence was that as the temperature of the annealing treatment
increases, the distribution and particle size of the nanoparticles
became more uniform until 600°C and reaches a uniform nano-
sphere with a diameter of 60 nm. This was due to the high crystal-
linity of the product, which was consistent with the results of XRD.

Fig. 4 shows the FTIR spectra of CCG-1, CCG-2, and CCG-3 to
further investigate the chemical compositions. There was only a
peak at 3500 cm™" compared to GO in the literature [21], and all
of the remaining organic functional groups disappear, indicating
that GO has been reduced to rGO during this process. In addition,
it can be seen that the peak positions and peak numbers of these
samples are similar, which indicated that the surface compositions
of all the samples were similar, and the smaller difference was
due to the influence of the annealing temperature on the purity
and the crystal form.

Cyclic voltammetry was used to describe the activity of Cu—Co
bimetal/rGO nanomaterials. As shown in Fig. 5a, CCG-2 and
CCG-3 exhibited greater peak currents at the same voltage to
CCG-1, indicating that more active sites were produced which
increased the catalytic activity of the OER. The redox peak of
CCG-3 was more pronounced than CCG-2 probably due to the
more uniform distribution of CCG-3, which is consistent with the
results of XRD and SEM. Fig. 5b shows the cyclic voltammetry
of CCG-3 with different measurement speeds from 2 to 50 mV/s.

Fig. 3 SEM images of the as-prepared samples
a CCG-1
b CCG-2
¢ CCG-3
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Fig. 4 FTIR of as-prepared samples
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Fig. 5 Cyclic voltammogram
a of as-prepared samples
b of CCG-3 with different measurement speeds
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Fig. 6 Electrochemical OER performances of the obtained catalysts
a Polarisation curves of as-prepared samples
b Tafel plot of as-prepared samples

It could be seen from the figure that as the scan rate increases, no
significant change in the shape of the curve was observed except
for the increase in peak current at the same voltage, which means
that CCG-3 had rapid electron transport and high rate capability.
In addition, it was also shown that the electrode active material
had good reversibility during charging and discharging.

The OER performance of Cu—Co bimetal/rGO nanomaterials
was measured using linear sweep voltammetry in 1.0 M KOH solu-
tion at a scan rate of 5 mV/s. The polarisation curves are shown in
Fig. 6a which demonstrated the geometric current density against
applied potential after iR correction. It can be seen the onset poten-
tials of CCG-1, CCG-2, and CCG-3 were 1.76, 1.54, and 1.45V,
respectively, which indicated CCG-3 has the best OER activity
because of its lowest onset potential. In addition, compared with
CCG-1 (490 mV) and CCG-2 (400 mV), CCG-3 had the lowest
oxygen evolution overpotential (340 mV) at a current density
of 10 mA/ecm?, which indicated that CCG-3 has a good catalytic
activity for the OER [22]. This excellent catalytic activity of
CCG-3 can be attributed to the uniform embedding of the Co—Cu
nanospheres in the graphene intermediate layer to increase the
specific surface area and increase the voids, which provided more
active sites for electrolyte permeation to improve OER activity.
In addition, the superior OER activity of materials was further
proved by the Tafel slope as shown in Fig. 6b. The Tafel curves
were plotted using the equation n=a+b log(j), where 7, a, b,
and j represent the overpotential, fitting parameter, Tafel slope,
and current density, respectively. It could be seen that the lowest
Tafel slope of 91.2 mV/dec obtained by the CCG-3 catalyst
was smaller than that of CCG-1 (122.7 mV/dec) and CCG-2
(105.4 mV/dec), which further reveals CCG-3 has more favourable
reaction kinetics for OER.

As is observed in Fig. 7, the stability of OER was also evaluated
by chronoamperometric in 1.0 M KOH at a continuous electro-
catalytic voltage of 0.53 V for 8 h, which is due to the stability
was a critical parameter for a superior catalyst. CCG-3 maintained
a current density >80% after 8 h of energisation compared to
CCG-1 and CCG-2 due to the purity and uniform structure of
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Fig. 7 Stability of as-prepared samples

the catalyst. These results suggested the outstanding catalytic
performance and great stability of Cu—Co bimetal/rGO nanomater-
ials, which provided a foundation for industrial applications.

4. Conclusion: A novel Cu—Co bimetal/rGO nanostructure with
excellent catalytic activity was prepared by inserting Cu—Co
bimetallic nanospheres into the rGO intermediate layer by the
one-step hydrothermal method. The process is simple and easy to
control. The effects of different annealing temperatures on the
morphology and properties of Cu—Co bimetal/rGO nanostructures
were investigated. With the increase of calcination temperature,
the Cu—Co bimetallic nanospheres are more uniform in size and
more evenly distributed in the graphene. The sample at 600°C
has the highest catalytic activity compared to others due to the
smallest oxygen evolution overpotential. In addition, the current
density of 80% or more can be maintained after continuous applica-
tion of voltage for 8 h, indicating that it also has excellent stability.
The excellent catalytic activity and stability make the composite
have great potential for wide application and provide a basis for
its industrial application.
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