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1D CO nanofiber graphene (CO/G) composites were successfully synthesized by a two-step
hydrothermal method. The CO/G composites could limit the aggregation of CO and improve the
electronic conductivity at the same time. As a result, the as-prepared CO/G composite electrode had a
high reversible capacity of 1591.4 mAh g™ for the first cycle, and the capacity remained at 550 mAh g
! after 70 cycles.
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1. INTRODUCTION

In recent decades, to improve the performance of LIBs, considerable efforts have been made to
find novel electrode materials, such as Co304and Co304-based anode materials[1, 2, 3]. Co30, is one
of the promising candidates for LIBs due to its high theoretical specific capacity (890 mAh g™)[4, 5].
Despite the many advantages, many issues still hinder the commercial application of Co30,4 anodes in
lithium-ion batteries. However, Co3O4 suffers from severe volume expansion and low electrical
conductivity, leading to rapid capacity decay during cycling. To solve these problems, considerable
efforts have been made to alleviate the volume change and enhance the electrical conductivity of
Co0304-based anode materials[6-10].

Consequently, the key factors for enhancing the performance of Co3;O0,4 anode materials include
limiting the aggregation of Co3O4and improving the electronic conductivity at the same time[11, 12].
Recently, substantial research efforts have been made to improve the cycling performance of Co30,
materials, including designing various kinds of nanostructures. To suppress the volume change and
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aggregation of Co30,, a variety of methods have been applied that involve the design of Co3O,4 with
various nanostructures, such as Co3O4 nanoparticles[13, 14], nanorods[15, 16] and nanoflowers[17].

In this paper, 1D CO nanofiber graphene (CO/G) composites have been successfully
synthesized by a two-step hydrothermal method. This facile method is beneficial in the preparation of
hybrid structure materials. In this hybrid structure, the graphene could improve the electron
conductivity and inhibit the volume change at the same time. As a result, the CO/G composites
maintain a stable structure during cycling, resulting in superior electrochemical performance.

2. EXPERIMENTAL

2.1. Preparation of CO nanofibers

A total of 10 mL N,N-dimethylformamide was dissolved in 35 mL distilled water, and 4.6 mL
trifluoroacetic acid (TFA) was added to the solution; then, 0.93 g CoCl,+*6H,0 was added to the above
solution. After magnetic stirring for 30 min, the solution was transferred to a 100 mL hydrothermal
reactor, which was heated at 180 °C for 24 h. Then, the obtained product was centrifuged, dried, and
finally placed in a muffle furnace at 450°C for 2 h. Finally, 1D nanofiber-like CO was obtained.

2.2. Preparation of CO/G composite

A total of 0.05 g CO was dispersed in a solution of 80 mL graphene oxide, ultrasonicated for 20
min, and stirred for 1 h; then, 0.1 g urea was added, and then the reactant was transferred to a 100 mL
hydrothermal reactor for 2 h at 120 °C. Finally, the obtained products were filtered and washed, and
the CO/G composite was obtained.

2.3. Material characterization

The as-obtained samples were characterized by using a scanning electron microscope (SEM,
JSM-7001F) and an X-ray diffractometer (XRD, D8 Advance, BRUKER). The content of graphene in
the CO/G composite was determined by thermogravimetric analysis (TG, TA Q600 instrument).

2.4. Electrochemical measurements

The electrochemical performance was measured by using coin-type (CR2016) half batteries. A
slurry was prepared by mixing 80 wt.% sample, 10 wt.% acetylene black and 10 wt.% PVDF with
NMP. Then, the slurry was uniformly cast onto a Cu foil with a scalpel to prepare a film-type electrode.
The electrode was dried for 12 h under vacuum at 120°C and was cut into circular electrodes. The cells
were assembled in an air-filled glove box with lithium foil as both the reference and counter electrode,
and a solution of 1.0 M LiPFs was dissolved in 1:1 (v/v) EC/DEC as the electrolyte. All
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electrochemical measurements were carried out in a battery testing system (LAND CT 2001A) in a
potential range from 0.01 V to 3 V.

3. RESULTS AND DISCUSSION

3.1. Material characterization

Figure 1 shows the XRD patterns of CO and the CO/G composite. The diffraction peaks in the
diagram belong to the spinel-phase (111), (220), (311), (222), (400), (422), (511) and (440) crystal
surfaces of CO, and all the diffraction peaks correspond to cubic CO (JCPDS No. 42-1467). There are
no cluster peaks, and the lattice parameters are a=b=c=8.0840 A[18]. In the CO/G composite, there is
no characteristic peak of graphene at 26°, which may be due to the uniform distribution of graphene on
the surface of CO. From the diagram, we have successfully synthesized single-phase CO and CO/G
complexes, and the crystallinity is good.

Intensity (a.u.)

JCPDS No. 42-1467

T T T
20 30 40 50 60 70 80
Diffraction Angle, 26/° (CuKa)

Figure 1. XRD patterns of CO and CO/G at 2 theta from 3° to 80°.
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Figure 2. FESEM images of (a) CO and (b) CO/G; (c) SEM image and the corresponding elemental
mapping of (d) Co, (e) O and (f) C.



Int. J. Electrochem. Sci., Vol. 13, 2018 8669

Figure 2 (a) shows the FESEM images of CO. From the graph, CO shows a homogeneous
nanofiber structure. Figure 2 (b) shows the SEM image of the CO/G composite; it can be seen that CO
is uniformly attached to the surface or interlayer of graphene, forming an interconnected whole, and
graphene plays a bridging role, which is beneficial to the transfer of Li*. To further study the elemental
distribution of the CO/G composite, we performed EDS analysis, as shown in Figure 2 (d-f). The
diagram shows that the elements of Co, C and O are evenly distributed. This result shows that
graphene is distributed uniformly on the CO nanofibers.

Figure 3 shows a thermogravimetric and differential thermogravimetric map of the CO/G
composite. According to the diagram, four weight-loss processes occurred over the whole temperature
range. The first weight loss was below 100 °C, which is the evaporation of water in the precursor. The
second weight loss occurred at 100~275 °C, corresponding to the decomposition process of the
oxygen-containing functional groups in the by products[19]. The third weight loss at 275~370 °C
belongs to the reduction of amorphous carbon, with a content of approximately 2.4%. The last weight
loss occurred at 370~600°C, corresponding to the decomposition of graphene, with a content of
approximately 15.8%.
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Figure 3. TG and DTG curves of CO/G.

3.2. Electrochemical performance

Figure 4 is the first charge/discharge curve of the CO and CO/G composite in a voltage range
of 0.01-3.0 V at a current density of 0.1 C (1 C=890 mAh g™). The figure shows that the two electrode
materials have a long voltage platform at 1 V during the first charge and discharge process, which is
due to the reduction of CO to the single substance Co[20]. It is worth noting that for the CO/G
composite electrode there is a more positive voltage trend in the 0.75-0.01 V interval, which is due to
the lithium intercalation in graphene, providing a part of the capacity. In the range of 1.8-2.2 V, a
reversible reaction occurred, and Co and Li,O were transformed into CO and Li[21]. The initial
discharge capacity and charge capacity of CO were 1002.5 mAh g™ and 626.9 mAh g™, respectively,
and the coulombic efficiency was 62.5%, while the first discharge capacity and charge capacity of the
CO/G composite were 1591.4 mAh g™*and 957.3 mAh g™, respectively, and the coulombic efficiency
was 60.2%. This severe loss in reversible capacity was caused by incomplete redox reactions and an
unstable SEI film[22]. It is noteworthy that the first coulombic efficiency of the CO/G composite is
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slightly lower than that of CO, which is due to the substantial specific surface area of graphene; this
specific surface area is caused by a larger SEI film on the surface of the electrode, which consumes a
large amount of Li*[23].
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Figure 4. Initial discharge/charge curves of the CO and CO/G composite at a current density of 0.1 C.

Figure 5 compares the cyclic performance of the CO and CO/G composite electrode materials.
After 70 cycles, the reversible capacity of the CO/G composite electrode is still 550 mAh g, while
that of the CO electrode is only 170 mAh g™. This is because the CO electrode is passivated seriously
during the cycling process and because its low electronic conductivity may also lead to severe capacity
attenuation. Therefore, superior cycle performance is ascribed to the hybrid CO/G composite structure.
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Figure 5. Cycle performance of CO and CO/G composite at a current density of 0.1 C.

Figure 6 is a multiplier diagram of the CO and CO/G composite in the 0.1-1 C current range.
Compared with CO, the CO/G composite has a better rate performance. Even at a 1 C current density,
its capacity remains at 320 mAh g™, while that of CO is only 137 mAh g™*. When the current density
returns to 0.1 C, the capacity of the CO/G composite is maintained at 680 mAh g™, much higher than
the capacity of 301 mAh g™ obtained for CO. This result proves that graphene significantly improves
the rate performance and reversibility of CO.
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Figure 6. Rate performances of CO and CO/G composite at various current densities from 0.1 C to 1
C.

Furthermore, to demonstrate the excellent electrochemical performance of the CO/G composite,
a comparison of electrochemical performances for similar anode materials is listed in Table 1. It can be
seen that the CO/G composites exhibit stable cycle performance among these reported anode materials
for lithium-ion batteries.

Table 1 Comparison of various anode materials for LIBs.

Material Current density Capacity (number of cycles) Reference
(©)
COIG 0.1 550 (70) This work
TiO, spheres 0.1 208 (100) 24
Co3O0,@graphene 0.1 210 (50) 25

4. CONCLUSIONS

In conclusion, 1D CO nanofiber graphene composites were successfully synthesized by a two-
step hydrothermal method. Compared with pure CO, the CO/G composite has a higher reversible
capacity and better cycling stability. At a current density of 0.1 C, the first discharge capacity and
charge capacity for the CO/G composite are 1591.4 mAh g* and 957 mAh g, respectively. The
reversible capacity can still reach 550 mAh g™ after 70 cycles. In addition, CO/G composites have
better rate performance. When the current density is changed from 0.1 C to 1 C, the reversible capacity
of the CO/G composite at 1 C can still reach 550 mAh g™*. When the current density returns to 0.1 C,
its capacity remains at 680 mAh g™.
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