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Enhanced Electrochemical 
performance at high temperature 
of Cobalt Oxide/Reduced Graphene 
Oxide Nanocomposites and its 
application in lithium-ion batteries
Yasmin Mussa1, Faheem Ahmed1, Hatem Abuhimd2, Muhammad Arsalan  3 & 
Edreese Alsharaeh  1

We report a microwave irradiation method for the preparation of reduced graphene oxide (RGO) based 
Co3O4 nanocomposites as anodes for lithium-ion (li-ion) batteries. The Co3O4/RGO nanocomposites 
displayed good electrochemical behavior as anodic materials for li-ion batteries when compared to 
pure Co3O4. The Co3O4/RGO nanocomposites with low RGO content resulted in stable electrochemical 
performance with 100% coulombic efficiency at a high current density of 500 mA/g for 50 cycles. 
The enhanced capacity of the Co3O4/RGO nanocomposites is due to the incorporation of RGO, which 
resulted in a four times larger surface area than that of Co3O4. This increased surface area could facilitate 
the absorption of more lithium ions, resulting in excellent electrochemical performance. Interestingly, 
the novelty of this work is that the designed li-ion batteries showed stable electrochemical performance 
even at a high temperature of 100 °C, which might be useful for rechargeable battery applications in a 
wide temperature range.

Lithium-ion batteries have a number of applications as energy storage units mainly in electric vehicles and elec-
tronic devices owing to their high capacity, long cycling life, and environmental friendliness1. There is an urgent 
need to improve these batteries to meet energy demand requirements2. One method to enhance li-ion batteries 
perfomance is to design alternative negative or anode materials, including transition metal oxides, and replace the 
conventional anode material, graphite, which has a theoretical capacity of only 372 mAh/g3.

Currently, transition metal oxides have received considerable attention as anodic materials for use in li-ion 
batteries4 because of their superior theoretical capacity, with approximately three times the capacity of the com-
mercial graphite that have a capacity of 372 mAh/g, making these materials good candidates for energy storage 
systems. Among the transition metal oxides, Co3O4 is the most frequently used as anode materials because of its 
high theoretical capacity (890 mAh/g)5.

Generally, cobalt oxides, that include binary oxides such as Cobalt (II) oxide (CoO), Cobalt (III) oxide (Co2O3) 
and Cobalt (II, III) oxide (Co3O4), have been widely explored for applications in li-ion batteries. However, Co3O4 
is synthesized more easily than the other two, as it can be prepared from different cobalt salts by heating in air 
at 300 to 400 °C6. However, one limitation of Co3O4 nanoparticles as anodic material for li-ion batteries is that 
they experience poor cycling stability and irreversible capacity loss due to the volume expansion/contraction and 
agglomeration of the Co3O4 nanoparticles7–9.

One way to solve the above issues is to synthesize Co3O4 nanoparticles with carbon, such as graphene, which 
can also improve the conductivity of Co3O4

10,11. Graphene has a high surface area, good mechanical properties, 
and high electrical conductivity, which helps in improving the electrochemical properties of metal oxides12.
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Many synthetic routes to prepare Co3O4 nanoparticles have been have been reported, such as co-precipitation, 
hydrothermal synthesis, thermal decomposition, and reduction13–15. Whereas, in situ reduction of cobalt salt in 
the presence of graphene oxide is commonly followed to prepare Co3O4/RGO nanocomposites16. The structural 
properties of a material, which includes porosity and surface area, strongly affects their performance as electrodes 
in li-ion batteries making it challenging to design electrode materials.

In contrast to the above mentioned conventional synthesis methods, microwave-assisted techniques of elec-
trode materials for li-ion batteries can provide easy, fast and large-scale synthesis of nanomaterials, in addition to, 
controllable parameters and energy saving characteristics17. In microwave irradiation technique, heating occurs 
via two mechanisms namely, polarization and conduction. In polarization process, materials are directly heated 
by radiation, and the radiation or external electric field interacts with the polar molecules that possess a dipole 
moment and are forced to reorient by rotation which leads to collision and heat generation. However, to generate 
heat, a substance must possess a dipole moment such as a water molecule this is because external electric fields 
are sensitive to dipole. In conduction mechanism, heat is generated via the collision of ions in the sample with the 
neighboring atoms or moleucles17,18.

Sun et al., conducted a survey on microwave irradiation’s effect and the size and shape of graphene based nano-
composites on their electrochemical performances17. Of the different morphologies, graphene based 2D transi-
tion metal oxides is a favorable morphology as it assists in facilitating li-ion diffusion and other17. Microwave 
irradiation is favorable for the 2D growth of inorganic nanocrystals, and as reported in our previous study, porous 
2D Co3O4/RGO nanocomposites were obtained via microwave-assisted method making it potential candidate for 
li-ion batteries19,20.

Many research groups have reported the application of graphene-based Co3O4 nanocomposites as anodic 
materials in li-ion batteries, and in most of the reported studies, the designed li-ion batteries displayed high spe-
cific capacity and stable performance only with high RGO content21 and low current densities at room tempera-
ture or in a narrow operating temperature range.

In this study, to overcome the issue of the narrow operating temperature range of li-ion batteries, Co3O4/RGO 
nanocomposites with a low RGO content were prepared through a microwave irradiation-assisted solution route 
and used for high-temperature rechargeable batteries with high electrochemical perfomance and good thermal 
stability.

Experimental Details
Preparation of Co3O4 nanoparticles and Co3O4/RGO nanocomposites. Co3O4 nanoparticles and 
Co3O4/RGO nanocomposites were synthesized by a microwave irradiation-assisted solution method following 
the procedures described in our previous work22.

Material characterization. The chemical compositions of the samples were determined using Fourier 
transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet-iS10) recorded in the range of 4000–400 cm−1. 
A thermogravimetric analyzer (TGA, STA7200) was used to determine the thermal stability of the materials from 
ambient to 500 °C at a heating rate of 5 °C/min under nitrogen atmosphere. A transmission electron microscopy 
(TEM, JEOL JEM-2100F) was used to study the morphology of the materials. The Brunauer–Emmett–Teller 
(BET) was used to obtain the specific surface area through a surface area analyzer (Micromeritics ASAP 2020) by 
N2 adsorption-desorption while the pore size distribution was determined by the Barrett–Joyner–Halenda (BJH) 
method.

Electrochemical characterization. To fabricate the working electrode, the active material (80%) was 
mixed with a conductive agent carbon black (10%) and a binding agent polyvinylidene fluoride (PVDF) (10%) 
in 50:50 ethanol:dimethylsulfoxide (DMSO) to form a homogenous slurry followed by casting them onto copper 
substrates and drying at 80 °C under vacuum to remove the solvent. The resulting material was then punched 
to form disks of ~15 mm with an electrode thickness of 50 µm. The specific capacity and current density were 
obtained based on the mass of the electrodes which is approximately 1 mg. Polypropylene membrane Celgard 
2325 was employed as the separator, 1 M LiPF6 was used as the electrolyte and lithium as the counter electrode 
which were then assembled into CR2032 coin-type cells in an argon-filled glove box. Charge/discharge measure-
ments, electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were all studied using an 
electrochemical workstation (Gamry 3000). CV was performed in the voltage window from 0 to 3 V at 50 mV/s 
scan rate. EIS was performed by using a sine wave of 10 mV in a frequency range of 1 Hz –100 kHz. Galvanostatic 
charge/discharge tests were evaluated in the voltage window from 0 to 3 V. For high temperature testing; the cell 
was kept inside a bomb calorimeter vessel by connecting the positive and negative terminal of the coin cell battery 
to the two electrodes of the vessel. The cell was then left inside the vessel at the specified testing temperature for 
several hours to reach thermal equilibrium. The measurements were performed at 100 °C and were tested by the 
Gamry potentiostat/galvanostat connected to the bomb calorimeter vessel. The batteries were cycled in a range of 
0 and 3 V at 500 mA/g for 50 cycles. CV was also performed in the potential window from 0 to 3 V and at a scan 
rate of 50 mV/s. EIS was conducted at a frequency range of 1 Hz – 100 kHz by using a sine wave of 10 mV.

Results and Discussion
FTIR was used to demonstrate the effect of RGO on the chemical structure of the Co3O4 nanoparticles. Fig. 1(a) 
shows the FTIR spectra of Co3O4 nanoparticles and Co3O4/RGO nanocomposites. The absorption bands 
at 586.61 cm−1 and 671.05 cm−1 are assigned to Co-O stretching vibrations and O-Co-O bridging vibrations, 
respectively. For the pure Co3O4 nanoparticles, the weak absorption bands at 1052.41 cm−1 and 1251.76 cm−1, are 
assigned to C-O stretching vibrations, the band at 1649.67 cm−1 and the C-H bands near 2980.64 cm−1 are due to 
the presence of cobalt acetate (Co(CH3COO2)) residues. However, the presence of the O-H band at 3526.79 cm−1 
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suggests the possibility of adsorbed water. For the RGO-based nanocomposites, some functional groups were 
still detected. Although the peaks decreased and almost disappeared after the reduction of GO to RGO due to the 
deoxygenation process, in this case, many peaks were detected due to the partial reduction of GO. Two peaks at 
856.9 cm−1 and 1118.05 cm−1 are attributed to the alkoxy and epoxy (C-O) groups, respectively, of GO. The peaks 
at 1636.34 cm−1 and approximately 2932.70 cm−1 are assigned to the bending of the C=C aromatic rings of RGO 
and aliphatic C-H groups, respectively. The existence of the C=C peak in the spectra of all the RGO-based sam-
ples suggests that the sp2 structure of the carbon atoms was retained. The strong C=C peak observed for Co3O4/
RGO indicates a stable graphene structure. Furthermore, the peak centered at approximately 3533.27 cm−1 is 
attributed to the hydroxyl (OH) groups of GO, as GO is considered to be hydrophilic23–25.

The weight percentage of RGO in the Co3O4/RGO nanocomposites and the thermal properties were inves-
tigated using TGA. The TGA curves of the Co3O4 nanoparticles and their RGO nanocomposites from ambient 
to 550 °C are shown in Fig. 1(b). The TGA plot for the Co3O4 nanoparticles shows a weight loss of only 0.6% in a 
single step. This loss might be due to dehydroxylation of the β-Co(OH)2 species generated during the synthetic 
process. This result indicates that the Co3O4 nanoparticles are thermally stable with no dramatic mass loss. Based 
on the weight losses, the TGA curve of the RGO based nanocomposites can be divided into three. In the region 
from ambient to 100 °C, a clear minor loss of 0.3% is observed for Co3O4/RGO, which is caused by the desorption 
of physisorbed water. In the second region from 100 to 300 °C, an additional weight loss of 0.7% is observed. The 
loss in this region results from the decomposition of labile oxygen groups, which includes carboxylate, anhydride, 
lactone, and epoxy or hydroxyl groups, present in RGO. In the region beyond 300 °C, a weight loss of 0.5% is 
observed, which results from the decomposition of more stable groups, including carbonyl, phenol, and quinine 
groups. The total loss of 1.5% shows that all the oxygen-containing groups of GO were converted to RGO dur-
ing the reduction process. According to the mass remaining after 500 °C, the weight percentage of Co3O4 in the 
Co3O4/RGO nanocomposites was estimated to be 99%26.

Morphological studies were performed on both the Co3O4 nanoparticles and Co3O4/RGO nanocomposites 
using TEM, as shown in Fig. 1(c,d), respectively. Previously, we reported that the Co3O4 nanoparticles exhibited 
nanoporous structures27. Using TEM, detailed structures of the Co3O4 nanoparticles and Co3O4/RGO nanocom-
posites were observed; although pores were not clear, the presence of Co3O4 incorporated on the RGO sheets was 
observed. In addition to the morphology, the d-spacing of the nanostructures could also be obtained using TEM. 
The TEM image of a single pure Co3O4 nanoparticle reveals that it has a spherical shape, as shown in Fig. 1(c). 
Atomic-resolution TEM of the Co3O4/RGO nanocomposites clearly shows the Co3O4 nanoparticles and RGO 
sheets, as shown in Fig. 1(d). The TEM shows a clear interlayer distance of 0.24 nm, that matches to the (311) 

Figure 1. (a) FTIR spectra of Co3O4 and Co3O4/RGO nanocomposites, (b) TGA curves of Co3O4 and Co3O4/
RGO nanocomposites, (c) TEM of Co3O4 and (d) Co3O4/RGO nanocomposites.
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plane of fcc Co3O4 crystals. Also, the interlayer spacing of 0.35 nm, indexed to the (002) plane of RGO, is observed 
in the TEM image of Co3O4/RGO, which matches the results obtained from X-ray diffraction (XRD)28.

The specific surface area was obtained from the BET isotherms that is a plot of the amount of gas adsorbed as 
a function of the relative pressure. On the other hand, a plot of pore volume versus pore size gives the pore size 
distribution and can be calculated using the BJH method. Both the Co3O4 nanoparticles and Co3O4/RGO nano-
composites exhibited adsorption–desorption isotherms with typical type IV hysteresis loops, a characteristic of 
mesoporous materials that have different pore sizes as shown in Fig. 2. Co3O4/RGO nanocomposites displayed 
a high BET specific surface area of 57 m2/g, which is four times higher than Co3O4 nanoparticles with a BET 
specific surface area of only 14 m2/g; this increase in the specific surface area is attributed to the addition of RGO 
to the Co3O4 nanoparticles. Furthermore, BJH calculations showed that the pore size distributions of the Co3O4 
nanoparticles and Co3O4/RGO nanocomposites were found to be in in the range of 80–90 nm.

To study the electrochemical behavior of the Co3O4 nanoparticles and Co3O4/RGO nanocomposites, CV was 
first performed in a range of 0 and 3.0 V at a scan rate of 50 mV/s for 3 cycles, as shown in Fig. 3. A cathodic or 
reduction peak appeared at approximately 0.87 V for the Co3O4 nanoparticles and at 0.67 V for the Co3O4/RGO 
nanocomposites in the first scan. These peaks resulted from the reduction of Co3O4 to Co metal, the formation of 
clusters between Co and Li2O, the insertion of lithium into RGO in the case of the Co3O4/RGO nanocomposites 
and the formation of a solid electrolyte interphase (SEI) layer on the active material9. In the anodic or oxidation 
scan, two peaks at 1.26 V and 2.28 V for the Co3O4/RGO nanocomposites were observed after the first cycle; these 
peaks are due to the de-insertion of lithium ions from RGO and the reversible oxidation of Co metal to Co3O4

29,30, 
respectively. However, a weak or almost nonexistent oxidation peak was observed for Co3O4, which could be due 
to the high scan rate. No significant drop in the peak intensity in subsequent cycles was observed for either the 
Co3O4 nanoparticles or Co3O4/RGO nanocomposites, suggesting the good reversibility of lithium storage and a 
high stability11. The electrochemical conversion reaction of Co3O4-based anodes can be described as10:

+ +Co O 8 Li 4 Li O 3Co3 4 2

Also, the Co3O4/RGO nanocomposite displayed a higher current than the Co3O4 nanoparticles, which was due to 
the incorporation of conductive RGO sheets.

Typical charge/discharge cycling of the prepared Co3O4 nanoparticles and Co3O4/RGO nanocomposites was 
performed at a current density of 500 mA/g for five cycles, as shown in Fig. 3. The initial charge/discharge capac-
ities were approximately 66/55.5 mAh/g and 47/42.7 mAh/g for the Co3O4 nanoparticles and Co3O4/RGO nano-
composites, respectively, at the same current density. The Co3O4/RGO nanocomposites exhibited stable cycling 
performance with 85% capacity retention after the 5th cycle and charge/discharge capacities of 39/36.5 mAh/g, 
while the Co3O4 nanoparticles showed a dramatic capacity loss with only 48% capacity retention after 5 cycles, 
evidencing the positive effect of the RGO sheets that led to an enhanced electrochemical response.

To further investigate the stability of the Co3O4 nanoparticles and Co3O4/RGO nanocomposites, the cyclic 
performance and rate capability were evaluated, as shown in Figs 4 and 5. The Co3O4/RGO nanocomposites 
showed a more stable cyclic perfomance than Co3O4 with a reversible charge/discharge capacity of 26 mAh/g after 
the 50th cycle, while the discharge capacity of Co3O4 dropped continuously with each cycle, giving a reversible 
capacity of only 1.6/1.2 mAh/g after the 50th cycle. Fig. 4 also shows the columbic efficiency of the Co3O4/RGO 
nanocomposites. During the first cycle, the Co3O4/RGO nanocomposites exhibited a coulombic efficiency above 
100% due to the occurrence of a reverse reaction that involved the embedding of Li2O in the metal particles, 
which enhanced the electrochemical activity as a result of Li2O decomposition and metal–oxygen bond forma-
tion31,32. Thus, this metal could be oxidized to higher valence states, causing the delithiation capacity to be higher 
than the lithiation capacity, which resulted in a coulombic efficiency above 100%. The coulombic efficiency of 
the Co3O4/RGO nanocomposites was 100% after 50 cycles (Fig. 4), while the Co3O4 nanoparticles exhibited a 
coulombic efficiency of 75% after 50 cycles (Fig. S1).

Figure 2. Nitrogen adsorption-desorption isotherms of Co3O4 and Co3O4/RGO nanocomposites.
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The rate capability of the Co3O4/RGO nanocomposites is shown in Fig. 5. At a low current density (100 mA/g), 
the Co3O4/RGO nanocomposites displayed initial charge/discharge capacities of 358/363 mAh/g, and when a 
higher current density was used (1000 mA/g), the charge/discharge capacities were 82.5/77.7 mAh/g.

EIS studies were performed for both the Co3O4 nanoparticles and Co3O4/RGO nanocomposites, as shown 
in the Nyquist plots in Fig. 6. The semicircle in the high-medium frequency region is due to the charge-transfer 
resistance. The diameter of the semicircle for Co3O4/RGO is smaller than that for Co3O4, which indicates that 
Co3O4/RGO is capable of faster charge transfer and that it exhibits less internal electrochemical resistance than 
Co3O4. The sloped lines in the low-frequency region can be attributed to the mass transfer process or the Warburg 

Figure 3. Cyclic voltammetric (CV) and galvanostatic charge-discharge curves of Co3O4 and Co3O4/RGO 
nanocomposites.

Figure 4. Cycling performance of Co3O4 nanoparticles and Co3O4/RGO nanocomposites at 500 mA/g for 50 
cycles.
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resistance. The steeper tail for the Co3O4/RGO nanocomposites indicates a lower ion diffusion resistance and 
enhanced mass transport compared to Co3O4. Thus, the Co3O4/RGO nanocomposites showed high electrical 
conductivity and rapid charge and mass transfer, which play critical roles in the overall battery performance33,34.

Microwave-assisted techniques has been widely used for the synthesis of graphene based metal oxides as 
electrodes in lithium-ion batteries which includes Co3O4-graphene35–37, CuO-graphene38, FexOy-graphene39–41, 
Mn3O4-graphene42,43, SnO2-graphene44–48 and ZnO-graphene49 nanocomposites. As compared with the results 
in literature35–49 shown in Table 1, the Co3O4/RGO nanocomposites displayed a good reversible capacity of 
96.36 mAh/g at 100 mA/g after 100 cycles with the addition of only 1% graphene content as shown in Fig. 7 which 

Figure 5. Rate capabilities of Co3O4 nanoparticles and Co3O4/RGO nanocomposites.

Figure 6. Nyquist plots of Co3O4 nanoparticles and Co3O4/RGO nanocomposites.
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was conducted for a new coin cell with Co3O4/RGO nanocomposites as electrodes. Also, CV at low current and 
EIS after 100 cycles were also performed as shown in Figs S2 and S3.

Further electrochemical investigations were performed to test the electrochemical performance of the Co3O4/
RGO nanocomposites at a higher operating temperature of 100 °C. Figure 8 shows the CV curve of the Co3O4/
RGO nanocomposites performed at 100 °C in the range between 0 and 3.0 V at a scan rate of 50 mV/s for 3 cycles. 
The Co3O4/RGO nanocomposites exhibited an ideal CV curve of a Co3O4-based anode at 100 °C, with two reduc-
tion peaks at 0.86 V and 1.45 V in the first scan. These peaks resulted from the reduction of Co3O4 to Co metal, 
the formation of clusters between Co and Li2O, the insertion of lithium into RGO and the formation of an SEI 
layer on the active material9. Two peaks were observed at 1.45 V and 1.96 V in the anodic scan after the first scan, 
and these peaks are due to the de-insertion of lithium ions from RGO and the reversible oxidation of Co metal 
to Co3O4

29,30, respectively. The overlap between the second and the third cycles indicates the enhanced cycling 
stability of the Co3O4/RGO nanocomposites50. Furthermore, the current response of Co3O4/RGO increased with 
stronger and sharper peaks when the operating temperature was 100 °C, which indicates the role of the high tem-
perature in enhancing the CV performance of the Co3O4/RGO nanocomposites.

The galvanostatic charge/discharge capacities of the Co3O4/RGO nanocomposites measured at an operating 
temperature of 100 °C with a current density of 500 mA/g for 5 and 50 cycles are shown in Fig. 8. No decrease of 
charge/discharge capacity was observed when the operating temperature was increased from ambient (Fig. 4) to 
100 °C (Fig. 8) at a constant current density, with 100% capacity retention for 50 cycles and a coulombic efficiency 
of 100%. Note that a coulombic efficiency above 100% was observed, which was due to the reversible insertion of 
Li2O into the metal particles.

To further investigate the electrochemical behavior of the Co3O4/RGO nanocomposites at high operating 
temperature, EIS tests were conducted, as shown in Fig. 8. Comparing the Nyquist plots of Co3O4/RGO (Fig. 6) 
at room temperature and 100 °C (Fig. 8), the semicircle decreased in the high-mid frequency region following the 

Figure 7. Cycling performance of Co3O4/RGO nanocomposites at 100 mA/g for 100 cycles.

Nanocomposites Synthesis method
Graphene 
content (%)

Reversible 
capacity (mAh/g)

Current 
density (mA/g)

Cycle number 
(nth) References

Co3O4/RGO Microwave irradiation (microwave oven) 1 96.36 100 100 This work

Co3O4-graphene sheet-on-sheet nanocomposite Microwave-assisted 46.2 1065 89 30 35

Co3O4 quantum dots/graphene Microwave-assisted (microwave oven) 40 1785 89 90 36

Co3O4-graphene sheet-on-sheet nanocomposites Microwave-assisted (microwave oven) 18.4 1036.9 100 50 37

Graphene-wrapped CuO Microwave-assisted hydrothermal 16.9 349 1000 60 38

RG-O/Fe2O3 composite Microwave irradiation (microwave oven) 20 1027 100 50 39

α-Fe2O3/RGO nanocomposites Microwave-assisted 21.3 650 1000 50 40

Fe3O4-ONCs@rGO Microwave assisted (microwave oven) 43 540 100 120 41

Mn3O4–graphene Microwave hydrothermal 26.72 900 45 50 42

Mn3O4/graphene Microwave hydrothermal 13.47 500 60 100 43

SnO2-Graphene Microwave autoclave 33.3 590 100 200 44

Graphene-SnO2 Microwave-assisted (microwave oven) 30 890 500 80 45

Graphene-SnO2 Microwave irradiation (microwave oven) 35.6 1000 50 100 46

SnO2/graphene Microwave hydrothermal 10.03 978.6 200 100 47

2D SnO2/graphene Microwave-assisted 10 688.5 200 500 48

ZnO@Graphene Microwave-assisted (microwave oven) 50 460 700 50 49

Table 1. Comparison of graphene content and electrochemical performance of Co3O4/RGO nanocomposites 
with Co3O4/graphene and other metal oxides/graphene reported.
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increase of temperature to 100 °C, exhibiting a reduction in the electrochemical resistance, which was due to the 
larger amount of charges that could overcome the activation energy, thereby reducing the internal electrochemi-
cal resistance. In addition, the increase in the slope of the straight line of Co3O4/RGO in the low frequency region 
of the spectrum measured at 100 °C (Fig. 8) relative to that measured at room temperature (Fig. 6) is an indication 
of faster mass transport. This suggests the occurrence of excellent electrochemical behavior at high temperatures, 
which matches with the above CV and charge/discharge tests performed at a high temperature of 100 °C51.

Conclusions
We successfully prepared Co3O4 nanoparticles and Co3O4/RGO nanocomposites via a microwave-assisted route. 
FTIR spectroscopy confirmed the formation of graphene-based Co3O4 nanoparticles. Co3O4/RGO nanocom-
posites’ thermal stability was determined using TGA. Morphological studies using TEM further confirmed the 
formation of Co3O4 nanoparticles in addition to Co3O4 nanoparticles supported on RGO. The prepared Co3O4/
RGO nanocomposites showed excellent electrochemical behavior as anodes in li-ion batteries. A superior elec-
trochemical response which includes enhanced charge/discharge capacity and cycling stability was observed. 
The enhanced electrochemical performance relative to that of the pure Co3O4 nanoparticles, even when high 
current densities are applied, is attributed to the incorporation of 2D graphene, which resulted in a surface area 
almost four times larger than that of pure Co3O4, and to the exfoliation and good integrity of the RGO sheets in 
the Co3O4/RGO nanocomposites, as determined from chemical and thermal studies. Furthermore, increasing the 
operating temperature from ambient to 100 °C further enhanced the electrochemical performance, making the 
prepared nanocomposites potential for high temperature li-ion batteries.

References
 1. Tarascon, J.-M. & Armand, M. Issues and challenges facing rechargeable lithium batteries. Nature https://doi.org/10.1038/35104644 

(2001).
 2. Li, H., Wang, Z., Chen, L. & Huang, X. Research on Advanced Materials for Li-ion Batteries. Adv. Mater. 21, 4593–4607 (2009).
 3. Paronyan, T. M., Thapa, A. K., Sherehiy, A., Jasinski, J. B. & Jangam, J. S. D. Incommensurate Graphene Foam as a High Capacity 

Lithium Intercalation Anode. Sci. Rep. 7, 39944 (2017).
 4. Poizot, P., Laruelle, S., Grugeon, S., Dupont, L. & Tarascon, J.-M. Nano-sized transition-metal oxides as negative-electrode materials 

for lithium-ion batteries. Nature 407, 496–499 (2000).
 5. Yan, N. et al. Co3O4 Nanocages for High-Performance Anode Material in Lithium-Ion Batteries. J. Phys. Chem. C 116, 7227–7235 

(2012).
 6. Sun, S., Zhao, X., Yang, M., Ma, L. & Shen, X. Facile and Eco-Friendly Synthesis of Finger-Like Co3O4 Nanorods for Electrochemical 

Energy Storage. Nanomaterials 5, 2335–2347 (2015).

Figure 8. Cyclic voltammetric (CV), galvanostatic charge/discharge curves, cycling performance and EIS 
spectra of Co3O4 nanoparticles and Co3O4/RGO nanocomposites performed at 100 °C.

http://dx.doi.org/10.1038/35104644


www.nature.com/scientificreports/

9ScieNtific REPORTs |            (2019) 9:44  | DOI:10.1038/s41598-018-37032-5

 7. Qiu, B. et al. Fabrication of Co3O4 nanoparticles in thin porous carbon shells from metal–organic frameworks for enhanced 
electrochemical performance. RSC Adv. 7, 13340–13346 (2017).

 8. Fan, L., Zhang, W., Zhu, S. & Lu, Y. Enhanced Lithium Storage Capability in Li-Ion Batteries Using Porous 3D Co3O4 Nanofiber 
Anodes. Ind. Eng. Chem. Res. 56, 2046–2053 (2017).

 9. Rational Design of 1-D Co3O4 Nanofibers@Low content Graphene Composite Anode for High Performance Li-Ion Batteries | 
Scientific Reports. Available at, https://www.nature.com/articles/srep45105 (Accessed: 29th April 2018)

 10. Leng, X. et al. Carbon-Encapsulated Co3O4 Nanoparticles as Anode Materials with Super Lithium Storage Performance. Sci. Rep. 5, 
16629 (2015).

 11. Jing, M. et al. Graphene-Embedded Co3O4 Rose-Spheres for Enhanced Performance in Lithium IonBatteries. ACS Appl. Mater. 
Interfaces 9, 9662–9668 (2017).

 12. Srivastava, M. et al. Recent advances in graphene and its metal-oxide hybrid nanostructures for lithium-ion batteries. Nanoscale 7, 
4820–4868 (2015).

 13. Wang, X. et al. One-Dimensional Arrays of Co3O4 Nanoparticles:  Synthesis, Characterization, and Optical and Electrochemical 
Properties. J. Phys. Chem. B 108, 16401–16404 (2004).

 14. Yang, R., Wang, Z., Liu, J. & Chen, L. Nano Co3O4 Particles Embedded in Porous Hard Carbon Spherules as Anode Material for Li-
IonBatteries. Electrochem. Solid-State Lett. 7, A496–A499 (2004).

 15. Salabaş, E. L., Rumplecker, A., Kleitz, F., Radu, F. & Schüth, F. Exchange Anisotropy in Nanocasted Co3O4 Nanowires. Nano Lett. 6, 
2977–2981 (2006).

 16. Shen, J. et al. One Step Synthesis of Graphene Oxide−Magnetic Nanoparticle Composite. J. Phys. Chem. C 114, 1498–1503 (2010).
 17. Sun, W., Li, H. & Wang, Y. Microwave-assisted synthesis of graphene nanocomposites: recent developments on lithium-ion batteries. 

Reports in Electrochemistry. https://doi.org/10.2147/RIE.S65118 (2015).
 18. Baghbanzadeh, M., Carbone, L., Cozzoli, P. D. & Kappe, C. O. Microwave-Assisted Synthesis of Colloidal Inorganic Nanocrystals. 

Angew. Chem. Int. Ed. 50, 11312–11359 (2011).
 19. Zhu, Y., Cao, C., Zhang, J. & Xu, X. Two-dimensional ultrathin ZnCo2O4 nanosheets: general formation and lithium storage 

application. J. Mater. Chem. A 3, 9556–9564 (2015).
 20. Zhu, Y. et al. Ultrathin Nickel Hydroxide and Oxide Nanosheets: Synthesis, Characterizations and Excellent Supercapacitor 

Performances. Sci. Rep. 4, 5787 (2014).
 21. Park, S.-H., Kim, H.-K., Roh, K. C. & Kim, K.-B. Co3O4-reduced graphene oxide nanocomposite synthesized by microwave-assisted 

hydrothermal process for Li-ion batteries. Electron Mater Lett 11, 282–287 (2015).
 22. Alsharaeh, E. et al. Novel synthesis of holey reduced graphene oxide (HRGO) by microwave irradiation method for anode in 

lithium-ion batteries. Sci. Rep. 6, 29854 (2016).
 23. Gupta, B. et al. Role of oxygen functional groups in reduced graphene oxide for lubrication. Sci. Rep. 7, 45030 (2017).
 24. Ţucureanu, V., Matei, A. & Avram, A. M. FTIR Spectroscopy for Carbon Family Study. Crit. Rev. Anal. Chem. 46, 502–520 (2016).
 25. Alsharaeh, E. H. & Othman, A. A. Microwave irradiation synthesis and characterization of RGO-AgNPs/polystyrene 

nanocomposites. Polym. Compos. 35, 2318–2323
 26. Lou, Y., Liang, J., Peng, Y. & Chen, J. Ultra-small Co3O4 nanoparticles-reduced graphene oxide nanocomposite as superior anodes 

for lithium-ion batteries. Phys. Chem. Chem. Phys. PCCP 17, 8885–8893 (2015).
 27. Alsharaeh, E. et al. Novel route for the preparation of cobalt oxide nanoparticles/reduced graphene oxide nanocomposites and their 

antibacterial activities. Ceram. Int. 42, 3407–3410 (2016).
 28. Li, X. et al. Enhanced electromagnetic wave absorption performances of Co3O4 nanocube/reduced graphene oxide composite. Synth. 

Met. 194, 52–58 (2014).
 29. Su, D., Dou, S. & Wang, G. Mesocrystal Co3O4 nanoplatelets as high capacity anode materials for Li-ion batteries. Nano Res. 7, 

794–803 (2014).
 30. Sun, S. et al. Hierarchically ordered mesoporous Co3O4 materials for high performance Li-ion batteries. Sci. Rep. 6, 19564 (2016).
 31. Jang, J. et al. A First-Cycle Coulombic Efficiency Higher than 100% Observed for a Li2MO3 (M = Mo or Ru) Electrode. Angew. 

Chem. Int. Ed. 53, 10654–10657
 32. Zhao, C. et al. Ultrahigh capacitive performance from both Co(OH)2/graphene electrode and K3Fe(CN)6 electrolyte. Sci. Rep. 3, 2986 

(2013).
 33. Feng, K., Park, H. W., Wang, X., Lee, D. U. & Chen, Z. High Performance Porous Anode Based on Template-Free Synthesis of Co3O4 

Nanowires for Lithium-Ion Batteries. Electrochimica Acta 139, 145–151 (2014).
 34. Xu, J. et al. Co3O4 nanocubes homogeneously assembled on few-layer graphene for high energy density lithium-ion batteries. J. 

Power Sources 274, 816–822 (2015).
 35. Chen, S. Q. & Wang, Y. Microwave-assisted synthesis of a Co3O4–graphene sheet-on-sheet nanocomposite as a superior anode 

material for Li-ion batteries. J. Mater. Chem. 20, 9735–9739 (2010).
 36. Zhou, X. et al. Microwave irradiation synthesis of Co3O4 quantum dots/graphene composite as anode materials for Li-ion battery. 

Electrochimica Acta 143, 175–179 (2014).
 37. Su, Q. et al. Microwave-assisted synthesis of Co3O4–graphene sheet-on-sheet nanocomposites and electrochemical performances 

for lithium ion batteries. Mater. Res. Bull. 72, 43–49 (2015).
 38. Zhou, W. et al. Microwave-assisted hydrothermal synthesis of graphene-wrapped CuO hybrids for lithium ion batteries. RSC Adv. 4, 

51362–51365 (2014).
 39. Zhu, X., Zhu, Y., Murali, S., Stoller, M. D. & Ruoff, R. S. Nanostructured Reduced Graphene Oxide/Fe2O3 Composite As a High-

Performance Anode Material for Lithium Ion Batteries. ACS Nano 5, 3333–3338 (2011).
 40. Zhu, S. et al. Microwave assisted synthesis of α-Fe2O3/reduced graphene oxide as anode material for high performance lithium ion 

batteries. New J. Chem. 39, 7923–7931 (2015).
 41. Kumar, R., Singh, R. K., Alaferdov, A. V. & Moshkalev, S. A. Rapid and controllable synthesis of Fe3O4 octahedral nanocrystals 

embedded-reduced graphene oxide using microwave irradiation for high performance lithium-ion batteries. Electrochimica Acta 
281, 78–87 (2018).

 42. Li, L., Guo, Z., Du, A. & Liu, H. Rapid microwave-assisted synthesis of Mn3O4–graphene nanocomposite and its lithium storage 
properties. J. Mater. Chem. 22, 3600–3605 (2012).

 43. Ren, Y., Wang, J., Huang, X., Yang, B. & Ding, J. One step hydrothermal synthesis of Mn3O4/graphene composites with great 
electrochemical properties for lithium-ion batteries. RSC Adv. 5, 59208–59217 (2015).

 44. Zhong, C., Wang, J., Chen, Z. & Liu, H. SnO2–Graphene Composite Synthesized via an Ultrafast and Environmentally Friendly 
Microwave Autoclave Method and Its Use as a Superior Anode for Lithium-Ion Batteries. J. Phys. Chem. C 115, 25115–25120 (2011).

 45. Lu, H. et al. Microwave-assisted synthesis of graphene–SnO2 nanocomposite for rechargeable lithium-ion batteries. Mater. Lett. 115, 
125–128 (2014).

 46. Hoon Suh, D., Park, S. K., Nakhanivej, P., Kang, S.-W. & Park, H. S. Microwave synthesis of SnO2 nanocrystals decorated on the 
layer-by-layer reduced graphene oxide for an application into lithium ion battery anode. J. Alloys Compd. 702, 636–643 (2017).

 47. Shi, S., Deng, T., Zhang, M. & Yang, G. Fast facile synthesis of SnO2/Graphene composite assisted by microwave as anode material 
for lithium-ion batteries. Electrochimica Acta 246, 1104–1111 (2017).

 48. Youqi, Z. et al. Two-dimensional SnO2/graphene heterostructures for highly reversible electrochemical lithium storage. Sci. CHINA 
Mater. https://doi.org/10.1007/s40843-018-9324-0 (2018).

https://www.nature.com/articles/srep45105
http://dx.doi.org/10.2147/RIE.S65118
http://dx.doi.org/10.1007/s40843-018-9324-0


www.nature.com/scientificreports/

1 0ScieNtific REPORTs |            (2019) 9:44  | DOI:10.1038/s41598-018-37032-5

 49. Hsieh, C.-T., Lin, C.-Y., Chen, Y.-F. & Lin, J.-S. Synthesis of ZnO@Graphene composites as anode materials for lithium ion batteries. 
Electrochimica Acta 111, 359–365 (2013).

 50. Yan, G. et al. Synthesis of Cu2O/reduced graphene oxide composites as anode materials for lithium ion batteries. Trans. Nonferrous 
Met. Soc. China 23, 3691–3696 (2013).

 51. Liu, W., Yan, X., Lang, J. & Xue, Q. Effects of concentration and temperature of EMIMBF4/acetonitrile electrolyte on the 
supercapacitive behavior of graphene nanosheets. J. Mater. Chem. 22, 8853–8861 (2012).

Acknowledgements
This work is part of a research project in collaboration with EXPEC Advanced Research Center, Saudi Aramco 
under agreement no. AFU-01-2017. The authors gratefully acknowledge Alfaisal University and its Office of 
Research for their continuous support throughout this study.

Author Contributions
E.A. implemented the concept and contributed to the design of the experiment. Y.M. performed all the 
experiments and the electrochemical tests. F.A. and H.A. contributed to the electrochemical tests. Y.M. and F.A. 
wrote the manuscript and prepared the figures. Y.M., F.A., M.A., and E.A. discussed the results, commented, and 
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37032-5.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

http://dx.doi.org/10.1038/s41598-018-37032-5
http://creativecommons.org/licenses/by/4.0/

	Enhanced Electrochemical performance at high temperature of Cobalt Oxide/Reduced Graphene Oxide Nanocomposites and its appl ...
	Experimental Details
	Preparation of Co3O4 nanoparticles and Co3O4/RGO nanocomposites. 
	Material characterization. 
	Electrochemical characterization. 

	Results and Discussion
	Conclusions
	Acknowledgements
	Figure 1 (a) FTIR spectra of Co3O4 and Co3O4/RGO nanocomposites, (b) TGA curves of Co3O4 and Co3O4/RGO nanocomposites, (c) TEM of Co3O4 and (d) Co3O4/RGO nanocomposites.
	Figure 2 Nitrogen adsorption-desorption isotherms of Co3O4 and Co3O4/RGO nanocomposites.
	Figure 3 Cyclic voltammetric (CV) and galvanostatic charge-discharge curves of Co3O4 and Co3O4/RGO nanocomposites.
	Figure 4 Cycling performance of Co3O4 nanoparticles and Co3O4/RGO nanocomposites at 500 mA/g for 50 cycles.
	Figure 5 Rate capabilities of Co3O4 nanoparticles and Co3O4/RGO nanocomposites.
	Figure 6 Nyquist plots of Co3O4 nanoparticles and Co3O4/RGO nanocomposites.
	Figure 7 Cycling performance of Co3O4/RGO nanocomposites at 100 mA/g for 100 cycles.
	Figure 8 Cyclic voltammetric (CV), galvanostatic charge/discharge curves, cycling performance and EIS spectra of Co3O4 nanoparticles and Co3O4/RGO nanocomposites performed at 100 °C.
	Table 1 Comparison of graphene content and electrochemical performance of Co3O4/RGO nanocomposites with Co3O4/graphene and other metal oxides/graphene reported.




