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Abstract. This work suggests a simple strategy to synthesize reduced graphene oxide/Co3z0y4
(rGO/Co30y4) from graphene oxide (GO) and Co(CH3COQ), precursor using ultrasonic method.
The synthesized rGO/CO304 was thoroughly characterized by SEM/EDX, XRD, FTIR and BET.
The obtained results indicate the presence of well-crystalized Co304 nanoparticles onto the rGO
nanosheets in the lamellar structure of rGO/Co304. Despite slight decrease in BET specific sur-
face area (from 389.9 m2/g of rGO to 218.7 m*/g of rGO/CO304), CV measurements illustrate
an improved specific capacitance (95.8 F/g at 50 mV/s) with redox properties for the rGO/Co304
electrode. The synthesized composites are expected to be a potential electrode candidate in super-
capacitor as well as in hybrid deionized capacitive system for the desalination purpose.
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I. INTRODUCTION

Graphene is a well-known superior material with two-dimensional monolayer of carbon
atoms due to its excellent physical and chemical properties such as good mechanical stability,
super thermal conductivity, large surface area and high carrier mobility. Therefore, it provided
enormous advances in various fields, such as catalysts, biomedicine, sensors, composite materials,
solar cells, electrical and energy equipment, especially supercapacitors [1-4]. In recent years,
many studies have been examined on specific surface area, electrical properties and stability of
chemical as well as thermal of graphene-based supercapacitor [5-16].

Although being outstanding candidate, the supercapacitors based on graphene currently
presented the charging time and lifetime that is not long enough to the most practical capacitive
applications. One feasible solution to overcome this issue is to develop the pseudo-capacitors that
can transfer and store energy through redox reactions. They provided to high specific capacitance
with improved energy density [17]. For reaching this goal, different transition metal oxides such as
NiO, MnQO,, Fe20s3, and Co304 are exploited as great potential materials for the pseudo-capacitor
electrode [17-20]. These metal oxides alone give a large specific capacitance, but they present a
poor electrical conductivity that induces low power density and poor rate capability. For obtaining
high-performance supercapacitor with both high energy density and power density, the combina-
tion between rGO and transition metal oxides is an interesting topic to investigate. Recently, much
attention is being focused on rGO/Co304 due to very high theoretical capacity of (3580 F/g) and
remarkable reversibility of Co3O4 [21]. Feng Du et al. fabricated the composite of Co304RGO
with the specific capacitance of 894 F/g which is higher than that of pure Co304 (300 F/g). The
electrode of Co304RGO showed a long-term ability after 3000 cycles [22]. It can see that the
super performance of the composite electrode is attributed to the synergistic effects of small size
and good redox activity of the Co304 particles combined with high electrical conductivity of the
rGO [23].

In this work, the simple ultrasonic method to synthesize rGO/Co304 from graphene oxide
(GO) and Co(CH3COO0), was reported. The rGO/Co304 nan’Composite was then characterized
by Scanning electron microscopy (SEM), Energy dispersive rayon-X spectroscopy (EDX), X-ray
diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR). Finally, some main param-
eters of electrochemical capacitors of tGO/Co3zO4 were studied by using N» isothermal adsorption
methods and Cyclic voltammetry.

II. MATERIALS AND METHODS

II.1. Materials and sample preparation

GO powder with a lateral size of about 45 nm (pure > 99%) was purchased from
Sigma-Aldrich (796034 _ALDRICH). Acetonitrile (CH3CN), tetraecthylammonium tetrafluorobo-
rate (TEABF4) were supplied by Merck. Co(CH3COOQ),, H,O, and NH3 solutions were analytical
chemicals (China), and were used as received.

0.15 g of GO is dispersed in 100 mL distilled water using an ultrasonication for 30 min.
Then, 10 mL of 15 g/ Co(CH3COO), is added into the GO solution. This mixture is under
ultrasound for 30 min. NH4OH solution is added to the above mixture to adjust pH solution of 8
or 9, and then 15 mL H;0, 30% is added. The resulting mixture is ultrasonically dispersed for
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15 mins at 45°C. The rGO/Co30Qy is obtained by filtration of precipitate with distilled water, dried
and incubated for 1 hour at 650°C in N».

IL1.2. Analytical methods

The characterization of rGO and rGO/Co304 was analyzed using SEM, EDX (JSM-6510,
JEOL), TEM (JEM1010), XRD (D5005 Bruker, Siemens) and FT-IR (iS10, Nicolet). The cyclic
voltammetry (CV) measurements were realized using VSP-300 potentiostat (Bio-lig) with three-
electrode system which contains Ag/AgCl reference electrode, platinum grid and analyzed ma-
terials used as counter and working electrode, respectively. For the electrochemical specimens,
rGO and rGO/Co304 powders were mixed with polytetrafluoroethylene (PTFE, used as binder)
and carbon black (CB, used as conducting agent) at a weight ratio of 85:10:5. The mixtures were
then molded by hydraulic pressing Specac to form a cyclindical tables with a diameter of 1.2 cm
and a thickness of 3 mm. The prepared electrodes were dried in an oven for 4 h at 140°C. For
controlling the working surface of electrode, they were coved by epoxy resin. All electrochemical
measurements were performed in an acetonitrile (CH3CN) solution containing 0.1 M tetraethy-
lammonium tetrafluoroborate (TEABF4) over a voltage range from —0.1 V to +0.6 V at scan rate
of 50 mV/s. From the CV curves, the specific capacitance (C, F/g) was calculated according to the
following formule:

I.At 0

C= WAE ~ mAE’ %

where I, Ar, m and AE are the current density (A), the time (s) of the charge or discharge process,
the sample mass (g) and the board potential (V), relatively.

III. RESULTS AND DISCUSSION

The morphology of synthesized rGO and rGO/Co30y; is studied by SEM technique. Figure
la presents a multi-layer structure of the as-synthesized rGO, in which the nanosheets of rGO have
an ultrathin thickness (some nm) and a lateral dimension ranged from hundreds of nanometers to
several micrometers. This observation is similar to that in literature [24]. Due to the van der
Waal’s interactions, the rGO nanosheets are randomly aggregated and rippled with each other as
crumpled silk veil waves [25]. Regarding rGO/Co304, the characteristic lamellar structure of rGO
is still observed in Figure 1b. The high-magnification SEM images of rGO/Co30y illustrate the
presence of CozO4 nanoparticles that are firmly anchored onto the wrinkled graphene sheets.

To confirm the presence of Co3zQy into the rGO/Co30,4 composite, TEM analysis was used.
The TEM images of rGO and rGO/Co304 show the layers of graphene (Fig. 2). It can be seen
clearly that the presence of CoszQy4 particles into the layers of graphene (see Fig. 2b).

Figure 3 presents the energy dispersive X-ray spectroscopy (EDX) spectra of rGO and
rGO/Co304 powders. For EDX spectrum of free standing rGO, only two elemental peaks of C
and O are displayed, while an additional peak corresponding to Co can be seen on rGO/Co304
spectrum. The atomic and weight percentages of C, O and Co in rGO and rGO/Co304 obtained
from EDX analysis are fully given in Table 1 (Atomic % is the % as a function of the number of
atoms whereas wt % would be % as a function of weight). It can be seen from this table that the
weight % of Co in rGO/Co304 composition was 5.40%. Due to the presence of Co304, the atomic
content of O in rtGO/Co304 (12.44%) was higher than that in rGO (11.63%). The slight decrease
of C:0 ratio in rGO/Co304 (6.94) compared to that of rGO (7.60) can be logically expected.
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Fig. 2. TEM images of synthesized rGO (a) and rGO/Co30;4 (b).

Table 1. EDX elemental analysis of rtGO and rGO/Co30O4 composites.

Samples % weight % atomic Ratio
C 0] Co C O Co C/O
rGO 85.07 1493 - 88.37 11.63 -  7.60

rGO/Co304 79.35 1525 540  86.36 1244 120 6.94

To investigate the crystal structure of rGO and rGO/Co304 powders, X-Ray diffraction
(XRD) was used (Fig. 4). As for rGO nanosheets, the typical diffraction peak is observed at
26 = 25.8°, which can be attributed to (002) crystal plane [26] (denoted as phase #1). It should
be noted that high-intensity peak reveals a good crystallinity of synthesized rGO sheets. Regard-
ing rGO/Co30y4, the XRD pattern shows the characteristic diffraction peaks of both Co3;O4 and
rGO phases. Namely, the sharp peaks at 20 = 19°, 31.1°, 36.6°, 44.9°, 58.5° and 65°, corre-
sponding to (111), (220), (311), (400), (422) and (511) crystal planes of CozO4 phase respectively
are recorded (phase #2). According to the JCPDS No.42-1467, these peaks illustrated that the
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Fig. 4. XRD pattern of synthesized rGO and rGO/Co304. Fig. 5. FTIR spectra of rGO and rGO/Co030;.

crystalline structure of Co30,4 was standard face-centered cubic [27]. Meanwhile, a broad peak
centered at 20 = 25.8° in the XRD pattern is clearly assigned to rGO phase. Briefly, the fact that
XRD pattern changes notably with the appearance of a new phase of Co304 when maintaining the
characteristic peak of rGO demonstrates that the synthesized rGO/Co304 contains both stacked
rGO sheets and well-crystalized Co304 nanoparticles.

The FT-IR spectra of the rGO, and rGO/Co304 composite (Fig. 5) indicate that the broad
absorption peak at 3455 cm™! corresponds to -OH group. Quite strong peaks at 1460 cm™! and
1640 cm ™! are commonly attributed to —OH bending vibration of absorbed water molecules and
contribution from skeletal vibration of aromatic C = C(sp?) respectively [28,29]. The peaks at
650 and 565 cm~! were assigned to Co-O vibrations of cobalt oxide nanoparticles [30]. Therefore,
XRD pattern and FTIR spectra have unambiguously confirmed the existence of Co3O4 in the
composition of rGO/Co30;.
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duce the clustered adsorbed molecules around

the most suitable area of macro-porous and
nonporous solids. Indeed, the curves in the
low P/P° range (0.0 to 0.1) slightly increased
as a function of relative pressure, which can
be attributed to relatively weak adsorbent-
adsorbate. At higher P/P° (0.1 to 0.4), molecular clustering is followed by pore/mesopore fill-
ing. The obtained results propose the isothermal adsorption behavior of layer structure of rGO
and rGO/Co304 composites. The BET surface areas are calculated from N, adsorption isotherm
and summarized in Table 2. These data are in good agreement with the SEM micrographs as
shown above and comparable to those reported in the literature [31]. It should also be noted that
calculated BET specific surface area for rGO/Co30y is less than that for rGO (218.7 m?/g com-
pared to 389.9 m?/g) due the presence of Co3O4 nanoparticles filling in the pores/mesopores of

the structure of rGO and thus leading to decrease in capillary volume of rGO/Co30;,.

Fig. 6. N, isothermal adsorption
curves at 77.3 K of rGO and

I”GO/CO3 04.

Table 2. BET parameters calculated from N, isothermal adsorption curves for rGO and rGO/Co30y4.

Parameters rGO rGO/Co304
SBET (m?/g) 389.9 218.7
Pore volume (cm>/g) 0.02 0.01
Total pore volume (cm3/g) 0.17 0.07
Average pore diameter (nm) 2.29 2.34

The CV technique was performed to determine the electrochemical properties of the syn-
thesized materials at a scan rate of 50 mV/s in potential range from - 0.1 V to 0.6 V. Fig. 7
displays that the CV curves of GO and rGO/Co304 have a rectangular shape which describe to
charge/discharge curve of supercapacitor. Due to the presence of CozO4 onto rGO plate which in-
troduces the pseudo-capacitance, the area of the CV curve for rGO/Co3zO4 material is larger than
that for rGO. In addition, this curve also shows 2 redox peaks at 0.10 V and 0.35 V corresponding
to conversion between different cobalt oxidation states, as follows [32]:

Co304+OH™ +H0 ++3CoOOH + ¢~ 2)
CoOOH + OH™ ++Co00,; +H,O0+ e~ 3)
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From CV curves in Fig. 6, the specific capacitances of rGO and rGO/Co30,4 were calcu-
lated according to the equation (1) (Table 3). It shows that the specific capacitances obtained for
rGO/Co30y4 is about 1.5 times higher than that for free standing rGO (free-Co304), 95.8 F/g and
62.5 F/g, respectively. It can be explained by the presence of Co30O4 nanoparticles provides the
various active redox sites having higher power and energy density and thus leading to better over-
all electrochemical performance of rGO/Co304 composites. Although the specific capacitance of
the material in this study is lower than in other reports, but also it is still consistent with the previ-
ously reported by other authors [5,21,24] that the presence of Co304 has significantly improved
the specific capacitance for pure GO.
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Fig. 7. The CV curves at scan rate of 50 mV/s for rGO and rGO/Co304.

Table 3. Specific capacitances of rGO and rGO/Co304 obtained from CV curves.

Parameters rGO rGO/Co304
Mass (g) 0.20 0.20
C (F/g) 62.5 95.8

IV. CONCLUSION

In summary, the rGO/Co304 nanocomposite was synthesized from GO and (COOH),Co
precursor by simple ultrasonic method. The nanocomposite was then characterized by using
SEM/EDX, XRD, FTIR, N, isotherms adsorption and electrochemical techniques. Through these
results, the rGO/Co3 04 material has multiple layer structure, porous and contains well-crystalized
Co304 nanoparticles onto the rGO nanosheet. The BET surface area of rGO/Co304 decreased
from 389.9 m?/g to 218.7 m?/g. However, the specific capacitances of rGO/Co30, were enhanced,
about 1.5 times higher than that of GO. It demonstrates that the proposed synthetic method can be
used to obtain rGO/Co304. Further works of our group are underway to investigate the application
of the above synthesized composites as electrode materials in supercapacitor as well as in hybrid
capacitive deionization (HCDI) system for the desalination purpose.
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