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Abstract

ZnO/graphene nanocomposites were prepared for supercapacitance materials through a simple two-step process involving
chemical oxidation of flake graphite powders and solvothermal synthesis of ZnO/graphene nanocomposites in ethanol. The
structure, Brunauer-Emmett-Teller surface area, composition, and morphology of the as-prepared materials were charac-
terized by X-ray diffraction, N, adsorption/desorption analysis, Fourier transform infrared spectroscopy, and transmission
electron microscopy. Results showed that the ZnO nanorods had wurtzite structure and were successfully loaded on the
graphene sheets. The electrochemical properties of ZnO/graphene nanocomposites formed by different masses of graphite
oxide to zinc acetylacetonate were evaluated by means of cyclic voltammetry and galvanostatic charge-discharge studies. The
nanocomposite prepared with graphite oxide (60 mg) and zinc acetylacetonate (15 mg) showed a high specific capacitance
of 188 Fg~! at a current density of 0.1 Ag™" in the 6 M KOH solution and better long-term stability along with 98.25% of

its initial capacitance after 1500 cycles at 1.2 Ag™'.
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Introduction

Supercapacitors are considered as striking candidates for
energy storage due to simple principle, long cyclic life, and
quick charging/discharging [1]. Its performances highly
depend on the properties of electrode materials. Comparing
with traditional porous carbon materials, graphene (GH) has
higher specific capacitance and power density because of its
faster electron mobility (>15,000 cm?V~!s™!) [2] and larger
surface area (2675 m?g~") [3]. As a promising metal oxide,
ZnO is widely recognized as a battery active material with
superior energy density of 650 Ahg™! and has good electri-
cal conductivity (up to 230 Sem™!) [4]. Hence, the combina-
tion of GH with ZnO as electrodes may result in improved
supercapacitor performance [5-7].

In recent years, a number of methods have been adopted
to prepare ZnO/GH nanocomposites. Kumar et al. [8] have
carried out one-step synthesis of reduced graphene oxide
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nanosheets anchored ZnO nanoparticles via microwave
irradiation. The obtained nanocomposite had a specific
capacitance of 102.4 Fg~! at the scan of 30 mVs~'. Halderal
et al. [9] have successfully fabricated nano-ZnO@reduced
graphene oxide composite by using a supercritical fluid
(ScCO,) to separate graphene oxide nanosheets and disperse
ZnO nanoparticles in between. The composite could deliver
a high specific capacitance of 303 Fg~! at 5 mVs~!. Zhang
et al. [10] reported that graphite oxide (GO) produced by a
modified Hummers method was reduced GH with hydrazine
and ZnO was deposited on GH by ultrasonic spray pyrolysis.
The as-prepared material exhibited a capacitance value of
11.3 Fg~! at 50 mVs~'. By chemical vapor deposition and
hydrothermal method, Li et al. [11] have made the porous
graphene/ZnO nanorod composite networks with a higher
specific capacitance of 554.23 Fg~! at 5 mVs~!. Samuel
et al. [12] have obtained a binder-free nanocomposite con-
sisting of ZnO nanoparticles grown directly on graphene
sheets by electrospraying. The composite showed good cycle
stability, retaining 90% of the initial capacitance after 1000
cycles. Bu et al. [13] have employed the sol-gel deposition
method to produce ZnO/reduced graphene oxide nanocom-
posite film as supercapacitor material by using an integra-
tion of zinc acetate and graphite. Subramani et al. [14] have
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synthesized the ZnO nanoflowers/reduced graphene oxide
nanocomposite by direct chemical decomposition of zinc
hexacyanoferrate over reduced graphene oxide nanosheets
and achieved a specific capacitance of 203 Fg~! at 1 Ag~".
Du et al. [15] have prepared the ZnO nanoflakes/graphene
hybrid film through filtration self-assembly and thermal
reduction process, which exhibited a maximum capacitance
value of 167.2 Fg~! at 5 mVs~!. In comparison with the
above ways, the solvothermal method is a promising route
for fabricating ZnO-graphene nanocomposites, owning to
its advantages of environment friendly, simple operation,
and high product purity. By a liquid phase exfoliation and
solvothermal synthesis method, Ezeigwe et al. [16] have
developed graphene/ZnO nanocomposites for supercapacitor
electrodes that attained a capacitance value of 236 Fg~! at
10 mVs~!. Du et al. [17] pointed out that the graphene-ZnO
nanocomposites synthesized through a one-step hydrother-
mal approach and achieved an enhanced specific capaci-
tance of 118 Fg_1 at 0.1 Ag_l. Therefore, we have also used
the facile method to prepare ZnO/GH nanocomposites for
supercapacitors.

In this work, a high specific capacitance of ZnO/GH-5
nanocomposites (~188 Fg~!) was prepared by solvother-
mal route in an ethanol solution due to its lower-price and
non-toxic. The influences of different mass ratios of GO to
zinc acetylacetonate (Zn(CsH-0,),) for preparing ZnO/GH
nanocomposites and on electrochemical performances of
these composites have been explored. The as-synthesized
materials were investigated by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), Raman
spectroscopy, field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), cyclic
voltammetry (CV), electrochemical impendence spectros-
copy (EIS), and galvanostatic charge-discharge cycling tech-
niques (GCD), respectively.

Experimental

GO was synthesized by a modification of the Hummers
method. Concentrated H,SO, (70 mL) was added in the
mixture of flake graphite (FG) powder (3.0 g, 99.9% carbon
purity) and NaNO; (1.5 g) in the flask, then cooled in an
ice bath, and stirred for 30 min. KMnO, (9.0 g) was gradu-
ally placed into the mixed solution and its temperature was
controlled under 293 K. After stirring for 2 h in the ice bath,
the mixed solution was transferred into the water bath and
kept at 308 K for 1 h. Deionized water (140 mL) was fol-
lowed to add into the mixture and caused its temperature
slowly up to 371 K, maintaining at the temperature for 1 h.
Then, the mixture was put into 420 mL warm water (323 K)
and treated with 30 mL of 30 wt% H,O,. Finally, the result-
ing mixture was separated by the high-speed centrifugation
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(8000 Rpm), washed with 5 wt% HCI solution and water
respectively, and dewatered by vacuum drying at 323 K for
96 h.

GO (60 mg) was dispersed in ethanol (60 mL) by soni-
cation for 1 h. Subsequently, Zn(CsH,0,), (reagent grade
99.9%) was added into the solution with different masses
(200 mg, 100 mg, 50 mg, 25 mg, and 15 mg) to synthesize
the ZnO/GH nanocomposites, respectively. After continued
to ultrasonic treatment for 3 h again, the obtained suspension
was sealed into a teflon-lined autoclave (100 mL) and heated
at 433 K for 12 h. The as-produced nanocomposite was fil-
tered, washed with ethanol solution, and vacuum-dried at
338 K for 24 h. For comparison with these samples, pure
ZnO and GH had been also prepared by the same method.
Table 1 shows detailed information of the different masses of
GO and Zn(CsH,0,), which were used to prepare the ZnO/
GH nanocomposites.

The structures of the samples were investigated using a
Rigaku D/MAX-RB X-ray diffractometer with Cu Ko radia-
tion (4=0.15406 nm). FT-IR spectra were recorded in KBr
pellets on a Bruker TENSOR-27 spectrometer. Raman spec-
tra were recorded by a Jobin Yvon HR800 Raman spectrom-
eter at 458 nm. The morphologies of samples were observed
by FESEM (FEI, Quanta 200F) and TEM (FEI, Tecnai F20)
operated at 200 kV. The element compositions of samples
were determined by an energy dispersive X-ray analysis
spectroscopy (EDAX). The surface areas and porous struc-
tures of as-prepared GH and ZnO/GH nanocomposite
were examined by physical adsorption of N, (ASAP 2020,
Micromeritics Inc.) at 77 K.

The test electrodes were prepared by mixing 80 wt% of
as-prepared materials, 10 wt% of carbon black, and 10 wt%
of polyvinylidene fluoride as a binder. NMP was added to
the mixture as solvent to get homogeneous slurry. Then the
slurry was pasted onto nickel foam current collectors (1
cm?), followed by vacuum drying at 378 K for 24 h. Acti-
vated carbon electrodes were prepared as the counter elec-
trode by the above method.

Electrochemical measurements were performed, using
three-electrode system with the test electrode, counter elec-
trode, and Hg/HgO electrode as the reference electrode in

Table 1 Different mass ratios of GO to Zn(CsH,0,), used to produce
ZnO/graphene nanocomposites

Name of sample Mass of graphite oxide Mass of zinc

(mg) acetylacetonate
(mg)
ZnO/GH-1 60 200
ZnO/GH-2 60 100
ZnO/GH-3 60 50
ZnO/GH-4 60 25
ZnO/GH-5 60 15




lonics (2022) 28:3547-3555

3549

a GH - ZnO/GH-1
*Zn0O
* . .
—_ "~ L L.
©» n A R VI
= -
= 5 S _ ZnO
o S~ = S & =
= S S = 85%5s &
© N . A A A :‘\‘; e S
%‘ (002);d=0.364 nm GH
| o
8
k=
| o=y T n
Qo
§ (001);d=0.804 nm GO
=
o
(002);d=0.335 nm EG

——T—TT T
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 Angle (degree)
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Fig.2 FT-IR spectra for GO, GH, Zn(CsH,0,),, ZnO, and ZnO/GH
nanocomposites

the 6 M KOH solution at room temperature. CV was inves-
tigated on a CHI 604E electrochemical workstation (CHI,
Shanghai China) and GCD curves were tested by a Neware
battery testing workstation (Neware, Shengzhen China). EIS
were measured in the frequency range of 100 kHz-0.01 Hz
at open circuit potential with an ac perturbation of 5 mV by
a PARSTAT 2273 advanced electrochemical system (Prince-
ton Applied Research, USA).

Result and discussion

Figure 1 shows XRD patterns of FG, GO, GH, ZnO, and
ZnO/GH nanocomposites. FG has a typical peak at 26.56°,
corresponding to the (002) interlayer spacing, d,,=0.335
nm. When FG is oxidized through concentrated H,SO, and
KMnO,, the Bragg (002) peak has vanished and a charac-
teristic (001) peak of GO arises at 11.40°, with d-spacing of
expansion to 0.804 nm. After solvothermal reduction at 433
K for 12 h, a majority of oxygen-containing groups of GO
have been removed and its n-bonding restored to provide
GH. The (002) peak of GH exhibits a broad peak at 24.38°
with d;,=0.364 nm, which is larger than that of FG, due to
forming the disordered layer stacking of GH with a small
amount of residual oxygen functional groups [18].

From the XRD pattern of as-prepared ZnO, the peaks
of 31.72°, 34.36°, 36.21°, 47.47°, 56.59°, 62.85°, 66.39°,

ZnO/GH-3 b G
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T T T —
500 1000 1500 2000
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Fig.3 Raman spectra for GO, GH, and ZnO/GH nanocomposites
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Fig.4 TEM images of GH (a, b), ZnO (¢, d), ZnO/GH nanocomposites (e—j); FESEM images (k, m) and EDAX spectra (I, n) of ZnO/GH nano-
composites

67.90°, 69.07°, 72.53°, and 76.94° are in good accordance
with the standard values of ZnO (JCPDS 36-1451) [3]. It
can also be seen that the XRD data of ZnO/GH-1 and ZnO/
GH-3 nanocomposites possess both the (002) peak of GH
and similar peaks of pure ZnO. However, the GH-related
peak becomes weak because the ZnO cover the surfaces of
GH in the nanocomposites and give strong diffraction peaks.
In addition, no peaks corresponding to impurities are found,
implying that the as-obtained nanocomposites are of high
purity.

The FT-IR spectra of GO, GH, Zn(CsH,0,),, ZnO, ZnO/
GH-1, and ZnO/GH-3 nanocomposites are shown in Fig. 2.
The typical absorption bands of GO were observed at around
1073, 1277, 1404, 1618, 1752, and 3413 cm™!, correspond-
ing to alkoxy C-O stretch, epoxy C-O stretch, aromatic
C=C stretch, carboxyl O-H bend, carboxyl and carbonyl
C=0 stretch, and O-H stretch of adsorbed water molecules,
respectively [19, 20]. After the solvothermal reaction, the
O-H vibration bands and C-O and C=O stretching bands
completely disappeared and carbonyl group attenuated,
which the critical dissociation temperature of carbonyl
group is higher than that of carboxyl and hydroxyl groups
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according to the paper of Gao et al. [21]. This indicates that
the GO has successfully been reduced to GH.

From the FT-IR spectrum of Zn(CsH,0,),, it was
observed that the absorption bands of deformation vibration,
rocking vibration, and bending vibration of C-H in methyl
group at around 1403, 1017, and 773 cm™!, respectively.
There are the absorption bands of Zn-O stretching vibra-
tion, C-C stretching vibration, C-C bending vibration, C=C
stretching vibration, C=0 stretching vibration, and O-H
vibration at approximately 556, 1190, 1262, 1520, 1602,
and 3393 cm™!, respectively. The formation of ZnO is rep-
resented by the Zn-O stretching vibration at 549 cm™!. The
bands centered at 3433 and 1622 cm™ in spectrum of ZnO
are due to the stretching and bending modes of the water
molecules adsorbed on ZnO, respectively. In the meanwhile,
the disappearance of most infrared absorption bands reveals
that the decomposition of Zn(CsH;0,), is almost complete
[22, 23]. In the case of ZnO/GH-1 and ZnO/GH-3 nanocom-
posites, the absorption peaks at around 534, 1587, and 3434
cm™! disclose the stretching vibration of Zn-O and skeletal
vibration of GH and H,0O (moisture) adsorbed on samples,
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respectively [24]. Therefore, these results indicate the forma-
tion of ZnO on GH matrix.

In the Raman spectra of GO, GH, ZnO/GH-1, and ZnO/
GH-3 nanocomposites (Fig. 3), two prominent peaks of D
and G bands locate at around 1368 and 1585 cm™', respec-
tively. The D band originates from the breathing mode of
k-point phonons of A, symmetry, while G band is due to the
first order scattering mode of the E,, phonon of sp? domain
of the carbon atom [25]. The D/G intensity (I;,/ I;) ratio is a
measure of the concentration of defects in GH [26]. The 1,/
1 ratios of GO, GH, ZnO/GH-1, and ZnO/GH-3 nanocom-
posites are 0.7574, 0.8861, 0.8826, and 0.9001, respectively.
Compared to that of GO, the increased I,,/I; ratios of other
samples indicate that some oxygen atoms are eliminated to
generate more defects and a great deal of smaller graphitic
domains are formed during the reduction of exfoliated GO
[27, 28]. In addition, several peaks appear in the Raman
spectra of ZnO/GH-1 and ZnO/GH-3 nanocomposites. The
ones located at about 557 cm™' and 1183 cm™! are ascribed
to the LO phonon of A; mode of ZnO, whereas the others
observed at around 431 cm™" and 350 cm™' correspond to
the vibration modes of E, and multiple-phonon scattering
processes of ZnO, respectively [29, 30]. The Raman spectra
reveal that ZnO/GH nanocomposites have been generated,
which is in good agreement with the XRD results (Fig. 1).

The morphology differences of GH, ZnO, and ZnO/GH
nanocomposites were observed in TEM images. Figure 4a
and b exhibit that the as-prepared GH is a transparent,
curled, and partially folded few-layer GH. As seen from
in Fig. 4c and d, the most pure ZnO are rod-shaped and
agglomerated. The lengths of these nanorods are in the
range of approximately 50 to 200 nm. Based on the TEM
images and XRD results, it can be concluded that the ZnO
nanorods are single-crystalline wurtzite structure. From
the TEM images (Fig. 4e—j) of ZnO/GH-1, ZnO/GH-3, and
ZnO/GH-5 nanocomposites, the amount of ZnO nanorods
was found to be decreased by a decrease in the loading
mass of Zn precursor. Figure 4e and f depict that the ZnO
nanorods produced from Zn(CsH-0,), (200 mg) have been
formed a large number of heavy clusters non-uniformly
dispersed on the surfaces of GH. On the contrary, the few
ZnO nanorods made through Zn(CsH-0,), (15 mg) are
scatteredly decorated on the surfaces of GH, as shown in
Fig. 4i and j.

To further investigate the morphologies and element
compositions of materials obtained, FESEM equipped with
EDAX was performed on ZnO/GH-1 (Fig. 4k and 1) and
ZnO/GH-3 nanocomposites (Fig. 4m and n). As shown in
Fig. 4k and m, GH exhibits sheet-like morphology without
apparent stacking order and has wrinkles on the edge of the
GH. The numerous ZnO nanorods are closely anchored onto
the planes and edges of GH. In some regions, the agglom-
eration of ZnO nanorods could be found also. Compared to
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Fig.5 The N, adsorption/desorption isotherms of GH (a) and ZnO/
GH nanocomposites (b)

the ZnO/GH-1 and ZnO/GH-3 nanocomposites, more ZnO
nanorods will be generated on the surfaces and edges of GH
with the increase of Zn precursor addition. The peaks of C,
O, and Zn in the EDAX spectra (Fig. 41 and n) display the
presence of carbon, oxygen, and zinc elements on the sur-
faces of ZnO/GH nanocomposites only, therefore proving
the purity of the as-synthesized nanocomposites.

Figure 5 displays the N, adsorption/desorption isotherms
and Barrett-Joyner-Halenda (BJH) pore-size distributions of
the as-prepared GH and ZnO/GH-5 nanocomposites. The
isotherms of samples all exhibit type III with H3 hyster-
esis loops in the IUPAC classification [31], indicating their
mesoporous structures with the slit-shaped pores formed by
the aggregated graphene slices or ZnO nanorods, in accord-
ance with the average pore sizes of GH (20.14 nm) and
ZnO/GH-5 nanocomposites (24.35 nm). The BET surface
of ZnO/GH-5 sample (33.08 m°g™") is bigger than that of
GH (30.32 ng_l). Because the conversion of GO into GH
by solvothermal reduction needs a longer time in a weaker
reductant of ethanol solution, the graphene sheets might be
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«Fig.6 CV curves of ZnO (a), ZnO/GH-1 nanocomposites (b), GH
and ZnO/GH nanocomposites (¢); GCD curves of GH and ZnO/GH
nanocomposites (d); Rate performance of GH and ZnO/GH nano-
composites (e); Nyquist plots of GH and ZnO/GH nanocompos-
ites (f). The inset is Nyquist plots in the high frequency area and its
equivalent circuit diagram; Specific capacitance of ZnO/GH nano-
composites versus cycle number (g). The inset is the charge/discharge
curves

restacked to diminish the BET surface area of GH during
the reaction [32]. Then, ZnO nanorods deposited on the
surfaces and edges of GH might separate the graphene lay-
ers as the spaces to increase the surface area of ZnO/GH-5
nanocomposites.

Figure 6a shows the CV curve of ZnO in the potential
range from —1.2 to 0.4 V at 0.5 mVs™'. On the curve, there
are an oxygen evolution reaction at the scan potential above
0.10 V and another hydrogen evolution reaction at the poten-
tial under —0.40 V, owing to water decomposition reaction
occurred in the KOH electrolyte. The curve shows an anodic
peak at 0.05 V also, but the cathodic peak is invisible. In the
potential range from —0.40 to 0.10 V, the ZnO CV exhibits
a quasi-rectangular shape, indicating the obvious electric
double layer feature. For a comparison purpose, the ZnO/
GH-1 nanocomposites were tested by CV at the same testing
condition. The CV curve (Fig. 6b) displays that H, evolu-
tion took place under —1.0 V and O, evolution above 0.0 V
on the electrode, respectively. In the potential window from
—1.0 to 0.0 V, there is a quasi-square shape of CV curve.
The energy-storage principle of ZnO/GH-1 nanocompos-
ites should be explained by the electrochemical double-layer
capacitor [33].

The CV curves (Fig. 6¢) of GH and ZnO/GH nanocom-
posites are all quasi-rectangular shapes in the potential range
from —1.0 to 0.0 V at 5 mVs~.. The shapes of curves indicate
that the capacitance characteristics are mainly governed by
the electric double layer. The specific capacitances of ZnO,
GH, ZnO/GH-1, ZnO/GH-2, ZnO/GH-3, ZnO/GH-4, and
ZnO/GH-5 nanocomposites can be calculated using Eq. (1):

Cy =1X At/(mX AV) (1)

where [ is the constant discharge current (A), m is the mass
of active materials in electrode (g), and At is the discharge
time (s) in the potential window AV (V) [34]. According to
their GCD curves (Fig. 6d) at 0.1 Ag™!, the capacitances
can reach 4.24, 143.51, 52.81, 111.42, 124.71, 135.42,
and 187.88 Fg~!, respectively. In addition, these curves
exhibit almost straight lines, which further demonstrate
good capacitive properties of as-prepared samples [35].
Combined with the TEM images (Fig. 4e—j) of nanocom-
posites, ZnO nanorods loaded on the surfaces of GH were
found to agglomerate easily with an increase amount of Zn
precursor. The agglomeration of nanorods greatly hinders

the interfacial contact between electrolyte and GH, result-
ing in a reduction in the effective surface area of GH for
electrochemical double-layer formation. Hence, the as-pre-
pared ZnO/GH nanocomposites could acquire the enhanced
capacitance value with the decrease of ZnO mass.

For their practical applications, the rate capability and
cycle stability of GH and ZnO/GH nanocomposites were
studied through GCD techniques. After the electrodes con-
tinues 20 cycles at each of the current density (0.1, 0.2, 0.4,
0.6,0.8, 1.0, and 1.2 Ag™") and then bring back to 0.1 Ag™!
in the reverse order to run another 20 cycles as shown in
Fig. 6e, it should be noted that the less ZnO is introduced,
the higher specific capacitance of the as-prepared ZnO/GH
nanocomposites has. The capacitance retention rates of
GH, ZnO/GH-1, ZnO/GH-2, ZnO/GH-3, ZnO/GH-4, and
ZnO/GH-5 nanocomposites are 86.03%, 87.61%, 87.36%,
92.88%, 88.08%, and 83.04% at 0.1 Ag'l, respectively. The
results indicate that samples have better reversibility for
applying at higher charge/discharge rates. Their mechanisms
of energy storage are inherently rapid because they simply
involve movement of ions to and from electrode surfaces
[36]. Figure 6g verifies the electrochemical stability of ZnO/
GH-5 nanocomposites as an electrode material for superca-
pacitors at 1.2 Ag™!. The retention of specific capacitance
is 98.25% after 1500 cycles owing to a very high degree of
reversibility based on an electric double layer mechanism.

Figure 6f depicts the Nyquist plots of GH and ZnO/GH-5
nanocomposites, which show the response of components
performance in the frequency domain. In the low frequency
range, two straight lines close to the imaginary axis indi-
cate the pure capacitive behavior of samples [37]. The arcs
and x-intercepts representing the very small charge trans-
fer resistances and inner resistances of samples could be
observed from the EIS curves in the high frequency region.
For further confirmation, the plots have been analyzed on
the basis of the equivalent circuit by the ZsimpWin software,
which the circuit was comprised of the four elements: the
solution resistance and interal resistance of the electrode
(R,), double-layer capacitance (C,), Warburg diffusion
impedance (Z,), and faradic charge transfer resistance (R,,)
[38]. As shown in the inset table of Fig. 5f, the R, values of
GH and ZnO/GH-5 composites are 0.3974 and 0.3585 £
respectively. This displays that the ZnO/GH-5 nanocompos-
ites have the lesser electrolyte resistance and maybe achieve
larger specific capacitance, because it provides easier access
to charge between electrode and electrolyte [27].

Conclusions
In summary, we have developed a two-step synthetic

route to produce ZnO/GH nanocomposites. By XRD,
FT-IR, SEM, and TEM analysis, the nanocomposites
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have single-crystalline wurtzite structure. When a small
amount of ZnO was formed on the surfaces of GH, they
could restrict the agglomeration of GH to increase its
surface area, in accordance with the results of N, adsorp-
tion/desorption tests. The as-prepared ZnO/GH nano-
composites all display the ideal capacitive behavior and
fast charge-discharge behavior. The capacitance values
of the samples increased in decreasing the ZnO mass.
According to EIS testing results, the ZnO/GH-5 nano-
composites have smaller electrolyte resistance and elec-
trode resistance. The material displayed an enhanced spe-
cific capacitance of 188 Fg~! at 0.1 Ag~! in the 6 M KOH
solution, which was higher than pure GH (144 Fg~!) and
ZnO (4.24 Fg~1). Additionally, it has also showed excel-
lent cycling performance (98.25% after 1500 cycles at
1.2 Ag™!). Therefore, the electrode material is a promis-
ing candidate for supercapacitors.
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