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Fabrication and electrochemical performance
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Graphene—ZnO nanocomposites were synthesized successfully through a one-step solvothermal approach. The mor-
phology, structure, and composition of the prepared nanocomposites were investigated by scanning electron microscopy
(SEM), transmission electron microscope (TEM), laser micro Raman spectroscopy, and Fourier transform infra-red spec-
troscopy (FT-IR). The outcomes confirmed that this approach is comparatively steady, practicable, and operable compared
with other reported methods. The electrochemical performance of the graphene-ZnO electrodes was analyzed through
cyclic voltammetry, altering-current (AC) impedance, and chronopotentiometry tests. The graphene—ZnO electrodes exhib-
ited an improved electrode performance with higher specific capacitance (115 F-g~!), higher electrochemical stability, and
higher energy density than the graphene electrodes and most reported graphene—ZnO electrodes. Graphene—ZnO nanocom-
posites have a steady reversible charge/discharge behavior, which makes them promising candidates for electrochemical

capacitors (ECs).
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1. Introduction

Electrochemical capacitors (ECs), which are also called
supercapacitors, possess high energy and high power density,
and have a long cycle life. As an ideal electrical energy stor-
age device, ECs have drawn considerable attention. Accord-
ing to the charge storage mechanism, ECs are classified into
electrochemical double layer capacitors (EDLCs) and pseu-
docapacitors (or redox supercapacitors). The former is based
on activated carbons and its capacitance is proportional to the
electrode surface area. In contrast, the latter uses transition
metal oxides or electrical conducting polymers as electrode
materials and they depend on fast Faradaic redox reactions.!!!
However, both kinds of capacitors have obvious shortcomings:
EDLCs possess high power density and long cycle life but
low energy density while pseudocapacitors possess high en-
ergy density but poor cycle performance. In view of this, ECs
based on composites are proposed because they possess a long
cycle life, as well as offering high energy and high power den-
sity.

Among various carbon-based nanostructured materials,
graphene is used as an electrode material for ECs due to its re-
markable conductivity, excellent chemical stability, high mo-
bility of charge carriers, suitable pore size distribution, and
good capacitive performance, as well as its high surface area
(2630 g-m~2).1>"%1 Graphene is actually a single layer of car-
bon atoms that are tightly packed into a two-dimensional hon-
eycomb sp? carbon lattice.!'%) To improve the capacitive per-
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formance of graphene-based energy storage materials, they are
usually doped with metal oxides, such as RuO,, IrO;, MnO;,
and NiO,, because these metal oxides can contribute pseu-
docapacitance to the total capacitance in addition to the dou-
ble layer capacitance provided by the carbon materials.[!!=1]
However, most metal oxides suffer from low abundance and
high cost.['% As an important wide band gap (3.37 eV) semi-
conductor, zinc oxide (ZnO) offers tremendous potential ap-
plications, especially in electronic and optical systems.[!7-2?]
It is also a well-known active material with a high energy den-
sity of 650 A-g~!.1] Therefore, many researchers have been
prompted to synthesize graphene—ZnO nanocomposites and
explore their properties.

Currently, there are few reports on the use of graphene—
ZnO nanocomposites as electrode materials for ECs.[>*27! Lu
et al. twice reported the use of graphene—ZnO nanocompos-
ites for EC electrodes, which were fabricated using an ultra-
sonic spray pyrolysis method that exhibited specific capaci-
tances of 11.3 F-g~! and 61.7 F-g~! in 1 M KCl solution. 28]
Guo et al. fabricated a sandwiched-type of reduced GO—
ZnO nanorods and reduced graphene oxide (GO) on a flexi-
ble PET substrate for EC applications, and a capacitance of

I 301 Using

51.6 F-g~! was obtained at a scan rate of 10 mV-s~
a microwave-assisted method, Ramadoss et al. synthesized
graphene—ZnO nanocomposites that showed a capacitance of
109 F-g~! at a scan rate of 5mV-s~! ina 1 M KCl solution. 3!}
Wang et al. successfully fabricated graphene—ZnO nanocom-

posites using glucose as the reducing agent, which exhibited
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a specific capacitance of 62.2 F-g~!.[3?] In addition, a hybrid
structure of ZnO on a three dimensional (3D) graphene foam
has been synthesized by chemical vapor deposition (CVD) un-
der hydrothermal conditions, and the specific capacitance even
reached 400 F-g~!.133!

Generally speaking, high temperature, special equipment,
and complicated conditions are essential in most above fab-
rication methods. Meanwhile, the solution methods include
convenient and low cost approaches for the synthesis of ZnO
nanocrystals, and the development of various graphene-based
composites.?*331 Unfortunately, due to the van der Waals
interactions among graphene sheets in the reduction pro-
cess, they are not steady and tend to agglomerate in the
solution,36-371

In this paper, the graphene oxide is first prepared by the
modified Hummers approach.3%31 Next, we attempt to fab-
ricate graphene-ZnO nanocomposites through a one-step
solvothermal approach, making the in-situ growth ZnO par-
ticles decorate on the surfaces of graphene sheets randomly,
we then investigate and discuss their properties.*>*] The
new strategy tends to be operated easily and it provides a
novel improved electrochemical performance of graphene—
ZnO nanocomposites used as the EC electrodes. The mor-
phology, structure, and composition of the graphene—ZnO
nanocomposites are investigated by scanning electron mi-
croscopy (SEM), transmission electron microscope (TEM),
a laser micro Raman spectrometer, an X-ray diffractome-
ter (XRD), and a Fourier transform infra-red spectrometer
(FT-IR). Using a three-electrode system, the electrochemi-
cal performance of the graphene—ZnO nanocomposites is an-
alyzed through cyclic voltammetry, alternating current (AC)
impedance, and chronopotentiometry tests.

2. Experiment
2.1. Preparation of graphene oxide

Firstly, the graphene oxide was prepared successfully
from expandable graphite powder by the modified Hummers

approach. Briefly, expandable graphite powder (2 g) was
added into a concentrated H,SOy4 solution (40 mL) under ice-
bath cooling and stirring for 2 h. Then, KMnO4 (6 g) was
slowly added into the solution under stirring and the tempera-
ture of reaction was kept lower than 20 °C. The mixture was
then stirred at 35—40 °C for 30 min and at 65-80 °C for 45 min
in succession. Deionized water (50 mL) was added to the ob-
tained solution to dilute it and the mixture was heated at 90 °C
for 30 min, leading to a dark brown solution. After additional
stirring for 2 h, the dark brown solution was further diluted
with distilled water (150 mL) and then H,O, (10 mL, 30%)
was added slowly at room temperature, the color of the mix-
ture turned a brilliant yellow. After precipitation for 12 h, the
upper supernatant was collected and centrifuged, where GO
powder was obtained as the precipitates. To remove the metal
ions existing in the GO powder, it was dissolved in an HCI so-
lution (10%). Finally, the GO powder was further dissolved in
deionized water (150 ml). The resulting precipitate was soni-
cated well in a probe type sonicator for nearly 1 h to obtain a
uniform suspension of GO. After being centrifuged and dried
at 60 °C in a hot air oven, GO was obtained as gray powder.

2.2. Synthesis of graphene—ZnO nanocomposites

The purified GO (50 mg) was dissolved in ethylenegly-
col (20 mL) and sonicated for 30 min at room temperature
to obtain a sufficient dispersion in the GO solution. Zinc ac-
etate (ZnC4HgO4-2H,0, 1 g) was added into ethylene gly-
col (30 mL). The prepared zinc acetate solution was then dis-
solved in the prepared GO solution with magnetic stirring. An
NaOH solution was added into the mixture solution to adjust
PH to 9 and it was stirred for 30 min (Zn(OH), particles were
formed and they decorated on GO). Then, hydrazine hydrate
(0.03 ml) was added to reduce GO and the solution was placed
in the reaction still at 160 °C for 24 h (Zn(OH), particles re-
solved to ZnO particles and H,O at 125 °C). The obtained
composites were then centrifuged, washed by deionized wa-
ter, and dried in a vacuum oven at 60 °C for 24 h, resulting in
the formation of graphene—ZnO nanocomposites (Fig. 1).

N
E&; graphene oxide u graphene

Fig. 1. (color online) Schematic fabrication of the growth process of the graphene—ZnO nanocomposites.
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2.3. Morphology and compositional analysis

The morphology of the composites was investigated by
SEM (Quanta FEG, FEI Co., Ltd.) and TEM (FEI Tecnai
G2 F20 S-Twin).
by a Rigaku D-max-rB rotating positive pole X-Ray diffrac-

The phase composition was investigated

tomer with Cu K« radiation (at a scan rate of 8 °-min—!, 10°-
90°, 12 kW, sample interval of 0.2°), a Raman microscope
(LabRam-1B, JY Co., Ltd.), and an FT-IR spectrometer (Nico-
let Nexus 470, NICONET Co., Ltd.).

2.4. Electrochemistry tests

The obtained nanocomposites were mixed with acetylene
black at a quantity rate of 85:15. The mixture was then pres-
sured on the foam nickel to form electrodes. The electrochem-
istry tests were performed through the three-electrode sys-
tem (counter electrodes and reference electrodes were made
by platinum sheets and saturated calomel electrodes, respec-
tively), using KOH (6 mol-L~!) as the electrolyte. An elec-
trochemical workstation (CHI660D, Shanghai Chenhua Co.,
Ltd.) was used to investigate the cyclic voltammetry, AC
impedance, and chronopotentiometry.

3. Results and discussion

Figure 2 shows the XRD patterns of graphene—ZnO
nanocomposites (GZO) and GO. As can be seen, the peak
corresponding to the (001) crystalline plane of GO appears at
around the scattering angle of 10.6° and is high.!*?! The pat-
tern of GZO shows that there are nine main peaks at 260 =
31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 66.3°, 67.9°, 67.9°,
corresponding to (100), (002), (101), (102), (110), (103),
(200), (112), and (201) crystalline planes of ZnO, respectively.
This result indicates the wurtzite structure of the ZnO particles
on the graphene sheets. However, there are no typical peaks of
GO or graphite (no crystal peak at around 26 = 26.5°), indi-
cating that the stratiform GO and graphite have been stripped
from GZO. Because recent researches have shown that if the
GO or graphite in the state of agglomeration is destroyed (such
as stripped), its diffraction peaks become very weak and can

43441 The particle size of ZnO in graphene—

even disappear.!
Zn0O nanocomposites can be estimated via the Scherrer equa-
tion by using the full widths at half-maximum of the peaks
belonging to ZnO, and is calculated to be 12 nm.

Figure 3 shows the SEM and TEM images of the
graphene—ZnO nanocomposites. As can be seen clearly from
Figs. 3(a) and 3(b), the graphene sheets are randomly covered
by densely packed ZnO particles due to the remaining oxygen
functional groups. Due to the large specific surface area, the
nanocomposites seem to be agglomerated, like a coral reef.
The aggregation probably occurs during the drying process.
Direct evidence of the formation of ZnO nanoparticles on the

graphene sheets is given by TEM and HRTEM (Figs. 3(c) and
3(d)). It can be observed that the graphene sheets are deco-
rated by the ZnO particles with an average size of 11-13 nm,
which is consistent with the Scherrer equation analysis. The
HRTEM image further shows that the surfaces of the graphene
sheets are composed of crystalline ZnO. 4346 The lattice spac-
ing of planes is 0.28 nm, corresponding to the (100) crystal
plane of ZnO, which is consistent with the d spacing reported
in JCPDS (No. 36-1451).
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Fig. 2. (color online) XRD patterns of GZO and GO.

5 nm

Fig. 3. (a) SEM, (b) SEM, (c) TEM, and (d) HRTEM images of
graphene—ZnO nanocomposites.

The Raman spectrum is one of the best ways to character-
ize the bonding, ordering, and crystallite size in carbon mate-
rials. Figure 4 shows the Raman spectra of GZO and GO. As
can be seen in Fig. 4, the spectrum of GO displays two absorp-
tion peaks at 1350 cm~! (peak D) and 1590 cm~! (peak G),
corresponding to the breathing mode of x-point phonons of
A|g symmetry and the E>g phonon of the ordered C sp? atoms,
respectively. Furthermore, peak D relates to the defect on the
edge of the graphene and the amorphous structure.!*’! The
microstructure of GO is investigated by the Raman spectrum
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mainly through the intensity ratio of peak D to peak G, which
is related to the crystallite dimension (L,) of the graphene
samples, I(D)/I(G)o<1/L,.1*8 Compared with GO, I(D)/I(G)
of GZO is enhanced significantly, indicating that partial GO
is reduced to graphene.*=! In addition, the scattering peaks
of ZnO are weak due to the low annealing temperature, which
leads to the insufficient crystallinity of ZnO and an unsatisfac-
tory grain size.
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Fig. 4. (color online) Raman spectra of GZO and GO.

In order to accurately describe the structure of the
graphene in GZO and its combination pattern with ZnO, Fig. 5
shows the FT-IR spectra of GZO and GO. The presence of
different types of oxygen functionalities in GO is confirmed
by the characteristic bands. In the high frequency area at
3391 cm™!, the absorption peak corresponds to stretching of
OH groups, yet in 2000-3100 cm™!, the wide spectral peak
is due to the water molecules absorbed by GO, indicating the
strong moisture absorption ability of GO. In the intermediate
zone, the absorption peak at 1615 cm™! corresponds to the
remaining sp> character of graphene; the absorption peak at
1728 cm™! is assigned to C=0 stretching of COOH groups on
the edge of GO; the absorption peak at 1215 cm™! corresponds
to the C—O-C deformation vibration of the epoxy symmetri-
cal ring on the surface of GO;>33 and the absorption peak
at 1060 cm™! is assigned to C—O stretching vibrations mixed
with C—OH bending. As the FT-IR spectrum of GZO shows,
the absorption peak at 1092 cm™! is attributed to the C—OH
and the characteristics of GO have completely disappeared.
The absorption peak is at around 1386 cm™! owing to the vi-
bration of the graphene sheets, which indicates the reduction
of GO to graphene. The absorption peak at 424 cm™! corre-
sponds to the stretching vibration of ZnO. Furthermore, the
characteristic absorbance of CH3COO- assigned to raw ma-
terial zinc acetate is not found, confirming that the graphene—
ZnO nanocomposites have been successfully synthesized.
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Fig. 5. (color online) FT-IR spectra of GZO and GO.
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Fig. 6. (a) (color online) CV curves of GZO at different scan rates; (b)
specific capacitances of GZO at different scan rates.

Figure 6(a) shows the cyclic voltammetric (CV) curves
of GZO with different scan rates. It presents good symme-
try at lower scan rate, indicating that the electrodes provide
better reversibility under the condition of a small current dis-
charge. All the CV curves are close to the rectangular shape,
indicating an ideal capacitive property and an excellent re-
versibility of this electrode. The improved performance origi-
nates from the interaction of the pseudocapacitor and electric
double layer capacitance. Figure 6(b) presents the multiple
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performance curve resulted by cyclic voltammetry. At a scan
rate of 1 mV-s~!, the specific capacitance reaches 115 F-g~!.
With an increase of the scan rate, the specific capacitance de-
creases significantly. When the scan rate reaches 100 mV-s~ 1,
the electrochemical polarization becomes very serious, the

specific capacitance drops to 46 F-g~!

and the specific ca-
pacitance retention rate is only 40%. This happens because
the electrochemical and concentration polarizations become
worse with the faster scan rate,leading to a decrease of the
utilization rate of the electrode’s active materials.

Figure 7 shows the Nyquist plots of GZO. In the high fre-
quency range, the intersection of the curve with the x axis is the
electrolyte resistance (Rg), with a value of only 0.6 Q. Actu-
ally a low internal resistance is important in an energy storage
device because it can reduce unnecessary energy loss during
the process of charge/discharge. It is measured that the GZO
has a low charge transfer resistance (6.5 Q) compared to that
of graphene (9.8 Q), indicating that the incorporation of ZnO
improves the charge transfer performance of graphene elec-
trodes. The straight line closed to 60° in the intermediate zone
is related to the diffusive resistance (Warburg impedance) of
the electrolyte into the interior of the electrode and the ion dif-
fusion into the electrode surface. There is no vertical straight
line in the low-frequency area, representing that the capacitor
resulted not only from the electric double layer capacitor but
also came from the pseudocapacitor.
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Fig. 7. Nyquist plots of GZO.

Figure 8(a) is the charge/discharge curve of GZO for the
current density of 10 mA-g~!. There are two decreasing volt-
age areas: from —0.2 V to 0 V and from —1 V to —0.2 V.
The former with a short discharge process is controlled by the
electric double layer capacitor. The discharge time of the latter
is longer due to the pseudocapacitor produced by the electric
double layer capacitor and ZnO. Figure 8(b) shows the cor-
responding multiple performance. The specific capacitance is
71 F-g~! for the 10 mA-g~! current density. As the current
density increases, the specific capacitance decreases. With

1000 mA-g~! current density, the specific capacitance is only
9 F-g~! and the capacitance retention rate is 13%.
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Fig. 8. (a) Charge/discharge curve of GZO for the current density of
10 mA-g~! and (b) plots of current density versus specific capacitance
of GZO.

4. Conclusion

In summary, graphene—ZnO nanocomposites have been
successfully synthesized through a one-step solvothermal ap-
proach and their morphology, structure, composition, and
electrochemical performance were investigated. Compared
with other methods, with essential strict conditions and
comparative uncontrollability of the processes, the one-step
solvothermal approach is steady, practicable, and operable.
The graphene—ZnO nanocomposites exhibited an improved
electrode performance with higher specific capacitance, higher
electrochemical stability, and higher energy density than the
graphene electrodes. The graphene—ZnO nanocomposites
achieved an excellent capacitance of 115 F-g~! at a scan rate of
1 mV-s~!. The improved supercapacitance of the graphene—
ZnO nanocomposites compared with graphene is mainly due
to the additional contribution from ZnO to the total capaci-
tance, apart from the double layer capacitance. Tests also indi-
cated that there is a serious concentration polarization at high
scan rates. In brief, graphene—ZnO nanocomposites have great
potential applications in ECs.
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