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Abstract

Graphene–ZnO (G–ZnO) composite thin films were produced using the electrostatic spray deposition technique (ESD). The effects of the
concentration of graphene and annealing temperature on the structural and photocatalytic properties of the G–ZnO films were studied by X-ray
diffraction, scanning electron microscopy, atomic force microscopy, Raman spectroscopy, and UV–visible spectroscopy. We demonstrated that
the G–ZnO films exhibit enhanced activities towards the photodegradation of methylene blue dye. A G–ZnO film with 0.1 wt% graphene that was
annealed at 300 1C showed the highest photo-degradation activity. We found that the incorporation of graphene reduced electron–hole
recombination in the ZnO film.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Photocatalytic degradation of toxic dyes by semiconductor
photocatalysts, such as titanium dioxide (TiO2) and zinc oxide
(ZnO), has been extensively studied and utilized because of its
effectiveness and sophistication, as well as the non-toxicity of its
byproducts. Among the various semiconductor materials, ZnO
(which has a bandgap of 3.37 eV) is abundant, relatively
inexpensive, biocompatible, strongly oxidative, better than
TiO2 for the degradation of certain organic dyes, and can be
manufactured under ambient conditions [1]. Recent publications
have shown that ZnO can be used for the degradation of toxic
dyes, as well as sterilization of bacteria [2,3]. However, its
photocatalytic performance depends on the surface area of the
photocatalyst and the rate of recombination of the photo-induced
electrons with their corresponding holes [4]. Few studies have
investigated the fabrication of photocatalytic composite materi-
als, such as carbon nanotubes or graphene-doped ZnO (hetero-
geneous photocatalysis), to evaluate the possibility of reducing
the recombination rate of charge carriers [5–7] and enhance the
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potential for mineralizing toxic organic pollutant dyes [6].
Graphene, which comprises two-dimensional sheets of carbon
atoms arranged in a hexagonal lattice structure, has excellent
electrical conductivity and mechanical properties. Thus,
graphene-doped ZnO (G–ZnO) is expected to have improved
electron transport during photocatalysis through reduction of the
charge recombination rate, which should enhance the photo-
catalytic performance. Additionally, the inclusion of graphene
will increase the surface area and roughness of the composite
film, which will enhance the photoelectrochemical reaction
between the surface of the catalyst and organic pollutants.
Therefore, the morphology of the G–ZnO composite film also
plays an important role in the photocatalytic process.
Numerous methods have been employed for the deposition

of ZnO films, including RF magnetron sputtering [8], electron
beam evaporation [9], metal organic chemical vapor deposition
[10], and pulsed laser deposition [11]. ZnO films can also be
fabricated through non-vacuum techniques, such as sol–gel
[12], spray pyrolysis [13], and electrostatic spray deposition
(ESD) [14]. Graphene films have also been deposited through
chemical vapor deposition (CVD) [15], spin coating [16], ESD
[17], and spraying [18]. Among these deposition processes,
ESD is the most attractive because it produces extremely fine
(nanosized), self-dispersive (non-aggregating), highly wettable
ghts reserved.
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Fig. 1. Experimental schematic used for deposition of G-ZnO hin films.
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(electrowetting), and adhesive droplets that yield a uniform
coating on the substrate in addition to being the most cost-
effective method. The schematic of the ESD setup is illustrated
in Fig. 1, and additional details are provided in our previous
publications [19,20].

Lam et al. [21] reviewed and summarized recent research on
ZnO photocatalytic systems for the degradation of organic
dyes. Photocatalysis using modified films with varying
morphologies, such as nanoplatelets, nanorods, nanosheets,
nanoflowers, nanocups, and nanoneedles, was discussed.
These nanostructures possess different surface-to-volume
ratios. As this ratio increases, the rate of electron–hole transfer
from the semiconducting material to the absorbing molecules
also increases, thereby enhancing photocatalytic performance.
Liu et al. [22] synthesized ZnO nanocrystals on graphene
nanosheets as a powder using a microwave-assisted approach.
They studied the decolorization of rhodamine-B and methylene
blue (MB) by irradiating the sample with visible light in the
presence of the G–ZnO powder: 6.9 mM Zn mixed with
graphene yielded the best synergism for degradation of the
dyes. A G–ZnO hybridized powder photocatalyst was also
reported by Xu et al. [6], who revealed that ZnO loaded with
2 wt% graphene degraded MB four times more effectively than
pure ZnO after irradiation with UV light at a wavelength of
254 nm. Li et al. [5] synthesized a G–ZnO composite powder
using the chemical deposition method for the photocatalytic
degradation of rhodamine-B under UV and visible light. Thus,
G–ZnO photocatalysts have already been proven in a mobi-
lized mode (i.e., in the powder form in aqueous media within a
fluidized reactor for photocatalytic studies). However, the
mobilized mode ultimately requires separation of the fine
powder from the aqueous media. This separation is often
difficult because the fine powder remains in a colloidal state
and does not settle sufficiently, which results in the need for
additional equipment. To circumvent this technological diffi-
culty, an immobilized mode in the form of a G–ZnO film
fabricated by ESD, is proposed herein for the first time. In our
previous work, we reported the deposition of ZnO thin films
(without graphene) by ESD for transparent conducting oxide
applications [20]. Since vacuum conditions are not required,
the ability to produce nanoscale-thickness films in a cost-
effective manner with high deposition efficiency makes it
practical to use ESD for the fabrication of G–ZnO composite
photocatalytic immobilized films. The effects of graphene
concentration (weight percentage) and annealing temperature
on the surface morphology and photocatalytic response of the
film will be discussed in this report. We will also demonstrate
that the graphene concentration has a significant effect on film
growth and photocatalytic degradation of MB dye.
2. Experimental

2.1. Precursor

The precursor solution for ESD coating comprised zinc acetate
dihydrate (ZnAc; �0.1 M) dissolved in propylene glycol (PG).
Graphene flakes were dispersed in alcohol (BMSTECH, Korea),
and the dispersion was then mixed into the ZnAc–PG solution.
The concentration of the graphene solution varied from 0.1 to 1
and up to 5.0 wt%. Concentrations higher than 5.0 wt% resulted
in poor adhesion of the film. A few drops of water were added to
the graphene–ZnAc solution for proper dilution and dispersion of
the graphene, and the solution was then stirred for 30 min.
A pre-cleaned sample of soda-lime glass coated with indium tin
oxide (ITO) was used as the base substrate. The ITO layer
prevents the migration of Na and other foreign atoms from the
glass, which might reduce the photocatalytic activity of the
deposited G–ZnO film.
The precursor solution was administered from a syringe

pump at a flow rate adjusted to the yield of a stable Taylor
cone, which produces the smallest droplets possible under the
given operating conditions (see Fig. 1). The inner diameter of
the nozzle was 4 mm. A voltage-supply wire was attached to
the charging needle (i.e., anode), and the substrate was
grounded (to act as the cathode). The precursor flow rate
was set at 120 μL/h with applied voltages of 12–14 kV.
Typically, it took approximately 20–30 min to yield a 150–
175 nm thick G–ZnO film. The cone angle of the atomizing
spray from the Taylor cone was approximately 401, which
provides circular coverage with a 3 cm diameter at a 4 cm
nozzle-to-substrate distance. While spraying the G–ZnO pre-
cursor, the temperature of the stationary substrate was initially
maintained at 90 1C to ensure pyrolysis and subsequent
formation of a solid thin film. Finally, the films were annealed
in a closed furnace at 300–500 1C in a two-step process
involving 10 min at 200 1C to remove any remaining PG and
30 min at the elevated temperatures mentioned above to
crystallize the ZnO.

2.2. Film characterizations

The crystalline structures of the pure ZnO and G–ZnO thin films
were identified by X-ray diffraction (XRD, Rigaku, D/max-2005)



Fig. 2. XRD of G–ZnO thin films on ITO substrate annealed at (a) 300,
(b) 400 and (c) 500 1C.
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with Cu Kα radiation (λ¼0.154 nm). The surface morphologies
and cross-sectional views of the films were imaged using a high-
resolution scanning electron microscope (HR-SEM, Philips,
L30SFEG at 10 kV). A non-contact-mode atomic force microscope
(AFM; Park Systems, XE-100) was used to examine the surface
morphology and roughness of the electrosprayed G–ZnO film. A
Raman spectrometer was used to observe the graphene content and
defects of the film. The optical absorption properties of the G–ZnO
films within the spectral region of 300–800 nm were evaluated
using a UV–vis spectrometer (Mecasys Co., Ltd., Optizen POP).

2.3. Photocatalysis

The photocatalytic performances of all G–ZnO films were
obtained under weak UV exposure (0.6 mW/cm2). A solution
of MB is often used as the model pollutant, since it decom-
poses through both direct oxidation and via the OH radicals
generated during the photocatalytic process [23,24]. The MB
solution (#M2661, 0.1 wt% solution in water, Samchun
Chemical, Korea) was mixed with deionized water at a
1:400 volume ratio. The G–ZnO film was placed inside a
Pyrex vessel and sealed with a Pyrex petri dish. The
concentration of MB inside the vessel decreased as photo-
catalysis proceeded, and the concentration was monitored
using a UV–vis spectrometer. The absorbance data from the
UV–vis spectra were obtained by converting the transmittance
data using the Beer–Lambert law [25,26]. All tests were
repeated at least three times to ensure the reliability and
repeatability of the results.

3. Results and discussion

The crystal structures and orientations of the pure ZnO and G–
ZnO thin films on the ITO substrates were examined by X-ray
diffraction (XRD) in the range of 201o2θo701. Fig. 2 shows
the XRD patterns of the various samples of the films
(i.e., with an ITO substrate, pure ZnO, and 0.1, 1.0, and 5.0 wt
% G–ZnO films) annealed at 300, 400, and 500 1C. The
diffraction peaks denoted by diamonds (♦) indicate that the
ZnO films are polycrystalline with no preferential orientation.
The peaks are consistent with the diffraction planes of the
hexagonal wurtzite structure of ZnO, as confirmed by JCPDS
data card no. 36-1451. The peaks observed at diffraction angles
of 31.41, 33.91, and 36.11 correspond to the (100), (002), and
(101) planes of ZnO, respectively. The intensities of the ZnO
peaks for the 5.0 wt% G–ZnO film are relatively weak. The
diffraction peaks corresponding to the ITO substrate are identified
by black circles (�) in Fig. 2. The graphene peaks at 26.11
(denoted by ▼) are also observed in the diffraction patterns of the
0.1, 1.0, and 5.0 wt% G–ZnO films annealed at 300 1C [27].
However, the intensities of the graphene peaks in the patterns of
the 1.0 and 5.0 wt% G–ZnO films gradually decrease at higher
annealing temperatures. Fig. 3 shows a comparison of the XRD
peaks of graphene at various annealing temperatures: as the
annealing temperature increases, the graphene peak diminishes
and eventually disappears. This phenomenon was originally des-
cribed by Wang et al. [28], who noted that graphene nanosheets
have a relatively low thermal stability. By thermogravimetric
analysis, they revealed that graphene decomposed from the films
during annealing in air at temperatures of 250–600 1C. Xi et al.
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[29] also observed graphene decomposition from graphene
nanosheets functionalized with bovine serum albumin above an
annealing temperature of 450 1C. Thus, we suspect that the
absence of the graphene peaks after annealing at 400 and 500 1C
in our experiment is due to decomposition of graphene during
annealing in air.

SEM surface views of the ZnO and G–ZnO films with
different graphene concentrations annealed at 300 1C are
shown in Fig. 4. The pure ZnO film shows small grains with
few holes on the surface of film, and the surface views of the
G–ZnO films clearly show the graphene sheets. The graphene
sheet content clearly increases as the graphene concentration
increases from 0.1 to 5.0 wt%.
Fig. 3. XRD of 0.1 wt% G–ZnO thin films on ITO substrate annealed at
different temperatures.

Fig. 4. SEM surface view of thin films with differe
Fig. 5 shows 2D and 3D AFM images of the pure ZnO and
G–ZnO films with a concentration of 0.1 wt%. Their measured
surface roughness (Ra) values are 5.38 and 34.48 nm, respec-
tively. It is important to note that the surface roughness of the
ITO substrate was 0.5 nm. The AFM images of the 0.1 wt%
G–ZnO films show irregularly shaped graphene sheets that are
spread out and a few micrometers in length. The graphene
sheet yielded higher surface roughness.
As shown in Fig. 6, the Raman spectra of the G–ZnO films

with various graphene concentrations annealed at 300 1C show
a G band (�1573 cm�1) corresponding to the sp2 hybridized
carbon and a D band (�1360 cm�1) originating from the
disordered carbon. The 2D peak at �2722 cm�1, which
corresponds to the overtone of the D band, indicates the
increased disorder of graphene. As expected, the spectra of
ITO and ZnO did not contain any graphene peaks. The strong
peaks due to the G and 2D bands of graphene are observed in
the films annealed at 300 and 400 1C. However, there were no
graphene peaks in the Raman spectra of the films annealed at
500 1C (not shown here), as previously indicated by the XRD
analyses (Fig. 3).
The optical transmittances of the G–ZnO thin films were

measured using a UV–vis spectrometer, as shown in Fig. 7.
Contrary to our hypothesis, the ITO–ZnO film had a greater
transmittance than the pure ITO film in the region of λ
4600 nm. This occurs because annealing improves the
ITO–ZnO film transmittance, whereas the pure ITO film was
not annealed. Overall, the transmittance decreased as the
graphene content increased. This drastic transmittance change
when λ o370 nm represents the characteristic absorption edge
of ZnO [30]. The absorption edge shifts towards higher
wavelengths for the G–ZnO films, compared to that of the
ITO–ZnO film, because the bandgap narrows [31].
nt graphene concentrations annealed at 300 1C.



Fig. 5. 2D and 3D view AFM images of the ZnO and 0.1 wt% G–ZnO films annealed at 300 1C. Note, that Ra is the surface roughness.
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The photocatalytic activities of the ZnO and G–ZnO films
were evaluated via decolorization of the aqueous MB dye.
Fig. 8 displays the effect of varying the graphene concentration
in the G–ZnO films and the effect of the photocatalytic activity
of the pure ZnO film on the degradation of the MB dye after
2 h of UV irradiation. Since the high annealing temperature
(e.g., �500 1C) resulted in degradation of the graphene, we
used the films annealed at 300 1C to evaluate the effect of the
graphene content on the degradation of the MB dye. As
expected, Fig. 8 shows that the ZnO film alone, without
graphene doping, also showed significant photodegradation
activity. With respect to the effect of graphene doping, the
G–ZnO film with 0.1 wt% graphene showed the greatest
photodegradation since its absorbance was the smallest. A
photodegradation study on the 0.5 wt% G–ZnO film was also
carried out. However, the difference between the degradation
of MB with 0.5 wt% and 1.0 wt% G–ZnO films was negli-
gible; therefore, the 0.1 and 1.0 wt% G–ZnO thin films are
compared in this paper. The reaction mechanism of the
photocatalytic decolorization of the MB solution in the
presence of ZnO can be explained by the following reaction
steps [2,32]:

ZnOþhvðUVCÞ-ZnOðhþ
vbÞþZnOðe�cb Þ ðGeneration of electron hole pairÞ

ð1Þ

ZnOðhþ
vbÞþH2O-Hþ þZnOðdOHÞ ðOH radical formationÞ

ð2Þ

ZnOðe�cb ÞþO2-ZnOðO�d
2 Þ ðSuperoxide anion radicalÞ ð3Þ

The photocatalytic activity of ZnO begins upon irradiation
with UV light (λ=254 nm), which generates electron–hole
pairs via elevation of a generated free electron to the
conduction band leaving behind a hole ðhþ

vb Þ in the valence
band. In the presence of oxygen, scavenging electrons yield
superoxide radicals ðO�d

2 Þ while the holes react with water
from the surface to form hydroxyl radicals (dOH). Recombina-
tion of electrons with their holes is prevented by the transfer of
electrons from ZnO to graphene, which generates additional
superoxide and hydroxyl radicals.

ZnOðO�d
2 ÞþHþ-HO2 ð4Þ

2HO2-H2O2þO2 ðH2O2 generationÞ ð5Þ

H2O2þZnOðe�cb Þ-ZnOðdOHÞþOH� ðMore OH radical formationÞ
ð6Þ

ZnOðdOHÞþMB-degradation productsþZnO ð7Þ

ZnOðO�d
2 ÞþMB-degradation productsþZnO ð8Þ

These hydroxyl and superoxide radicals react with the MB
dye (reaction steps (7) and (8)) to yield degradation products
such as CO2, NO3, NH4

þ , and SO4
2� .

MBþZnO -
hvðUVCÞ

CO2þH2OþNO3þNH4
þ þSO4

2� þZnO

ð9Þ
Fig. 9 displays the transitional MB decomposition, non-

dimensionalized by the initial concentration (i.e., C/C0) after
0–2 h of UV irradiation. It is noteworthy that direct exposure
of MB to UV radiation without any catalytic materials did not
result in any evident degradation, which indicates the relatively
weak intensity of the UV radiation. However, the photocata-
lytic activities of the ZnO and G–ZnO films are clearly shown



Fig. 6. Raman spectra of ITO, ZnO, and G–ZnO films of various concentra-
tions annealed at 300 1C.

Fig. 7. UV transmittance spectra of films annealed at 300 1C.

Fig. 8. Effect of graphene concentration on MB degradation after 2 h of UV
illumination.

Fig. 9. Photocatalytic degradation of MB as a function of time by different
graphene concentration films annealed at 300 1C temperature.

Table 1
Degradation efficiency of ZnO and G–ZnO thin films annealed at 300 1C.

Sample ZnO 0.1 wt%
G–ZnO

1.0 wt%
G–ZnO

5.0 wt%
G–ZnO

Degradation efficiency [%] 48.7 64.0 54.3 54.3
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in Fig. 9. For tUV o1 h, 1 and 5 wt% G–ZnO films showed
better photocatalytic activity than that of 0.1 wt% because of
the synergistic effect of graphene and ZnO, as shown in Fig. 9.
However, for tUV 41 h, the photocatalytic activity of 1 and
5 wt% films reduced, as compared to the activity of the 0.1
wt% film. As previously explained in the Experimental
section, the film with 5 wt% graphene doping showed poor
adhesion between ZnO and graphene sheets. This poor
adhesion at higher graphene concentrations at longer time
(tUV41 h) might produce graphene detachment from ZnO,
which in turn hinders the synergistic effect and the photo-
catalytic activity at longer time.
The degradation efficiencies, D, with increasing graphene

concentration for films annealed at 300 1C are presented in
Table 1. After 2 h of UV irradiation, the 0.1 wt% sample
exhibited the highest degradation efficiency (68.6%). It is well
known that the absorption of light, charge carrier separation,
and charge transportation play crucial roles during photocata-
lysis. Thus, the enhanced photocatalytic performance of the
0.1 wt% G–ZnO film is due to these characteristics, namely the
increased light absorption of graphene and reduced recombina-
tion of the photo-generated electrons and holes in ZnO. Upon
further increasing the graphene concentration, the photodegra-
dation efficiency deteriorated, as shown in Table 1. This
reduction is caused by increased light filtering and fewer
photo-induced charge carriers in the G–ZnO composite;
excessive graphene content could also facilitate recombination
rather than allowing effective electron transport, which would
contribute to the reduction in activity [33]. Thus, the optimal
photocatalytic activity of the G–ZnO composites was attained
with 0.1 wt% graphene content.



Table 2
Comparison of G–ZnO thin films with previous photocatalysis works.

Author Method Organic pollutant Light and
intensity

Remarks

Lv et al. [4] Microwave assisted reaction using zinc
nitrate, reduced graphene oxide (RGO)
and carbon nanotube (CNT)

MB 365 nm UV light ZnO–RGO–CNT composite powder with 3.9 wt% CNT gives
96% degradation of MB solution after 260 min

Liu et al. [22] Microwave assisted non-aqueous method
using ZnO and RGO

MB and Rhodamine
B (RhB)

Visible light RGO/ZnO powder with 0.0069 M Znþ concentration
degrades RhB in 40 min and MB in 20 min under visible light

Liu et al. [33] UV assisted photocatalytic reduction of
graphene oxide by ZnO nanoparticles

Cr(IV) 365 nm UV light RGO–ZnO composite powder with 1 wt% RGO removes
96% of Cr(IV) in 60 min

Present work ESD coated G–ZnO thin films MB 254 nm UV light 0.1 wt% G–ZnO composite thin film degrades 68% of MB in
120 min
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Table 2 displays the results of photocatalytic experiments
using the G–ZnO composite powder that were performed by
various researchers. However, as previously mentioned, com-
paring the powder form of the photocatalyst to the thin film
form is more significant. Thus, in our experiment, 68.6% MB
degradation was observed after 2 h of UV irradiation for 0.1
wt% of G–ZnO thin films deposited by ESD. Hence, this ESD
method can be used for the deposition of G–ZnO thin films for
photocatalytic applications.

4. Conclusions

G–ZnO composite thin films were successfully deposited
using the ESD technique with a dispersion of graphene in a
zinc acetate solution. Our experimental studies indicated that
the incorporation of graphene enhances the photocatalytic
performance: the 0.1 wt% G–ZnO film had the highest
photo-degradation efficiency of MB of 68.6% after 2 h of
UV irradiation. Increased light absorption and reduced charge
recombination upon the introduction of graphene are respon-
sible for the enhanced photocatalytic activity of the G–ZnO
composite films.
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