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Abstract
The nanocomposite film based on zinc oxide nanostructures and reduced graphene oxide 
bilayer (ZnO/rGO) was synthesized, characterized and tested for the photodegradation 
of model organic dye (methyl orange) in water. Specifically, the nanorods of zinc oxide 
were obtained by the hydrothermal methods on the surface of rGO bilayers deposited on 
the quartz surface. The kinetics of dye photodegradation was studied via measurement 
of variation of the optical density at the maximum observed for the dye at 465 nm. The 
photodegradation efficiency of methyl orange (MO) was found to be increased from 70 
to 85% when the nanocomposite material was used instead of pure ZnO nanostructures. 
The reaction rate constants calculated using the first-order approximation were equal to 
7.2 × 10−3 min−1, 1 × 10−3 min−1 and 1.4 × 10−2 min−1 for ZnO nanorods, rGO bilayer, and 
ZnO/rGO nanocomposite, respectively. Hence, the rate constants clearly indicate that ZnO 
and rGO are functioning in a synergistic manner in the fabricated nanocomposite photo-
catalyst. It is necessary to point that the sample keeps its integrity after multiple experi-
ments that is important for practical applications. The obtained results evidently demon-
strate potential of the nanocomposite films based on ZnO nanostructures and rGO bilayers 
for production of the efficient catalysts.

Keywords  Nanocomposite · Heterogeneous photocatalysis · Reduced graphene oxide · 
ZnO nanorods

1  Introduction

Over the past decades, organic dyes have been extensively used in a number of industries, 
including but not limited to fabric, fiber, leather, textile, pulp and paper production, tan-
neries, cosmetic, pharmaceuticals and food processing (Ghowsi et al. 2014). However, it 
is widely recognized that the dyes are significant environment pollutants and should not 
be discharged to the environment with waste waters (US Enviromental Protection Agency 
2005). In this respect, the cost-effective, non-toxic heterogeneous photocatalysis (HP) is 
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widely adopted in wastewater treatment for the dye decomposition (Lam et al. 2012; Zhang 
et al. 2013; Kee 2017; Ahmed and Haider 2018). Among important characteristics of HP 
are extended use without substantial loss of photocatalytic activity, potential to reduce tox-
icity and complete mineralization of organics, rapid reaction rates and small footprint.

To this end, a number of properties of ZnO such as a suitable band gap (~ 3.37 eV), 
large exciton binding energy (60 meV), nontoxicity, physicochemical stability, capability 
to form various morphologies and low-cost production (Kulyk et al. 2011) have attracted 
significant attention to applications of ZnO in HP as catalytic element (Yang et al. 2002; 
Özgür et al. 2005; Klingshirn 2010; Kołodziejczak-Radzimska and Jesionowski 2014; Din 
et  al. 2018). Meanwhile, combination of ZnO with graphene based materials, including 
(reduced) graphene oxide [(r)GO], are also receiving an increasing attention for HP appli-
cations (Xu et al. 2011; Li et al. 2012; Bai et al. 2013; An et al. 2014; Joshi et al. 2014; 
Qin et al. 2014, 2017; Chen et al. 2015; Rokhsat and Akhavan 2016; Kumar et al. 2017; 
Zhao et al. 2017; Liu et al. 2018; Xue and Zou 2018; Chauhan et al. 2019). It is shown 
that the enhancement of photocatalytic activity occurs owing to the hybridization of ZnO 
with graphene hindering the recombination of charge carries and increase the photocata-
lytic performance.

There are a number of publications (Li et al. 2012; Liu et al. 2012; Chen et al. 2013; 
Sarkar and Basak 2013) that describe the photodegradation of organic dye from water by 
quite effective nanopowder ZnO/(r)GO photocatalysts. However, when the powder is used 
it is necessary to separate a treated dye solution from the catalyst via filtration or centrifu-
gation. It is obvious that it is more technologically effective to deposit ZnO/(r)GO catalyst 
on a support as a nanocomposite film. In this scenario, the catalyst/media separation is 
straightforward and practically effortless. However, to the best of our knowledge, there are 
a limited number of publications (Rokhsat and Akhavan 2016; Chauhan et al. 2019), where 
ZnO/(r)GO catalyst is used in form of a composite film deposited on a solid substrate. For 
example, Rokhsat and Akhvan fabricated the graphene oxide layer by drop-casting method 
on the surface of hydrothermally synthesized ZnO nanorod films. GO then was reduced 
to rGO using UV treatment. It was demonstrated that photocatalytic efficiency of the film 
is comparable with the efficiency of ZnO/rGO catalysts in powder form. The efficiency of 
the film was associated with high surface area provided by nanorods and the formation of 
heterojunction between the graphene and ZnO nanorods. Chauhan et al. fabricated nano-
composite by mixing of GO and ZnO nanoseed solution followed by spin-coating of the 
mixture over the Si substrate. Then, ZnO nanoflower type structures were grown from the 
nanoseeds. The composite film was effective in decolorization of model dye under sunlight. 
The improved performance of the material was attributed to the prevention of recombining 
of electron (conduction band) and holes (valence band) during the photocatalytic reaction.

In this work we report yet another original method for fabrication of photocatalytic 
ZnO/rGO film firmly anchored to SiO2 (quartz) UV–VIS transparent substrate. Specifi-
cally, we first prepared highly conductive and transparent nanoscale rGO bilayers on the 
quartz surface. The bilayers were obtained via dip-coating of GO sheets encapsulated in 
a nanometer-thick molecular brush copolymer layer and following thermal reduction at 
1100 °C in nitrogen to form rGO bilayers. The details on fabrication, structure and proper-
ties of the rGO bilayers are reported in detail in our preceding publication (Savchak et al. 
2017). Next, ZnO nanorods were grown on the quartz substrates coated with rGO bilayer 
by the hydrothermal method using procedure reported elsewhere (Kapustianyk et al. 2016; 
Toporovska et  al. 2017). We tested photocatalytic activity of ZnO/rGO nanocomposite 
film in water under ultraviolet (UV) and visible (VIS) light illumination and compare it 
to performance of pure rGO and ZnO films. It was found that the nanocomposite films 
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have significantly higher photocatalytic efficiency. It is necessary to point that the sample 
keeps its integrity after multiple experiments that is important for practical applications. 
The obtained results clearly demonstrate potential of the nanocomposite films based on 
ZnO nanostructures and rGO bilayers for production of the efficient photocatalysts.

2 � Materials and methods

2.1 � Catalyst preparation and its characterization

The surface morphology of the samples was examined using REMMA-102-02 scanning 
electron microscope-analyzer (JCS SELMI, Sumy, Ukraine), Hitachi S-4800 (Japan) scan-
ning electron microscope, SOLVER P47-PRO atomic force microscope (NT-MDT Co., 
Moscow, Russia), and Dimension 3100 (Veeco Digital Instruments, Inc., USA) atomic 
force microscope. The ex situ ellipsometry measurements were performed with a serial 
null ellipsometer LEF-3M (Institute of Semiconductor Physics, Novorossiysk, Russia) 
in polarizer–compensator–sample–analyzer (PCSA) arrangement. The light source was 
He–Ne laser (λ = 632.8 nm).

Fabrication and characterization of rGO bilayers on quartz substrates and model Si 
wafers were carried out according to procedures reported elsewhere (Savchak et al. 2017). 
The bilayers possessed the following characteristics: thickness of ~ 3.5 nm, sheet resistance 
on the level of 1.370 kΩ/sq, conductivity on the level of 2300 S/cm and optical transpar-
ency of ~ 90%. Figures  1 and 2 show the morphology of the synthesized rGO bilayers. 
Since density of rGO is reported (Stankovich et  al. 2007) to be about 2.2 g/cm3 we can 
estimate that surface concentration of rGO on the quartz surface was ~ 1 × 10−3 mg/cm2.

As it was shown in our preceding work, ZnO nanostructures grown by the hydrothermal 
method are quite efficient photocatalysts (Kapustianyk et al. 2016; Toporovska et al. 2017). 
Therefore, we used the same method for preparation of the layer of ZnO nanostructures for 
our nanocomposite film.

Fig. 1   AFM images of rGO-P bilayer film fabricated on quartz plate. Vertical scale: 60 and 10  nm for 
15 × 15 μm2 and 5 × 5 μm2 images, respectively
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Figure 2 shows the typical ZnO nanostructures produced in our work by the hydrother-
mal method on quartz plate and quartz plate covered with the rGO bilayer. The as-prepared 
ZnO randomly oriented nanorods are characterized by the average length of about 4 μm 
and the diameter ranging from 0.4 up to 0.6  μm. We determined gravimetrically (using 
electronic balance WAA-210) that surface concentration of the nanorods is about 5 mg/
cm2. Since density of ZnO is known (Coltrin et al. 2008) to be 5.61 g/cm3, the volume of 
ZnO nanorods on the surface can be estimated as 9 × 10−4  cm3/cm2. From visual obser-
vation of the ZnO layer morphology the packing density of the nanorods in the layer is 
between 0.4 and 0.6. Therefore, the thickness of the layer can be estimated to be between 
15 and 22.5 μm.

2.2 � Catalytic activity experiment

In the present study, methyl orange (MO) was chosen as model dye pollutant for ZnO 
mediated photocatalytic activity under UV–VIS irradiation. MO is known to cause harmful 
health effects for animals and humans such as eye irritation and skin irritation upon con-
tact, respiratory tract irritation upon inhalation and digestive tract irritation upon consump-
tion (Wei et al. 2017).

The photocatalytic activity of the samples was evaluated by measuring photocatalytic 
degradation of MO in water under the illumination with UV–VIS light. As it was shown 
in paper (Zyound et al. 2015), the largest efficiency of photodegradation is observed under 
the following conditions: the initial dye concentration—not more than 10 ppm and photo-
catalyst concentration—3 g/l. In our preceding work (Kapustianyk et al. 2016; Toporovska 
et  al. 2017), we followed these conditions. In our current work, we placed quartz plate 
(active irradiated surface area of 2.2 cm2) in a cuvette containing 3.5 mL of 5 ppm solution 
of MO. Therefore, concentration of active materials was: ~ 3.1 g/L (ZnO) and ~ 0.6 mg/L 
(rGO).

Prior to illumination, each sample (ZnO, rGO, and ZnO/rGO) was immersed in the MO 
solution for about 20 h in darkness in order to achieve an adsorption–desorption equilib-
rium state. Then, the MO solutions containing the thin film samples were irradiated cycli-
cally every 20 min over a period of 2 h by a DRT-125 Hg-quartz lamp (with the power of 

Fig. 2   Left: SEM image of rGO bilayer film deposited on SiO2 substrate. Right: SEM image of the ZnO 
nanorods deposited on rGO bilayer
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the UV–VIS source 125 Wt, among them ultraviolet was 70 Wt; with wavelengths of the 
irradiation 220–400 nm and light flow 1850 lm).

The desired irradiation intensity can be achieved by variation of a distance from the 
lamp. In this work the cuvettes containing MO solution with a sample were placed at the 
distance of 5 cm from a source of light. The samples were periodically withdrawn and the 
concentration of MO was estimated from the absorbance at 465 nm recorded with a port-
able fiber optic spectrometer AvaSpec-ULS2048L-USB2-UA-RS (Avantes BV, Apeldoorn, 
Netherlands). The detection of light in the spectrometer was carried out by a 2048 pixel 
CCD detector. The special software for automated computer control for this type of the 
spectrometer and spectra processing was used AvaSoft 8 (Apeldoorn, Netherlands).

3 � Results and discussion

3.1 � UV–Vis absorption property

The ex situ ellipsometry measurements of rGO bilayers on the amorphous quartz substrate 
were performed with employment of a single-layer model (Kostruba et  al. 2015). It was 
found that the effective refractive index and thickness of the rGO bilayers are approxi-
mately equal to 1.8 and 13 nm, respectively. Our results of ellipsometry are well correlated 
with the data in this article (Shen et al. 2011).

ZnO based nanostructured materials are popularly used as cheaper catalysts for dye deg-
radation, but the catalysis process is often found to be slow. There are two reasons: ZnO 
is not photoactive under visible light because of its wide band gap close to that of anatase 
TiO2 (3.2–3.37 eV); the fast recombination rate of electron–hole pairs that decreases the 
efficiency of photocatalytic reactions (Sarkar and Basak 2013; Rommozzi et  al. 2018). 
Therefore, in our work the bilayer of reduced graphene oxide was used in the nanocompos-
ite for expansion of the absorption into a visible region. In order to evaluate the absorption 
of graphene oxide in a visible spectral range the minimum energy of electronic transition 
was determined. The optical absorption spectrum of rGO bilayer was measured at room 
temperature using the optic spectrometer. The absorption spectrum of the rGO bilayer 
contains two distinct maxima (Fig.  3). First of them (247  nm) corresponds to the elec-
tronic ππ* transition (collective excitation) in graphite-like fragments of sp2-hybridized 
carbon (Rommozzi et al. 2018). The position of this maximum, which is also called the 
π –plasmon or Van Hove singularity (Strouk et al. 2012), depends on the depth of oxidation 
of exhaust gases and varies from 225 to 240 nm for deeply oxidized exhaust gases up to 
270 nm for non-oxidized graphene.

The shoulder at 290–320 nm corresponds to nπ-transitions with participation of indivis-
ible electron pairs of oxygen atoms of carbonyl groups (Rommozzi et al. 2018). In addi-
tion, the sample absorbs in the visible region. Absorption of rGO bilayer in this range 
is connected to the electronic transitions in sp2-C clusters whose energy decreases with 
increasing of cluster size (Kupcic 2014).

In order to estimate the minimum energy of electronic transition Eet the analysis was 
carried out for the region λ > 400 nm (Fig. 3). The Tauc equation was used to determine the 
type of observed transition (Narayana and Jammalamadaka 2016):

(1)� = A(h�−E
et
)n∕h�
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where α is the absorption coefficient, A—the constant, hν—the quantum energy of light, 
n = ½ for direct and 2 for indirect electronic transitions.

Equations (1) were presented in ln(αhν)/ln(hν) coordinates in order to determine the 
kind of the electron transition. The coefficient n was calculated from the slope of the 
obtained linear dependence. In our case the value of n was found to be 1.46. It is closer 
to 2, so the absorption in a visible region of spectra would be related to the indirect 
electronic transitions (Strouk et al. 2012). Using the Tauc equation, we determined Eet 
by extrapolation of the linear part of E vs. (αE)1/2 dependence to the abscissa axis as it 
is shown in Fig. 4. The obtained value Eet = 2.4 eV is consistent with the data reported 
elsewhere (Eda and Chhowalla 2010; Strouk et al. 2012; Zhai et al. 2015).

Fig. 3   The absorption spectrum 
of rGO bilayer
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3.2 � Photocatalytic activity of GO, ZnO and nanocomposite ZnO/GO

Figure 5 presents the data for the photocatalytic MO degradation of three different materi-
als deposited on the SiO2 substrates: rGO bilayer, ZnO nanostructures, ZnO/rGO compos-
ite. It is necessary to point that irradiation of MO solution (no catalyst) at the same condi-
tions for 120 min did not yield any measurable dye degradation. The degradation efficiency 
Dt was calculated by the equation (Baruah et al. 2016):

where A0
465 and At

465—are the dye solution optical densities at 465 nm respectively before 
and after irradiation for time t.

It is evident that ZnO nanorod layer has significantly higher efficiency than the layer 
made of rGO. In fact, after 140 min ~ 70% of MO degraded when ZnO catalyst was used. 
While in the presence of rGO only about 10% of the dye was decomposed during the same 
time period. Nevertheless, we note that the amount rGO in the cuvette is 104 times lower 
that the amount of ZnO. Therefore, it is needed to highlight that rGO is a quite effective 
catalyst, but it is challenging to significantly increase its surface concentration. Our data 
also indicate that ZnO/rGO nanocomposite film demonstrated the highest degradation effi-
ciency, where approximately 85% of MO was photodegraded in 140 min.

We have to point that at in our experiment light cannot directly interact with rGO in the 
nanocomposite film. In fact, it was shown previously that, even ZnO nanorods are quite 
transparent at wavelength above 400  nm (Said et  al. 2010), layer of ZnO nanorods sig-
nificantly scatters light and at quite low thicknesses (~ 1 micron) has already very low (less 
than 10%) transparency in UV–VIS region (Idiawati et al. 2016; Abdulrahman et al. 2017). 
Therefore, ZnO layer covering rGO film and having thickness of about 15–20 micron effec-
tively screens rGO film from light. With this in mind, the process of photodegradation cat-
alyzed by ZnO/rGO nanocomposites can be described as follows. Under the illumination 
electrons are photogenerated in ZnO from the valence band to the conduction band. There 
is a distribution of the pair of electron–hole charges in zinc oxide, due to the strong elec-
tron interaction between rGO and ZnO. It is important to note that rGO bilayer is an accep-
tor of electrons, that effectively suppresses the recombination of photogenerated charge 

(2)D
t
=

(

A
465

0
−A465

t

)

∕A465

0
⋅ 100%

Fig. 5   Comparison of the 
photocatalytic performance of 
rGO bilayer, ZnO nanostructures 
and ZnO/rGO composite. Lines 
are guides for eye and are drawn 
using second order polynomial fit
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carriers (Kavitha et al. 2012). The excited electrons in the conduction band are transferred 
to the ZnO/rGO interface, where they react with molecular oxygen and synthesize the radi-
cal superoxide radicals (O2

−). The positively charged holes can react with hydroxide ion 
obtained from water, that causes formation of hydroxyl radicals (OH˙) above the surface of 
the nanocomposite. These oxide radicals oxidize the dye to less harmful compounds. Con-
sequently, the number of photogenerated electron–hole pairs depends on the active catalyst 
area and the content of rGO in the nanocomposite, which are responsible for the efficiency 
of the photocatalytic reaction.

The degradation of MO for ZnO nanostructures and ZnO/rGO nanocomposite is 70% 
and 85%, respectively (Fig.  5). For comparison, as it was reported in paper (Sarkar and 
Basak 2013), after 90 min of illumination, the values of MO photodegradation were found 
to be 70% and 85% for ZnO nanopowder and ZnO/rGO nanopowder composite, respec-
tively. It should be noted that concentration of MO solution was 3 times larger (15 ppm) 
and the amount of rGO was 10 times larger than in our experiment. For comparison, for 
the samples in a form of layers on the substrate, reported in paper (Rokhsat and Akhavan 
2016), the efficiency of photodegradation for rGO/ZnO reaches 60% in 200 min. We asso-
ciate the increase in photodegradation for our nanocomposite with the fact that, in our case, 
we used rGO bilayer having significantly higher conductivity than rGO monolayer used in 
reference (Rokhsat and Akhavan 2016).

The next step in our research of photodegradation includes calculation of the reaction 
rate constants k using an apparent first-order model (Wang et al. 2008; Zha et al. 2015):

where t is the light irradiation time; C0—the starting dye concentration; Ct—the dye con-
centration after irradiation for time t.

The representative dependences of ln[Ct/C0] as a function of t approximated by straight 
lines for determination of the corresponding constant are shown in Fig. 6. The value of k for 
ZnO nanostructures, rGO, and ZnO/rGO nanocomposite is found to be 7.2 × 10−3 min−1, 
1 × 10−3  min−1, and 1.4 × 10 −2  min−1, respectively. The correlation coefficients for the 
kinetic curves of reactions for ZnO nanostructures, rGO layer, and ZnO/rGO nanocompos-
ite are R = 0.99, R = 0.968, and R = 0.989, respectively. Their values reflect the adequacy 
of the chosen model in descriptions of the photocatalytic reaction (Savastenko et al. 2016). 

(3)ln
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Fig. 6   The linear approximation 
of the kinetic curves of photo-
catalytic MO degradation with 
rGO bilayer, ZnO nanostructures 
and ZnO/rGO nanocomposite
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We note that if ZnO and rGO in the nanocomposite are not working in coordination than 
the maximum possible rate constant for the nanocomposite is a summation of the constants 
for ZnO and rGO materials (~ 8.2 × 10−3 min−1) (Davis and Davis 2003). Therefore, the rate 
constants clearly indicate that ZnO and rGO are functioning in a synergistic manner, where 
the constant for the nanocomposite has significantly higher value of 1.4 × 10−2 min−1.

4 � Conclusion

The nanocomposite material based on zinc oxide nanorods and reduced graphene oxide 
bilayer was synthesized and characterized. The catalytic properties of the material in the 
photocatalytic degradation of MO dye was determined and compared with those for rGO 
bilayer and ZnO nanostructures. Our results clearly indicated that the ZnO/rGO nanocom-
posite film has significantly higher photocatalytic efficiency than other samples. It has 
been shown that the efficiency of photodegradation for ZnO/rGO nanocomposite increased 
by ~ 20% in comparison with the efficiency of pure ZnO nanorod layer. We suggest that 
the selected by us method of synthesis offers an efficient electron transfer process between 
ZnO and rGO layer serving as an electron collector and transporter. The reaction rate con-
stants clearly indicate that ZnO and rGO are functioning in a synergistic manner in the 
fabricated nanocomposite photocatalyst. The obtained results demonstrate potential of the 
nanocomposite films based on ZnO nanostructures and rGO bilayers for production of the 
efficient catalysts.
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