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Abstract: In this work, a fast, environment-friendly and economic route was used to prepare ZnO
and their nanocomposites containing reduced graphene oxide (RGO) and carbon nanotubes (CNTs)
for the fabrication of dye-sensitized solar cells (DSSCs). The prepared nanostructures were well-
characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), and Raman measurements. The XRD, Raman and TEM
results confirmed that the ZnO nanostructures were crystallized into the hexagonal phase, and the
nanocomposites containing RGO and CNTs. Morphological studies performed by using FESEM and
TEM images showed that the ZnO possessed tube-like morphology with length and diameter in
the range of ~1 micron and 90–200 nm, respectively, which were uniform and densely covered on
the surface of the carbon materials. The DSSCs were fabricated using prepared nanostructures as
a working electrode and platinum as a counter electrode with ruthenium-based dyes and iodide
electrolytes. To further improve the efficiency of fabricated solar cells, nanocomposites of prepared
nanostructures of ZnO with RGO and CNTs were synthesized, and their results were compared with
the pristine samples. The results showed that the ZnO/CNTs (0.5 wt%) nanocomposites electrode
exhibited the highest power conversion efficiency (PCE) of DSSCs with a maximum value of 0.612%
compared to 0.326% of DSSC with pure ZnO, and 0.574% of DSSC with ZnO/RGO. Significantly, this
technique could be used for large-scale production using the existing economical and highly effective
DSSC fabrication technique.

Keywords: ZnO; graphene oxide; DSSCs; power conversion efficiency

1. Introduction

Dye-sensitized solar cells (DSCC) have emerged as cost-effective alternatives to thin-
film solar cells [1]. In the fight for high efficiency at a low cost, dye-sensitized solar cells are
a serious rival. Because of their low cost, compatibility with flexible materials, and ability
to improve the specific parts, DSSCs have inspired a lot of research interest [2]. Unlike
semiconductor junction-based solar cells, essential operations of DSCCs, such as light
absorption, electron transport, and hole transport, are carried out by different materials,
allowing each material to be adjusted separately for the best performance [2]. Generally, the
basic principle of DSSCs is very similar to the naturally occurring photosynthesis wherein
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various dyes are combined on a large bandgap of semiconducting nanomaterials and
deposited on the conducting ITO substrate that initiates the energy conversion process [3].
The photoanode in the sunlight and the excited states of the dye inject electrons into the
conduction band of the semiconducting nanomaterials, which are quickly transported to
the counter electrode. Meanwhile, the original state of the dye molecules is returned by the
electron donation from the iodide-based redox electrolyte. Recently, researchers have been
focused on developing low-cost counter electrodes, fast electron transport semiconductor
photoanodes and natural dyes [3,4].

Commonly, many wide bandgap semiconductors have been used as photoanodes
for DSSC devices, such as zinc oxide (ZnO), niobium pentoxide (Nb2O5), tin dioxide
(SnO2), and titanium dioxide (TiO2) nanoparticles [5–13]. Among these semiconducting
nanomaterials, ZnO is considered as an efficient photoanode because of its high ability to
endure constant electron transfer under sun light irradiation in the visible to ultraviolet
range [5–8]. ZnO shows high mobility of the order of 100 cm2/V s and is considered a potential
substitute for the TiO2 due to their similar band gaps and electron affinities [8–10,13–15].
An important advantage of ZnO over TiO2 is that it can be synthesized by applying a
wide range of synthesis techniques to obtain a great variety of different morphologies
and nano-structured electrodes. The nano-structured morphologies of ZnO have a high
surface area that enhances the dye absorption over photo-anodes. However, the energy
conversion efficiency of ZnO-based cells is typically not as high as required. Therefore,
there is considerable interest in further improving the efficiency of ZnO-based cells by
altering the morphology of a ZnO photo-anode to achieve a higher surface area and efficient
charge transport. It is well-known that the morphology of ZnO can alter various functional
properties, which makes them useful in various applications. Previous work reported
the effects of reaction time on the morphological, structural, and gas/chemical-sensing
properties of ZnO nanostructures [16–23]. In another work, the authors reported the
surfactant dependent growth of twinned ZnO nanodisks [18].

Additionally, a nanocomposite-based photoanode of ZnO and carbon could lead
to an improvement in the performance of DSSCs. Among the various nanocomposite
materials, carbon-based materials including graphene and carbon nanotubes [20–25] have
been proposed as an additive material for ZnO photoanodes to increase electron mobility,
owing to their outstanding electronic properties. It has an excellent mobility of charge
carrier (200,000 cm2V−1s−1) [21] and a large specific surface area (2630 m2/g) [22].

In this work, a fast and cost-effective route for the growth of ZnO nanostructures
and their carbon-based (RGO and CNTs) nanocomposites was reported to fabricate the
DSSCs using ZnO/RGO- and ZnO/CNTs-based photoanodes. An investigation on the
effect of RGO and CNTs on the performance of DSSCs was studied, and the results of pure
ZnO-based DSSCs were compared. It was observed that the incorporation of carbon-based
materials into ZnO improved the performance of DSSCs more so than that of pure ZnO
nanostructures. More specifically, nanocomposites of ZnO/CNTs deliver higher efficiency
and enhanced performance compared to the nanocomposites of ZnO/RGO.

2. Experimental Details
2.1. Preparation of Zinc Oxide (ZnO)

To prepare ZnO by the soft chemical route, 0.03 M of sodium hydroxide (NaOH)
was dissolved in 84 mL of ethanol and heated for 2 h on a hot plate at 70 ◦C. After the
heating, 0.01 M zinc acetate dissolved in 125 mL ethanol was prepared and slowly added
to NaOH solution and continuously stirred for 30 min. After homogeneous mixing, a
0.035 M solution of hexamethylenetetramine in 50 mL DI water was added to the 5 mL
(NaOH and Zinc acetate) solution, which was preheated at 85 ◦C. In this solution, 5 mL
zinc nitrate solution with 5 mL DI water was added and the heating was continuous for 2 h
and maintained at 85 ◦C and 95 ◦C. The samples were washed thoroughly with ethanol
and DI water several times and finally dried at 80 ◦C for 24 h.
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2.2. Preparation of Graphene Oxide (GO)

The graphite was oxidized using Hummer’s method to produce the GO. For the
preparation, 3.5 g of graphite was mixed vigorously with 100 mL of 98% H2SO4 in a 100 mL
flask. A total of 10 g of KMNO4 was added at a temperature of less than 20 ◦C. The mixture
was transferred to 500 mL of deionized water after 2 h of stirring at 35 ◦C, and 20 mL
of 30% H2SO4 was added to remove any excess permanganate. The suspension turned
bright yellow after being exposed to peroxide. Filtration through a sintered glass filter was
used to purify the GO. The filtrate was washed in HCl before being washed in hot water
to remove any remaining sulfate ions, resulting in a yellowish-brown filter cake. After
repeated washings with hot water, the final GO preparation was dried at 80 ◦C.

2.3. Preparation of Reduced Graphene Oxide (RGO)

After 30 min of ultrasonic treatment, GO was dispersed in DI water. As a result, a
brown GO aqueous suspension that was homogeneous was obtained. The suspension’s pH
was raised to 10 by removing NH3H2O. Amounts of hydrazine hydrate were added to the
suspension and heated at 80 ◦C for 24 h, with a 10:7 weight ratio of hydrazine hydrate to
GO. The solution gradually precipitated a kind of black flocculent substance. The product
was obtained after it was filtered through a high-quality filter paper. Finally, the black
product was washed in methanol and water before being dried at 80 ◦C for 24 h.

2.4. Growth of CNTs by CVD Method

For the growth of the CNTs, a Si/SiO2 substrate was used in the present experiment.
The cleaning process of the substrate was carried out before the growth. During the
cleaning, the substrate was cleaned by using deionized water (DI water) and ethanol
several times followed by air drying the substrate. The substrate was placed in a DC-
sputtering system, and ~25 nm of a Ni catalyst layer was deposited on its surface. In
addition, a Cr layer of ~5 nm, an electrically conductive thin barrier layer between the
substrates and the Ni catalyst layer, was deposited. After this step, the growth of the
MWCNTs was achieved by using plasma enhanced chemical vapor deposition (PECVD) in
an EasyTube 3000 (First-Nano; South Technology Drive, Central Islip, NY, USA) system. At
the end of the growth period, the samples were slowly cooled, within the furnace, under a
H2 gas environment. The CNTs obtained were carefully scratched from the substrate and
used to make nanocomposites.

2.5. Preparation of Nanocomposites of ZnO, RGO and CNTs

The composites of the prepared ZnO with RGO and CNTs have been prepared in a
weight ratio of 0.5%. The required amount of RGO and CNTs was mixed during the growth
of ZnO nanostructures by wet chemical reaction. The final product as nanocomposites was
washed thoroughly following similar steps and dried at 80 ◦C for 24 h.

2.6. Fabrication of Dye-Sensitized Solar Cells (DSSC)

The fabrication of DSSCs was performed using ITO (indium doped tin oxide)-coated
glass substrates as conducting substrates. Different samples of ZnO, ZnO/RGO, and
ZnO/CNTs were used as working electrodes. Slurry of the working electrode was prepared
under ambient conditions with the help of agate mortar followed by adding ethanol to
avoid aggregation and drops of Triton X100 as a surfactant to maintain smoothness in the
paste. The composite paste was then cast by a doctor-blade method on a cleaned and dried
ITO conductive glass substrate. The coated glass substrate was annealed at 550 ◦C for 1 h.
The electrodes were soaked in the dye solution (N719) for 24 h. After sensitization, the
samples were washed with ethanol to eliminate unanchored dye. Another ITO-coated
glass was used to make the counter electrode, and on its conductive side, a thin layer of
Pt solution was deposited. Both the electrodes were placed upside down such that the
nanomaterials layer and Pt layer were contacted with each other with the binder clips to
complete the DSSC assembly. A liquid electrolyte (iodide/triiodide)-based solution was
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placed at the top of the conductive edge of the cell. This liquid electrolyte was put into
the space between the two conductive electrodes with capillary action. The effective cell
surface area was 1 cm2.

2.7. Characterizations

The X-ray diffraction (XRD) patterns in the range of 20–80◦ were recorded by a
MiniFlex600 (Rigaku, Tokyo, Japan) X-ray diffractometer using Cu-Kα radiation (wave-
length = 1.5406 Å). A morphological study of the product was performed using transmission
electron microscopy (TEM; Model: JEOL JEM-2100F) at 200 kV and scanning electron mi-
croscopy (SEM) using (JSM-7610F, JEOL, Tokyo, Japan). Raman spectroscopy studies were
carried out using a confocal Raman microscope (LabRAM, HR800, Longjumeau, France
SAS). A solar simulator system was used to measure the I−V characteristics of the DSSCs
under the illumination of one sun (AM 1.5G) (100 mW/cm2).

3. Result and Discussion

XRD patterns of ZnO samples synthesized at 85 and 95 ◦C via a soft chemical route
are shown in Figure 1. The XRD patterns show a single-phase nature with the hexagonal
wurtzite structure for ZnO samples as indexed using POWDER-X software (beta version)
(JCPDS, 36-1451), and no indication of the secondary phase can be seen. An increase in the
peak intensity with the increase in the temperature of ZnO samples was observed. This
increase in peak intensity could be attributed to the fact that the increase in temperature
increases the crystallite size of the ZnO samples. In order to see the effect of the addition
of a carbon phase in ZnO, Figures 2 and 3 show the XRD patterns of ZnO/RGO and
ZnO/CNTs, respectively. It is clear from the figures that all of the characteristic peaks of
ZnO are well maintained at the designated position; however, there are some additional
peaks that belong to the RGO and CNTs, as shown in Figures 2 and 3. The findings revealed
the formation of nanocomposites of ZnO with the RGO and CNTs.
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The Raman spectra are sensitive to the crystal quality, structural defects and disorders
of the grown products. ZnO has a Wurtzite structure that belongs to the C6v symmetry
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group. Figure 4a shows the Raman spectra of ZnO samples prepared at 85 ◦C, and Figure 4b
shows the Raman spectrum of ZnO/RGO nanocomposites. The Raman mode for the as-
prepared pure ZnO samples is in good agreement with the characteristic peak of ZnO. In
contrast, several changes in the Raman mode can be observed for ZnO/RGO samples. As
can be seen in Figure 4a, the most prominent mode for pure ZnO is E2 high at ~438 cm−1,
which is attributed to the vibration of oxygen atoms [25]. However, an increase in peak
intensity with a blue shift towards 435 cm−1 is observed in the Raman spectrum for
ZnO/RGO, as shown in Figure 4b. This increase and shift in the peak intensity could
be due to the varying defect structure owing to mechanical activation. In addition to
the characteristic features of ZnO, D and G bands appeared at ~1340 and 1580 cm−1,
respectively. These D and G bands are the characteristic peaks of RGO or carbon material.
This indicates that the RGO has been successfully incorporated with ZnO.
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Figure 5 shows the FESEM image of ZnO samples prepared at two different temper-
atures of 85 and 95 ◦C. It is clear from Figure 5a,b that the nanotube-like morphology
could be seen with an average length of a few microns and a diameter in the range of
80–200 nm. These nanotubes show clear openings, which are produced at a temperature
of 85 ◦C. When the temperature of the reaction was increased to 95 ◦C, one can observe
that the nanotube’s morphology transformed to the aggregates, which are made up of ZnO
nanosheets (c–d). The thickness and lateral dimension of the ZnO nanosheets are ~30 and
~400 nm, respectively.

Additional morphological features and the crystalline quality of ZnO nanotubes were
achieved through TEM analysis. Figure 6a shows the TEM image of a single nanotube
with length and diameter in the range of ~1 micron and 90–200 nm, respectively. The
atomic structure-related information obtained from the HRTEM image in Figure 6b depicts
the highly crystalline nature of ZnO nanotubes with the interlayer spacing of 0.265 nm,
which attributes to the d spacing of (002) lattice plane in ZnO structures. The results that
were obtained from HRTEM further confirm the XRD studies where the ZnO nanotubes
have preferred growth direction along the c-axis. The EDX spectrum of ZnO nanotubes
clearly shows Zn and O peaks (Figure 6c), with no evidence for the presence of any other
impurity peak.

Figure 7a shows the TEM image of nanocomposites with the incorporation of RGO in
ZnO, where the nanotubes are wrapped with RGO sheets and few of these nanotubes are
anchored on the surface of RGO sheets. Elemental studies, as shown in Figure 7b, depict
the signals of Zn, O, and C, which further confirm the nanocomposites of ZnO and RGO.



Inorganics 2022, 10, 204 7 of 10Inorganics 2022, 10, x FOR PEER REVIEW 7 of 11 
 

 

 

Figure 5. FESEM images of ZnO prepared at (a,b) 85 °C and (c,d) 95 °C. 

Additional morphological features and the crystalline quality of ZnO nanotubes 

were achieved through TEM analysis. Figure 6a shows the TEM image of a single nano-

tube with length and diameter in the range of ~1 micron and 90–200 nm, respectively. The 

atomic structure-related information obtained from the HRTEM image in Figure 6b de-

picts the highly crystalline nature of ZnO nanotubes with the interlayer spacing of 0.265 

nm, which attributes to the d spacing of (002) lattice plane in ZnO structures. The results 

that were obtained from HRTEM further confirm the XRD studies where the ZnO nano-

tubes have preferred growth direction along the c-axis. The EDX spectrum of ZnO nano-

tubes clearly shows Zn and O peaks (Figure 6c), with no evidence for the presence of any 

other impurity peak. 

Figure 5. FESEM images of ZnO prepared at (a,b) 85 ◦C and (c,d) 95 ◦C.

The current density–voltage (J–V) curves with the pure ZnO and a weight ratio of
0.5 wt.% of RGO and CNTs incorporated in the ZnO are shown in Figure 8, and their
photovoltaic parameters such as short-circuit current density (Jsc), open circuit voltage
(Voc), fill factor (FF), and photovoltaic conversion efficiency (η) are summarized in Table 1.
The performance of ZnO nanostructure-based DSSCs was compared with the ZnO/RGO
and ZnO/CNTs nanocomposite-based DSSCs. Figure 8 and Table 1 clearly reveal that
ZnO shows a characteristic of DSSCs having a current density Jsc of 0.20 mA cm−2. How-
ever, ZnO/RGO nanocomposites show an increase in current density to 0.24 mA cm−2,
while a slight decrease in the current density (0.22 mA cm−2) was observed for the
ZnO/CNTs nanocomposites.

Table 1. Summarized table of DSSCs parameters for samples of ZnO and their nanocomposites.

Samples Voc (V) Jsc (mA/cm2) FF % Efficiency (η) (%)

ZnO (85 ◦C) 0.43 0.202 38.37 0.326

ZnO/RGO (0.5%) 0.46 0.241 52.21 0.574

ZnO/CNTs (0.5%) 0.48 0.220 58.10 0.612

Additionally, the ZnO/CNTs device shows the highest efficiency of 0.61%, having a
Voc of 0.48 V, Jsc of 0.22 mA cm−2 and FF of 58.10%, which is almost double the efficiency
attained by the pure ZnO-based DSSCs (~0.326%). However, ZnO/RGO-based DSSCs
produce a slightly lower efficiency of 0.574%, with a Voc of 0.46 V, Jsc of 0.24 mA cm−2 and
FF of 52.21%. The obtained efficiencies of ZnO/RGO and ZnO/CNTs are much higher than
that of pure ZnO.
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4. Conclusions

In summary, a fast, cost-effective, and highly reproducible methodology of using soft
chemicals to fabricate ZnO nanostructures and their RGO and CNTs nanocomposite-based
DSSCs has been presented. The nanocomposites of ZnO were well characterized by using
XRD, FESEM, TEM, and Raman spectroscopy measurements. A systematic investigation
with the incorporation of 0.5 wt% RGO and CNTs in ZnO has been performed, and the effect
of carbon materials on the performance of DSSCs has been observed. The incorporation of
RGO and CNTs in ZnO is slowing down the recombination of photogenerated electrons,
extending the excitation wavelength and increasing the surface-adsorbed amount of dye.
It was observed that the dispersion of small amounts of RGO and CNTs (0.5 wt%) in
ZnO can significantly improve the photo conversion efficiency of DSSCs. The optimum
concentration of 0.5 wt% of CNTs in the ZnO photoanode did not affect the transparency
of the ZnO layer but significantly increased the PCE of DSSC, with a maximum value of
0.612% compared to 0.326% of pure ZnO-based DSSC, and 0.574% for ZnO/RGO-based
DSSC. This enhancement in the performance of CNTs and RGO-based ZnO DSSC could be
due to the improved dye loading and electronic conductivity of photogenerated charge
carriers and also the prevention of the electron–hole pair recombination process.
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