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Abstract: Different nanostructured semiconducting ZnO photoanodes were prepared by Hydrother-
mal (HT), Co-precipitation (CoP) and Chemical Bath Deposition (CBD) methods for their use in the
Dye Sensitized Solar Cells (DSSCs) in the present study. Additionally, different ZnO nanocompos-
ites were synthesized by mixing the Carbon Nanotubes (CNTs), Graphene Oxide (GO) and their
combination with the ZnO nanostructures. Scanning electron microscopy (SEM) revealed various
morphologies of ZnO nanostructures and nanocomposites such as nanoflowers, nanorods, rhom-
bohedral, cubic, and cauliflower-like nanorods, and nanorods with hexagonal symmetry. Energy
Dispersive X-ray (EDX) spectra confirmed the purity of the synthesized samples. X-ray Diffrac-
tion (XRD) demonstrated the hexagonal wurtzite phase of ZnO and a minor presence of CNTs and
graphene. The UV-Visible, transmittance and diffuse reflectance spectra demonstrated that the ZnO
synthesized through the CBD method exhibits the highest transmittance as 70–71% in the UV-Vis
range and reduced % R. Optical band gaps of the samples were determined with the help of Tauc
plots. Comparison of J-V characteristics showed that the ZnO synthesized via the HT method exhibits
the highest conversion efficiency of 1.45%. Comparison among pristine ZnO synthesized via CBD and
ZnO nanocomposites revealed that ZnO/CNTs possesses the highest energy conversion efficiency of
1.23% with enhanced JSC of 4.49 mA/cm2.

Keywords: ZnO; DSSCs; photoanodes; carbon nanomaterials; hydrothermal

1. Introduction

The swiftly growing utilization of fossil fuels and the discharge of greenhouse gases
puts a noteworthy stress on global energy demands and has led to calls for environmental
protection [1]. Solar energy is considered as the most promising and attractive renewable
energy source. Solar energy in the form of a carbon-neutral energy resource is one of the
leading answers to various challenges concerning energy and the environment. After the
origination of the photovoltaic effect by a French physicist Alexander Edmond Becquerel
in the year 1839 [2], the struggles for direct transformation of sunlight into electricity have
undergone remarkable developments. Solar cells show tremendous advantages over other
energy technologies, and they include lack of transmission losses, need little continuation
and maintenance, nontoxicity and noiseless working enjoinment [3].
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Brian O’Regan and Michael Gratzel were the first to present the idea of these -sensitizer-
based solar cells in 1991 [4]. Research studies have been increasingly growing for the
efficient enhancement and improved stability of dye-sensitized solar cells (DSSCs) by
elevating the performance of their constituents. Reduced efficiency, expensive conduct-
ing substrates, ruthenium dyes and platinum are few flaws of DSSCs which need to be
improved. Photoanodes are one of the vital and basic DSSC components due to their
function in scaffolding dye molecules and their assistance in photogenerated electrons
transportation towards external circuits [5]. These porous nanocrystalline semiconductor
oxide films have a sufficient surface area for dye loading which performs the important task
of converting of photons into electrical energy. For better performance, a photoanode must
retain a large surface area, efficient electron transport properties and a low electron-hole
recombination rate [6,7].

Numerous approaches have been suggested for the selection of an ideal photoanode [8].
Various inorganic semiconducting oxides such as TiO2, ZnO, Zn2SnO4, Nb2O5, WO3, SnO2,
Fe2O3, SrTiO3, ZrO2, Al2O3, CeO2 and carbon nanomaterials are employed to work as pho-
toanodes with the band gap almost equal to the sensitizer optical band to aid in the effective
injection of excited electron [9]. Among all these materials, TiO2 and ZnO are argued to
be favorable crucial photoanodes, most probably due to their better porosity and higher
electronic mobility which facilitates greater adsorption of organic sensitizers [10,11]. ZnO is
a cost-effective material which can be obtained easily with variations in its morphology as
well as production [12]. Moreover, besides variety of its features, the diversity in ZnO syn-
thesis techniques offers further new multiplicities for efficiency enhancement [13–16]. Struc-
tural and morphological variations of the photoanodes can have a significant effect on PCE
due to direct relation to the dye adsorption and charge transport. The ZnO nanomaterials
have a variety of one dimensional (1D), two-dimensional (2D) and three-dimensional (3D)
structures and morphologies, which make them a building block for various optoelectronic
devices. One-dimensional structural forms includes nanorods [17,18], nanobelts [19,20],
needles [21,22], nanowhiskers [23,24], nanorings [20], nanosprings and nanohelixes [19],
nanocages [25], nanopores [26], nanotetrapods [27], nanopropeller [28], nanowires [29],
nanobows [30], nanopoints [31], nanobridge and nanonails [32], nanocombs [33], nan-
otips [34], nanodisks [35], nanotubes [36], etc. Nanopellets and nanosheets [37] are 2D
structures, while the 3D structure of ZnO includes nanoflower [38], nanoflakes [39] and
dandelion [40,41].

The proposed research work is aimed at growing morphologically different ZnO
nanostructures through easy, inexpensive and environmentally-friendly wet chemical tech-
niques by varying the growth conditions as they have the capability to improve the electron
transport properties significantly. These wet chemical techniques include chemical bath
deposition (CBD), hydrothermal and co-precipitation techniques. The growth conditions
for the ZnO nanorods have been optimized. Then, the nanostructured composites have
been fabricated by incorporating the carbon nanomaterials, i.e., graphene and CNTs, into
ZnO nanostructures to present highly efficient and pure light harvesting strategies for
electron transport enhancement in the photovoltaic (PV) devices. A novelty of the present
work is that the cauliflower-like nanorods of carbon/Zinc oxide nanocomposites have
never been reported in the literature for their application as catalysts in dye-sensitized
solar cells.

2. Results and Discussion
2.1. X-ray Diffraction (XRD) Analysis

The XRD analyses of all the nanostructures and nanocomposites prepared through
different techniques of HT, CBD and CoP were carried out for understanding the geometry
of the synthesized crystalline materials.
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2.1.1. XRD Analysis of ZnO Nanostructures

The XRD patterns of all the three ZnO nanostructures grown by different methods
are given in Figure 1. All the three ZnO nanostructures demonstrated diffraction peaks
at 2θ = 31.6◦, 34.5◦, 36.3◦, 47.3◦, 56.6◦, 62.8◦, 67.8◦, 68.1◦, and 69.2◦ which correspond to
the (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes, respectively. All
these peaks are recognized and correspond to the standard hexagonal wurtzite structure of
crystalline ZnO. The most prominent and sharp peak is at (101) (100), which indicates that
all the synthesized samples are good crystalline materials. Furthermore, no extra peaks
were observed that can be related to any impurity or transitional material, which indicates
the purity of the grown ZnO nanomaterial.
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Figure 1. XRD pattern of ZnO nanostructures obtained via the HT, CoP and CBD methods.

It has already been demonstrated that the ZnO nanomaterials have a variety of one-
dimensional (1D) [17–22], two-dimensional (2D) [37], and three-dimensional (3D) struc-
tures [38–41] and morphologies, which make them a building block for various optoelec-
tronic devices.

2.1.2. XRD Analysis of ZnO/CNTs/GO Nanocomposites

The XRD patterns of ZnO/GO, ZnO/CNTs, and ZnO/CNTs + GO nanocomposites
are shown in Figure 2. All the characteristic peaks of the wurtzite structure of ZnO are
visible in the XRD diffractogram. Since the GO (0.05 wt.%) and the MWCNTs (0.05 wt.%)
have been taken in very small proportions, the graphene and MWCNTs concentration ratio
with respect to ZnO was very low, thus observable diffraction peaks could not be recorded
in the XRD spectra. However, in the case of the ZnO/CNTs sample, the characteristic peak
of GO at 2θ = 25◦ was not identified in the diffractogram.
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Figure 2. XRD pattern of the ZnO, ZnO (CNTs), ZnO (GO) and ZnO/CNTs/GO samples.

The crystallite size (D) of the samples is estimated using the Scherrer formula:

D =
Kλ

β2θ cos θ
(1)

where k is a constant taken to be 0.94, λ is the wavelength of the X-ray used (λ = 1.54 Å)
and β2θ is the full width at half maximum (peak width) of (101) peak of the XRD pattern,
Bragg angle is 2θ value of sharp peak. The crystallite size values given in Table 1 show
that the ZnO synthesized via CBD exhibited the largest crystalline size of 51.37 nm and the
ZnO prepared by the HT process revealed a reduced crystalline size of 17.47 nm. Moreover,
among the nanocomposites, the ZnO/GO revealed a small crystal size of 45.96 nm. The XRD
analysis revealed that all of the samples could be perfectly indexed as hexagonal wurtzite
structures for ZnO (JCPDS NO. 36-1451) without any impurity phases. Furthermore, their
diffraction peaks were sharp and intense, indicating that the ZnO nanostructures were
highly crystalline.

Table 1. Crystallite size of nanostructures and nanocomposites.

Samples Peak Width
(FWHM)

Peak Position
(2θ)

Crystallite Size
(nm)

ZnO (CBD) 0.17 36.2 ~51.37

ZnO (CoP) 0.24 36.2 ~36.39

ZnO (HT) 0.50 36.2 ~17.47

ZnO (CNTs) 0.18 36.2 ~48.51

ZnO(GO) 0.19 36.2 ~45.96

ZnO (CNTs + GO) 0.18 36.2 ~48.51
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2.2. Optical Analysis

The synthesized nanostructures and nanocomposites were optically characterized and
their diffuse reflectance and optical transmittance were recorded in order to investigate the
optical behavior and band gap of the synthesized nanomaterial.

2.2.1. Optical Analysis of ZnO Nanostructures

The diffuse reflectance and optical transmittance spectra of Zinc Oxide nanostructures
synthesized by various techniques are given in Figure 3. A, B. Sinusoidal transmittance
spectra have been exhibited by the Zinc Oxide films in the visible region because of their
layered structure. Highest percent transmittance (T%) up to 71% can be observed in the
case of ZnO synthesized by the CBD method with an absorption edge at 380 nm in the
UV–Vis range. The ZnO synthesized by the HT and CoP methods revealed an average
T% of about 41% with an absorption edge at 379 nm, and 31% with an absorption edge
at 378 nm, respectively. Thus, a blue shift can be observed as we move from CBD to the
HT method and then to the CoP method. The ZnO film synthesized by the CBD method
exhibiting the highest T% is attributed to the large crystallite size of the film. Furthermore,
the reduction in T% is correlated to light scattering because of grain boundaries. The lowest
T% of ZnO nanostructure synthesized by the CoP method caused an increment in the
percent reflectance (R%) as demonstrated by the diffuse reflectance spectra, and thus the
highest R% of about 69.9% was recorded for this sample. On the other hand, the ZnO
synthesized by the CBD method exhibiting the highest transmittance showed a decreased
R% of about 24.12%. Moreover, the ZnO synthesized by the HT method showed a 68%
reflectance. All these variations can be correlated to the difference in light scattering caused
by the crystallite size.
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2.2.2. Optical Analysis of ZnO/CNTs/GO Nanocomposites

The T% and R% of the pure ZnO nanostructure and its nanocomposites with carbon
have been compared and displayed in Figure 4 A,B. It reveals that the pristine ZnO exhibited
the highest transmittance at around 71% with an absorption edge at 380 nm. The ZnO
nanocomposite with CNTs shows a lower value of T% (30%) having the absorption edge at
369 nm. The ZnO nanocomposite with GO shows a T% of about 25% and the absorption
edge can be observed at 372 nm. The ZnO nanocomposite with CNTS and GO demonstrated
the lowest T% of about 20.12% with an absorption edge at 370 nm.
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Diffuse reflectance spectra reveal that the pure ZnO with the highest T% values exhibit
the lower reflectance, i.e., 24.12%. The ZnO nanocomposites with CNTs which have a lower
T% show the highest reflectance of 34.20% and an absorption edge at 369 nm. The ZnO/GO
showed reflectance of 35% with an absorption edge at 372 nm. The ZnO/CNTs/GO
revealed the lowest reflectance of 19% with an absorption edge at 380 nm and showed an
enhanced absorption. The shifting of absorption edges towards the higher wavelength
indicates the reduction in optical band gaps value of the nanocomposites analyzed by the
Tauc plots.

2.3. Band Gap Calculations

The optical band gaps of the synthesized samples were calculated by using the Tauc
relation given as:

α (v) = A
(hv− Eg)n

hv
(2)

where α is the optical absorption coefficient, A is the proportionality constant, hv is the
incident photons energy, v is the frequency and n is the exponent whose value depends
on the transition type, i.e., 1/2 for the allowed direct transition, 2 for the allowed indirect
transition. 3/2 relates to the forbidden direct transition and 3 corresponds to the forbidden
indirect transition. The ZnO shows the allowed direct transition corresponding to n = 1/2.
Absorption coefficient (α) is related to the strong absorption peak of the synthesized
samples and depends on absorbance (A) and the thickness (t) of the sample, i.e., the band
gap is determined by plotting a curve between (hv) and (F(R)hv)1/2 and extrapolating the
curve linear portion to (F(R)hv)1/2 = 0.

α = 2.303A/t (3)

The deviation of (F(R)hv)1/2 on the y-axis versus hv on the x-axis for ZnO nanostruc-
ture and carbon/ZnO composites synthesized via CBD are shown in Figure 5, and the
measured values are illustrated in Table 2.
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Table 2. Band gaps for the ZnO nanostructures and carbon/ZnO nanocomposites.

Samples
Band Gap Values Using F(R) Spectra Band Gap Values Using T and R Spectra

Band Gap (eV) Error (eV) Band Gap (eV) Error (eV)

ZnO (CBD) 3.15 ±0.05 3.20 ±0.08

ZnO (CoP) 3.20 ±0.05 3.20 ±0.08

ZnO (HT) 3.21 ±0.05 3.21 ±0.08

ZnO/CNTs 3.20 ±0.05 3.19 ±0.08

ZnO/GO 3.19 ±0.05 3.18 ±0.08

ZnO/CNTs/GO 3.18 ±0.05 3.19 ±0.08

Similarly, the optical band gap can also be determined with the help of the Transmit-
tance and Reflectance spectra of the synthesized samples. By using R and T spectra, and
by knowing the film thickness (d), the absorption coefficient (α) can be calculated by the
following equation:

α =
1
d

ln (
1− R

T
) (4)

The optical band gap (Eg) of ZnO can be correlated to absorption coefficient (α) by
using equation:

αhv = const (hv − Eg)1/2 (5)

Plotting the curve between (αhv)2 versus photon energy (hv), the optical band gap
values are recorded by extrapolating the straight lines to zero (Figure 6). The calculated val-
ues are illustrated in Table 2. The measured values have a possible error of ±0.08 eV, which
is correlated to the spectrophotometric measurements besides the curve extrapolation.

2.4. Morphology of ZnO Nanostructures
2.4.1. Morphology of ZnO Nanostructures Grown via the Hydrothermal Method

ZnO nanostructures were grown by means of a hydrothermal technique (HT) at 120 ◦C
for 12 h in an autoclave directly on the FTO substrate achieving a 12 µm thickness. The
planned growth yielded small sized nanoflowers (NFs), which show potential to act as effec-
tive photoanode in a DSC. Surface morphology of the film plays a vital role in investigation
of its microstructure. The SEM images of the ZnO film at different magnifications has been
presented in Figure 7A–F, which show nanoflower morphology having some nanoflakes
on the surface. The average thickness of the flakes is observed to be about 53.02 nm. The
literature reveals that ZnO nanomaterials have various structures, i.e., one-dimensional
(1D), two-dimensional (2D), and three-dimensional (3D) structures and morphologies,
which enable them to be a building block for various optoelectronic devices [36–38]. It has
been demonstrated that the arbitrary branches of the nanoflowers film offer a high specific
surface area and greater contact among light and dye besides retaining high electronic
transport [38].
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Figure 7. SEM images representing different magnifications of ZnO nanoflowers ((A) 20 µm,
(B,C)—5 µm, (D) 2 µm, (E,F)—0.5 µm,) grown on FTO via the hydrothermal technique.

The SEM micrographs of HT grown ZnO nanostructures in powdered form are given
in Figure 8A,B with different magnifications. They reveal randomly shaped clusters of
dispersed ZnO fibers with a dimension of around 1 µm and the lower magnification has
yet demonstrated the nanoflowers’ arrangement.
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Figure 8. SEM images of fiber-like ZnO ((A)—10 µm, (B)—2 µm) grown by hydrothermal technique.

2.4.2. Morphology of ZnO Nanostructures Grown by Co-Precipitation Method

ZnO structures grown by co-precipitation method (CoP) (at 70 ◦C) produced porous
rhombohedral-shaped ZnO (Figure 9A,B), as confirmed by the SEM micrographs of various
magnifications. The average particle size is about 1 µm, which is further composed of
randomly shaped nanoparticles and can be viewed from the higher magnified image
(Figure 9B). The average length of these nanostructures is up to 400 nm.
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Figure 9. SEM images of rhombohedral ZnO nanostructures grown by the CoP method ((A)—20 µm,
(B)—5 µm).

2.4.3. Morphology of ZnO Nanostructures Grown by Chemical Bath Deposition Method

ZnO nanostructures grown by the CBD method at 90 ◦C for 12 h in an oven were
characterized by SEM. The SEM images of ZnO nanostructure with different magnification
are given in Figure 10A,B. These micrographs show a dense assembly of ZnO NRs (having
diameter in the range of 1–3 µm) in the form of distinct bundles which have emerged from
the common origin. Thus, the CBD process has favored the formation of nanorods-like
ZnO nanoparticles.
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Figure 10. SEM images of ZnO nanorods synthesized by the CBD method ((A)—10 µm, (B)—2 µm).

A variation in length, size and shape of nanorods can also be observed as only a few
nanorods exhibit smooth surfaces with hexagonal symmetry at their end. Figure 11 shows
the SEM image of a cauliflower-like ZnO nanostructure synthesized by the CBD method. It
clearly shows that a number of ZnO NRs with hexagonal symmetry have been instigated
from the common point and aggregated together to form a cauliflower-like nanostructure.
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Figure 11. SEM micrograph of cauliflower-like ZnO nanostructures synthesized by CBD method
(magnification-2 µm).

2.5. Morphology of ZnO/Carbon Nanocomposites Grown via the CBD Method

To enhance the absorbing layer performance attaining maximum light absorption
and to improve the electron transport properties of ZnO, the carbon nanotubes have been
incorporated into ZnO in lower percentage. For this purpose, both the materials were
dispersed in solvents and mixed together to synthesize the nanocomposites.

2.5.1. Morphology of ZnO/CNTs Nanocomposites

The SEM images of ZnO/CNTs nanocomposites synthesized by the CBD method by
mixing 0.05 wt% MWCNTs in ZnO nanostructures are shown in Figure 12A–F. Contrary
to the pure ZnO nanostructure, these images clearly show that the surface of arbitrarily
aligned highly dense nanorods and hexagonal ZnO nanostructures is rough. Besides the
presence of nanorods in various sizes and lengths, some ZnO nanoflakes are also visible
with MWCNTs rooted on the surface of the flakes. Higher magnification reveals better
connectivity of MWCNTs with ZnO. The average diameter of ZnO nanorods is observed to
be in the range of 200–500 nm.

2.5.2. Morphology of ZnO/Graphene Oxide Nanocomposites

The SEM images of ZnO/GO nanocomposites formed by adding 0.05 wt% GO in ZnO
nanomaterial grown by the CBD method are represented in Figure 13A–F. The images show
randomly oriented small-sized individual as well as bundled ZnO nanorods distributed at
the surface. The sheet-like arrangement on the surface of nanostructures visible at higher
magnification indicates the dispersion of graphene due to the hydrophilic groups at its
surface, but cannot be easily indentified because of the small percentage.
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(B)—10 µm, (C)—5 µm, (D)—2 µm, (E)—1 µm, (F)—0.5 µm).
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Figure 13. SEM images of ZnO/GO nanocomposite grown by the CBD method (A)—10 µm,
(B)—20 µm, (C)—5 µm, (D)—2 µm, (E)—1 µm, (F)—0.5 µm.

2.5.3. Morphology of ZnO/CNTs/GO Nanocomposites

The SEM images of the composite of ZnO/CNTs/GO, synthesized by mixing ZnO
powder with 0.05 wt.% GO and 0.05 wt.% are given in Figure 14A–D. The micrographs
reveal a compact high surface roughness which has few individually present ZnO nanorods
with hexagonal symmetry and others aligned together in the cauliflower-shape originated
from the common origin with embedded MWCNTs and GO. The average diameter of ZnO
nanostructures was found to be 500 nm.
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and (D)—0.5 µm.

2.6. Energy Dispersive X-ray Spectroscopic (EDX) Analysis

Energy dispersive X-ray (EDX) analyses of the samples prepared through different
techniques, i.e., HT, CoP and CBD were performed for investigating the elemental compo-
sition of the synthesized nanostructures and nanocomposites.

2.6.1. EDX Analysis of ZnO Nanostructures

The EDX analysis confirms the elemental composition of the synthesized nanomateri-
als. The EDX spectra of pristine ZnO grown by HT, CoP and CBD techniques are presented
in Figure 15A–C. The figure shows that the nanostructures synthesized by all these methods
are comprised only zinc (Zn) and oxygen (O) elements and no impurities are present.

2.6.2. EDX Analysis of ZnO/CNTs/GO Nanocomposites

The presence of carbon in the nanocomposites ZnO/GO, ZnO/CNTs, and ZnO/CNTs/
GO grown by CBD technique was confirmed from the elemental analysis using EDX. The
spectra presented in Figure 16 evidently show the presence of elemental carbon with a
higher atomic concentration, which indicates the inclusion of GO and CNTs into the ZnO
nanostructure.
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Figure 15. EDX spectra of ZnO grown via the HT, CoP and CBD methods ((A)—CBD, (B)—CoP,
(C)—HT).

2.7. Current-Density Voltage Analysis of ZnO Based Dye Sensitized Solar Cells

The dye sensitized solar cell (DSSC) was assembled using ZnO as the photoanode,
N719 as the dye, iodide/triiodide as the electrolyte and platinum as the counter electrode.
The power conversion efficiency (PCE) of the fabricated DSSCs was calculated using
current density-voltage (J-V) curves and was measured under AM 1.5G illumination. The
J-V characteristics of Zinc Oxide synthesized by different techniques are given in Figure 17.
It can be seen from the figure that the ZnO synthesized by hydrothermal process with
the nanoflower morphology having the best results with the Voc as 0.513 V, the Jsc as
4.82 mA/cm2 and Fill Factor (FF) as 0.59. The maximum current density led to an improved
conversion efficiency of 1.45% which overcomes the small reduction in Voc. The Jsc varies
with the surface area of the nanoparticles, hence, nanoflowers with an increased surface
area can assimilate more dye and this results profound Jsc and thus greater efficiency.
However, the DSSC based on ZnO grown by CBD with nanorods morphology achieved
the Voc as 0.407 V, the Jsc as 4.42 mA/cm2 and the FF as 0.63. The nanorods’ morphology
has exhibited higher Jsc probably by providing \ direct path to photogenerated electrons
with a power conversion efficiency of 1.14%. The ZnO grown by CoP with a cuboid and
rhombohedral structure exhibited lower efficiency of 1.12% with Voc, Jsc and FF values of
0.568 V, 3.34 mA/cm2 and 0.59, respectively.
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Figure 17. J-V plot of ZnO nanostructures grown through different techniques.
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The J-V characteristics of pure ZnO and its nanocomposites with carbon, prepared
through CBD, are shown in Figure 18. It can be observed that the ZnO/CNTs nanocom-
posite exhibits the maximum conversion efficiency, i.e., 1.23%, and the other reflective
electrical parameters, the Voc, JSC and FF, are observed as 0.422 V, 4.49 mA/cm2 and 0.65,
respectively. The increased efficiency can be credited to the effective mixing of CNTs into
ZnO nanostructures, which encourages the fast transport of photon-generated electrons
by providing conductive paths between the ZnO nanorods and therefore leads to a higher
Jsc. The ZnO/GO/CNTs nanocomposite gave an efficiency of 0.86%, the Voc as 0.412 V,
the JSC as 3.45 mA/cm2 and the FF as 0.61. However, the ZnO/GO showed minimum
conversion efficiency of 0.77% with JSC, VOC and FF values as 2.67 mA/cm2, 0.451 V and
0.64, respectively.
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Figure 18. Electrical characteristics of ZnO nanostructures and ZnO nanocomposites with carbon.

Lower efficiency in the case of ZnO/GO can be related to the reduced conductivity
of graphene oxide due to deficient pi conjugation, i.e., lower than a micro-S/m with a
C/O ratio of 2/1. Hence, converting the GO to RGO produces better conductivity values
which further helps in the improved efficiency of the DSC. The electrical behavior of the
synthesized nanostructures and nanocomposites are given in Table 3.

Table 3. Electrical parameters of DSCs.

Samples VOC (V) JSC (mA/cm2) Vmp (V) Jmp (mA/cm2) FF η (%)

ZnO (HT) 0.513 4.89 0.363 4.02 0.59 1.99

ZnO (CoP) 0.568 3.34 0.415 2.17 0.59 1.50

ZnO (CBD) 0.407 4.42 0.314 3.63 0.63 1.52

ZnO (CNTs) 0.422 4.49 0.322 3.85 0.65 1.66

ZnO (GO) 0.451 2.67 0.328 2.34 0.64 1.02

ZnO (CNTs + GO) 0.412 3.45 0.317 2.74 0.61 1.16
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Various attempts have been made to enhance the efficiency of DSSCs by using ZnO-
CNTs composites as photoanodes [42–44]. The addition of CNMs in ZnO photo anodes
provides another conduction route for electronic transport, which decreases the resistance
between electrolyte/electrode, reducing the recombination losses and thus constructing
a remarkable and unique path for DSSCs It is observed that blending of ZnO and CNTs
in the form of nanocomposite thin film possessed enhanced electrical conductance in the
DSSC, possibly by offering a higher specific surface area leading to improved dye ad-
sorption [44–48]. The CNTs assists in electrolyte/electrode interfacial barrier reduction
which consequently results into smaller recombination and enhancement of ZnO inter-
connectivity [49]. For instance, Tumcharern et al. [43] studied the impact of MWCNTs’
incorporation in the ZnO photoanode. J-V characteristics of ZnO-MWCNTs photoanode
revealed that 0.05 wt.% MWCNTs possessed a 42% improved conversion efficiency of 0.77%
in comparison to that of pure ZnO photoanode and a 32% enhanced Jsc of 2.33 mAcm−2,
Voc of 0.62 V, FF of 0.53%. At 0.3 wt.% MWCNT, ZnO/MWCNT composite displayed
enhanced Jsc of 11.85 mA/cm2, Voc of 0.48 V, FF of 48.76% and greater conversion efficiency
of 2.77% than that of the pure ZnO cell (2.37%).

3. Experimental
3.1. Materials and Synthesis Methods

Multi-walled CNTs (NC3101) with 95% purity and -COOH functionalized for about
>8% were purchased from NANOCYL. The average length of these carbon nanotubes
(CNTs) was 1.5 µm and the average diameter was 9.5 nm. Graphene oxide was purchased
from CHEAPTUBES. Analytical grade materials, i.e., Zinc acetate dihydrate [Zn(CH3COO)2·
2H2O, ≥99.0%], Zinc Nitrate hexahydrate [Zn(NO3)2·6H2O, ≥99.0%], hexamethylenete-
tramine (HMTA) [C6H12N4, ≥99.0%], Fluorine-doped tin oxide [F:SnO2, 22 Ω/cm2]-coated
glasses, N719 dye [Ruthenizer 535bis-TBA] electrolyte [Iodolyte AN50] and absolute ethanol
[CH3CH2O, 99.8%], were purchased from Sigma Aldrich and distilled water was used. All
the chemicals were used as received without further purification. ZnO was synthesized by
using various techniques as depicted in Scheme 1.
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3.2. Film Fabrication

For film fabrication, two methods have been used which include direct growth on
FTO and film deposition by the doctor-blade technique. For direct growth onto FTO
substrate, a hydrothermal method or CBD was used. A substrate holder was used to
hold and fix the FTO substrate. The FTO substrate’s conducting side was in downward
position to prevent the precipitates from dropping onto the glass substrate from the solution.
Then, the arrangement was positioned in a vertical direction in the prepared solution. For
the hydrothermal technique, an autoclave or a beaker for the CBD process were used.
Afterwards, to avoid the ammonia volatilization, the autoclave/beaker was sealed and
placed in an oven at 120 ◦C for 18 h. Then, the substrate with a thick, white film layer was
removed from the solution, washed with deionized water and then dried. Doctor-blade
printing is the simplest technique for the current electronics technology, so it was used for
ZnO films fabrication. This method is similar to tape casting and most appropriate for thick
films fabrication. For uniform dispersion of the prepared paste on the FTO substrate surface
to form stable, thick film, a blade was used as indicated by its name. This is a cost-effective
technique, as the 5% particles loss is reduced as compared to the spin coating method [50].
For the mixed solvent paste synthesis, 1 vol% acetic acid, 32 vol% deionized water, and
67 vol% ethanol was used. Afterward, dispersion of ZnO particles in paste solution with
a 1:2 weight ratio of ZnO and paste solution was carried out. Then, constant stirring was
maintained until the formation of a colloidal suspension and then ultrasonication was
carried out for 4 h. The paste obtained in a circular shape was deposited via doctor-blading
on the FTO substrate and film explicit parts which were not used for growth were covered
by Teflon tape. The covered films were dried at 90 ◦C for 30 min and then annealed at
350 ◦C in a furnace to form thin smooth films photoanode.

3.3. Cell Fabrication

The top surface of DSSCs is an anode which is transparent and made up of glass plates
with FTO deposited on the backside. On the back of conductive plate, there is a thin layer
of semiconducting metal oxide, which has a high specific area, and is extremely porous
and chemically bounded by sintering. The plate with two sides, an anode with SnO2: F
coated side and a conductive side, is soaked in a mixture which consists of a solvent and a
dye (N719), and this is the photosensitive part of DSCs [51,52]. This dipping in the mixture
forms a very thin layer of the dye on the semiconducting oxide surface. It is bonded
covalently and this may be through a bidentate bridging association or through a chelating
ester. The arrangement of counter electrodes includes an iodide/triiodide electrolyte which
is extended over a platinum sheet. The platinum sheet is conductive and acts as a catalyst.
Then, a connection is made between the two plates and the cell is then sealed to avoid any
electrolyte leakage [53].

To fabricate the microfluidic DSCs, the first step was the immersion of photoanodes in
a dye solution at room temperature for an optimized time interval and then washing them
with solvent to eliminate any weakly attached non-adherent dye molecules. To develop
an inlet and outlet connections, two small pin holes were used for counter electrodes
and FTO substrates via a powder-blasting method. Then, rinsing of FTO glasses was
done. First, the FTO glasses were dipped in acetone, then ultrasonicated for about 10 min
and then bathing with isopropanol was done. Afterwards, a 1:3 piranha solution of
hydrogen peroxide: sulfuric acid was prepared and then the FTO glasses were dipped
in this solution for about 10 min. The glasses were then washed with deionized water
to remove organic scums and then a nitrogen shower was employed for drying. For
deposition of the 5 nm platinum layer on the FTO glass, thermal evaporation was used.
For the operating chamber, the PDMS membrane (200 ± 15 µm) was synthesized by a
casting method. The PDMS (polydimethylsiloxane) membrane literally defines the active
chamber of the cell. A design with double drop membrane was used to elevate air bubble
removal from the process of filling the electrolyte. Furthermore, sealing of the cells was
carried out by using external housing systems which consist of PMMA (Poly Methyl Meth
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Acrylate) frame structures which aid in the fixing of the two electrodes and also allow
the control and management of fluids. A syringe, which is attached to PDMS O-ring
interconnections (housing ports) by means of LDPE (low-density polyethylene) tubes was
used for the filling electrolyte. Lastly, wrapping of ports by using homemade caps was
carried out. Home-made caps consisted of low-density polyethylene tubes which were
filled with PDMS. This process and arrangement are flexible because they allow control and
examination after performing experiments. The active area of all the cells was measured
and equal to 0.78 cm2 approximately and these measurements were carried out by using a
shadow mask area of 0.22 cm2. Copper foils of a 50 µm thickness and 1.5 cm2 area were
used for the electrical connection of electrodes. PDMS membranes were used between the
electrodes which act as a dielectric between the electrodes. Electrical connections at the
electrodes, which are dielectrically separated by means of PDMS membranes, were made
by using 50 µm thick copper foils with an area of 1.5 cm2.

3.4. Characterization

ZnO thin films were characterized through various physicochemical techniques for
investigating the nature of material, surface roughness, band gap and transparency. The
crystal structure of the sample was investigated using X-ray diffraction (XRD; Bruker
D8 Advance, X-ray diffractometer) with CuKa radiation at a scan rate of 4 min−1. The
acceleration voltage and applied current were 40 kV and 40 mA, respectively. The samples’
morphology was examined using a field emission scanning electronic microscope (FESEM,
FEI Quanta 200 F; accelerating voltage = 10 kV). A Shimadzu UV-4100 spectrophotometer
was used to perform UV–Vis diffuse reflection spectroscopy (DRS) with BaSO4 as the
reference material.

4. Conclusions

Different ZnO-based photoanodes exhibiting various morphologies have been suc-
cessfully fabricated and employed in the DSCs preparation. It was found that the ZnO
photoanode with nanoflower morphology exhibits enough specific surface area for ef-
ficient dye adsorption. Thus, it offers effective conduction paths owing to interlinked
networks thus causing it to enhance the JSC. It is observed that the optical absorbance of
nanocomposites was improved by the addition of GO and CNTs into the ZnO nanostruc-
ture. The electrical characterization of DSCs revealed that the ZnO nanocomposite with
CNTs exhibited a higher power conversion efficiency of 1.23%, which can be attributed to
the higher conductivity of CNTs because it provides a one-dimensional pathway to the
photon-generated electrons. However, the addition of GO has not effectively changed
the performance of DSC. The main reason for its lower JSC value could be due to lower
conductivity of the GO resulting in poor electron transport and thus lower efficiency.
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