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Abstract

The present paper attempts to report the preparation of TiO,—ZnO nanocomposite photoanode materials for dye-sensitized
solar cells (DSSC) and analyse the efficiency of DSSC with natural dyes. The structural and optical characteristics of the
composites were studied by transmission electron microscopy, X-ray diffraction, field effective scanning electron microscopy,
energy dispersive spectrometry, photoluminescence and absorption spectroscopy. The synthesized nanocomposites formed
on FTO substrates are applied as photoanode in a dye-sensitized solar cell (DSC). The natural dyes extracted from Beta
vulgaris (Beetroot) and Syzygium cumini (black plum) were used in the fabrication of DSSC. The solar cells’ photovoltaic
performance in terms of short-circuit current, open circuit voltage, fill factor and energy conversion efficiency was tested
with photocurrent density—voltage measurements. The evolution of the solar cells parameters is explored as a function of the
photoanode and type of dye used in DSSC fabrication.The obtained results show that the efficiency of DSSC significantly
changes with the addition of ZnO to TiO, while the Beta vulgaris dye has evidently shown higher photo sensitized perfor-

mance compared to Syzygium cumini in the preparation of DSSC.

1 Introduction

In recent years, the development of dye-sensitized solar
cells (DSSCs) has attracted much attention of researchers
due to their environmental friendliness, ease of fabrication
and cost-effectiveness [1-5]. A DSSC is consists of a photo-
anode (semiconductor electrode), absorbed dye, a counter
electrode and an electrolyte containing iodide and triiodide
ions [6, 7]. In DSSCs, the photo-anode plays a crucial role
in absorbing sunlight and converting solar energy into elec-
tric energy. An ideal photo-anode for DSSCs should have
features of high specific surface area, high loading of dye
molecules, fast electron transport and less interfacial elec-
tron recombination [7]. Intensive work has been devoted
to the development of TiO, based photo-anodes due to its
unique properties like, high bandgap (3.2 eV for anatase),
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chemically inert, photocorrosion stability, as well as inex-
pensive. However, the sluggish electron mobility and high
electron—hole recombination process limit the efficiency
of TiO, during photo degradation [8]. Many attempts were
made to overcome the limitation in the efficiency of the TiO,
based DSSC such as the fabrication of bi-layer electrode
[9, 10], preparation of composite semiconductor photo-
anode, use of different dyes etc. [11-14]. In this process,
the coupling of various semiconductors has been proposed
for the design of composite photoanode to decrease the
rate of recombination regarding individual semiconduc-
tors. Therefore, to explore efficient photo-anode materials,
efforts have been made to utilize bi-functional materials
including ZnO/TiO, [15], SnO,/Ti0O, [16], ZnO/Sn0O, [17],
S1TiO4/TiO, [18]. Particularly, ZnO based composites has
attracted great attention due to its high electron mobility
(~100 cm? V™! s71), thermal conductivity and bandgap
(3.3eV) [19].

Herein, we report the microwave hydrothermal prepara-
tion of TiO,—ZnO composite as the photoanode in DSSC for
the enhancement of the energy-conversion efficiency. After
the structural, morphological and optical characterization,
DSSCs have been fabricated using TiO,—ZnO composite
semiconductor electrode and sensitized using the extracts of


http://orcid.org/0000-0003-0719-0081
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-018-9269-8&domain=pdf

Journal of Materials Science: Materials in Electronics (2018) 29:11712-11718

1713

Beta vulgaris (beetroot) and Syzygium cumini (black plum).
Syzygium cumini dye extract has been shown to contain
anthocyanin while beetroot contains betalains that are excel-
lent light-harvesting pigments for the generation of charge
carriers in the production of electricity.

2 Experimental procedure
2.1 Synthesis of ZnO and TiO, powders

The ZnO and TiO, nano crystallites were prepared by a
microwave hydrothermal approach. For ZnO synthesis,
firstly, 30 mL NaOH (3.2 mol/L) solution was slowly added
to 30 mL Zn(CH;COO),-2H,0 (1.6 mol/L) solution. For
TiO, synthesis, 30 mL NaOH (3.2 mol/L) solution was
slowly added into 30 mL TiCl, (1.6 mol/L) solution. These
mixed solutions were transferred individually to a Teflon-
lined autoclave of 50 mL capacity and then irradiated
using a temperature controlled microwave synthesis system
(MARS-5, CEM Corp., Mathews, NC, frequency 2.45 GHz,
maximum power 1200+ 50 W) at 180 °C for 45 min. After
microwave reaction, the solution of the mixtures was cooled
to room temperature. The resulting white precipitates were
collected by filtration and washed with deionized water mul-
tiple times and then dried at 80 °C for 12 h in air.

2.2 Preparation of ZnO-TiO, composites

TiO,—ZnO composites were prepared by mechanical mixing
of synthesized ZnO and TiO, powders in the weight percent-
ages defined as (100 —x) TiO, +x(ZnO), where the weight
percentages are x=0, 10, 30, 50, 70, 90 and 100%. In gen-
eral, TiO, exists in three phases: anatase, rutile and brookite.
Pure brookite phase is unstable and difficult to synthesize.
Pure rutile phase has limited photoactivity, and, therefore, is
less photo efficient than anatase phase. For the application of
TiO, in photocatalysis and DSSC, anatase phase of TiO, is
considered to be more active. To attain the anatase phase of
TiO, in composite samples, mixed powders were microwave
heated at 550 °C for 90 min in the air atmosphere using a
multimode cavity of 2.45 GHz microwave oven.

2.3 Natural dye extraction

A fresh Syzygium cumini/Beta vulgaris were cut into small
pieces and soaked in 150 mL acetone (1:15 ratio) with stir-
ring for 12 h at room temperature. The crude solution was
filtered using filter paper to remove solid residue. Finally,
the filtrate was washed multiple times with hexane to remove
any oil or chlorophyll present in the extract and shielded
from exposure to direct light and stored in a refrigerator at
5°C.

2.4 Preparation of dye-sensitized solar cells

Fluorine doped tin oxide (FTO; Techinstro) conductive
glass sheets were first cleaned by dipping it in detergent
solution for 10 min, then sonicated using an ultrasonic
bath for 5 min, rinsed with deionized water and then dried.
Photoelectrodes were prepared on FTO glass slide via doc-
tor blade technique with a glass slide and scotch tape as
a spacer. To make a homogeneous slurry, prepared nano-
composite powders were mixed with water, acetylacetone
and Triton-X 100 in pestle and mortar. Using this slurry,
thin films of area 1.0 cm X 1.0 cm were prepared, dried at
room temperature, followed by annealing at 450 °C for
30 min. For sensitization, the fabricated electrodes were
dipped in natural dye (Syzygium cumini/Beta vulgaris)
solution for 24 h. The counter electrode was made by spin
coating 5 mmol/L H,PtCl;-6H,0 (Chloroplatinic acid hex-
ahydrate) in isopropyl alcohol on FTO glass and sintering
it at 385 °C for 15 min. For the complete fabrication of
DSSC, the sensitized electrode and the counter electrode
was assembled and a few drops of electrolyte, comprising
of Li, I,, TBP and TBAI in acetonitrile, were injected in
between the electrodes.

2.5 Characterization

The phase identification of as-synthesized (TiO,, ZnO)
and composite (ZnO-TiO,) powders was carried out using
X-ray diffractometer [(XRD), Philips PW 1830] using
CuKa radiation with A=0.15418 nm. The morphologi-
cal characterization of synthesized and composite samples
was determined using TEM (Jeol, JEM 2100) and FESEM
[(FESEM), Carl Zeiss EVO 18] respectively. The quan-
titative elemental composition analysis has been carried
out using energy dispersive X-ray spectroscopy (EDAX;
OXFORD analytical). The optical properties of compos-
ite powders were examined via UV-Visible spectropho-
tometer (Shimadzu Uv 1800) and photoluminescence
spectra (Fluorolog 3, Horiba Jobin-Yvon). Photolumi-
nescence (PL) spectra of the TiO,—ZnO composites have
been recorded using a 450 W xenon lamp equipped with a
Fluorolog 3, Horiba Jobin-Yvon fluorescence spectrometer
at an excitation wavelength of 325 nm. Photocurrent den-
sity—voltage (J-V) characteristics of the developed DSSC
have been measured under simulated solar light (AM 1.5
solar simulator, Newport, Model 96000) with Xe lamp and
source meter (Keithley, Model 2400).

@ Springer



1714

Journal of Materials Science: Materials in Electronics (2018) 29:11712-11718

200 nm
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Fig.2 Energy dispersive analysis (EDAX) of a TiO,, b ZnO powders

3 Results and discussions

Figure la, b show the TEM images of microwave hydro-
thermal synthesized TiO, and ZnO nanoparticles. It can
be seen from the figure that the powder particles are uni-
form and of nearly spherical in shape in TiO, whereas
ZnO nanoparticles have mixed morphology of spherical
and elongated rod shape. It was revealed that the particle
sizes of the TiO, and ZnO were 12 and 19 nm respectively.
The elemental compositions of the synthesized powders
were investigated via FESEM-EDX. The results of EDX
analysis are shown in Fig. 2 and confirmed the presence of
titanium and zinc, corresponding to the primary elements
present in TiO, and ZnO powders, respectively.

Figure 3 shows the X-ray diffraction patterns of
(100 —x) TiO, + x(ZnO) composite samples. From the
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Fig.3 Powder X-ray (Cu Ka radiation) diffraction patterns of
(100 —x) TiO, +x(ZnO) composite samples

Figure, it can be observed that the prepared TiO, and
ZnO powders shown pure anatase phase (JCPDS No.:
84-1286) and the wurtzite phase (JCPDS No. 36-1451)
respectively. Compared to the monocomponent nanoma-
terials (TiO, or ZnO), the nanocomposites indeed con-
sist of wurtzite ZnO along with both anatase TiO, and
rutile TiO, which is clearly shown in the XRD pattern.
The sharp peaks observed from XRD patterns confirm the
formation of highly crystalline phases. Furthermore, with
the increase of the ZnO concentration, the characteristic
peaks of anatase TiO, gradually decreased, and the char-
acteristic peaks of wurtzite ZnO gradually increased in
contrast. These XRD results further confirmed the suc-
cessful preparation of the nanocomposites consisting of
both TiO, and ZnO phases.
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Fig.4 FE-SEM images of (100 —x)TiO, + (x)ZnO composite electrodes a x=0%, b x=50% and ¢ x=100%
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Fig.5 UV-Vis absorption spectra of (100 —x)TiO, + (x)ZnO com-
posites

The efficiency of catalysis is dependent on the surface
morphology of nanoparticles. The fine spherical particle in
anatase phase of TiO, in comparison with large, ragged and
needle shape particle in rutile phase provided higher surface
area [20]. Figure 4 shows FESEM images of the three typical
composite electrodes (x =0, x=50% and x=100%). From
the images, it can be observed that the pure and composite
electrodes exhibit the uniform spherical topography with
high porous structure. This highly porous structure helps
to attach more dye molecules on the surface of composite
electrodes,and as on when the dye on the surface of parti-
cles of TiO,—ZnO absorbs the light (photons) it results in
excitation of more electrons. The particle size of the pure
and composite powders was determined using line intercept
method and it is found to be in the range 45-80 nm.

Figure 5 shows the UV-Vis absorption spectra of
TiO,~ZnO nanocomposite samples. In a semiconductor such

Table 1 Bandgap energy values

of (100 —x)TiO, + (x)ZnO Sample (%) Bandgap
composite samp2k:s energy (Eg)
x=0 3.26
x=10 3.28
x=30 3.30
x=50 3.31
x=170 3.36
x=90 3.39
x=100 3.24

as TiO, and ZnO, light is only absorbed if it has energy
that is greater than the energy required to excite an electron
from the valence band to the conduction band of the mate-
rial. ZnO is a direct band gap semiconductor with bandgap
energy around 3.3 eV. On the other hand, the TiO, is an indi-
rect bandgap semiconductor with bandgap energy around
3.2 eV (387.5 nm) for anatase. From the figure,it can be
observed that the present investigated samples are exhibiting
transparent behaviour in the visible range (400-1000 nm).
Moreover, for light wavelengths below 400 nm, the absorb-
ance nature of samples are high and the percentage of
absorption is varies with composition and it is maximum
for x =30 and 50% samples. In fact, the Zn atoms create
distortion in TiO, lattice and in Ti—O bond length which
causes shift in the absorption edge [21]. The average optical
transmission of all the samples in the visible range part of
the spectrum is found to be around 93%. Surface morphol-
ogy has a significant effect on the optical properties of the
sample. Larger pores of investigated samples result in the
reduction of light scattering, which can decrease the absorb-
ance of samples. From figure, itcan also be observed that
UV spectra of composite samples showing the two absorp-
tion edges which can be attributed to the optical absorp-
tion of two crystalline phases. The optical band gap (E,)
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Fig.6 PL spectra of (100 —x)TiO, + (x)ZnO composites

of investigated samples are measured from the plots (athv)?
versus the photon energy (hv) and the obtained values of E,
are reported in Table 1. From the table, it can be seen that
the composite samples band gap slightly higher compare to
pure TiO, and ZnO samples.

Figure 6 shows typical PL spectra forcomposite samples
with a xenon lamp excitation as a source. It can be seen from
the figure that all the composite powders having similar exci-
ton PL peaks (435, 479 and 572 nm) behaviour however, the
PL intensity varies with composition. The similar emission
behavior of the PL spectra indicates that all the composite
samples have a similar origin of PL emission. Ingeneral,
PL spectra of TiO, materials are attributed to three types of
physical origins: self trapped excitons, oxygen vacancies,
and surface states [22]. The peak at around 435 nm in the
blue-violet region originates from charge recombination
in the surface state defects. These surface states are pos-
sible due to the interaction of ZnO and TiO,. The bands at
around 479 nm in the blue area are due to different intrinsic
defects in the TiO, lattice such as oxygen vacancies, titanium
vacancies and interstitial defects. A green emission can be
seen at around 572 nm which may be due to electron-hole
recombination. The variation in PL intensity indicates that
the rate of recombination of electron- hole varies from sam-
ple to sample. From the figure, it can be observed that the
PL spectra intensity of x=10 and x=30% is low when it is
compared to other samples, which indicates that the samples
with x=10 and x=30% ZnO composite samples have low
rate of recombination compare to other samples.

Figures 7 and 8 show the measured current density (J)
and voltage (V) characteristics of the TiO,—ZnO composite
photoanode DSSCs with Syzygium cumini and Beta vulgaris
dyes respectively. Photovoltaic tests of DSSC with these nat-
ural dyes as sensitizers were performed by measuring the

@ Springer

TiO, + (x)ZnO composite photoanode and Syzygium cumini dye as
photosensitizer

current density and voltage (J-V) characteristics under irra-
diation with white light (100 mW cm™2 from 300 W solar
simulator). The performance of natural dyes as sensitizers
in DSSCs was evaluated by short-circuit current (J,.), open
circuit voltage (V,.), fill factor (FF) and energy conversion
efficiency (n) parameters and obtained results are listed in
Tables 2 and 3. A n of 1.05% was achieved for the Syzygium
cumini dye pristine TiO, photoanode DSSC, with a J, of
3.45 mA/cm?, a V,, of 0.47 V and a FF of 63.83. Besides a
n of 2.73% was achieved for the Beta vulgaris dye pristine
TiO, photoanode DSSC, with a J, of 6 mA/cm?, a V,_ of
0.86 V and a FF of 52.9. From the table, it can be observed
that with increasing of ZnO(x) concentration in (100 — x)
TiO, + (x)ZnO composites all the parameters (J., V., FF
and 1) vary and no systematic behaviour is observed. The
increase in photocurrent with low amount ZnO concentra-
tion can be attributed to rapid electron transport and the
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Fig.8 J-V characteristics of the DSSCs made from (100-x)
TiO, + (x)ZnO composite photoanode and Beta vulgaris dye as pho-
tosensitizer
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;Z';I!:rfn afr’l I(‘:‘étso(‘)’;’ltﬁ‘écDSSCS Sample (%) J.(mAfem?®) I, (mAlm?) V.. (V) Vo (V) FF(%  1n(%)
made from (100 —x)TiO, + (x) x=0 3.45 3.0 0.35 0.47 63.83 1.05
ZnO composite photoanode _
and Syzygium cumini dye a5 x=10 6.82 7.8 0.44 0.64 71.69 3.12
photosensitizer x=30 83 8.0 0.42 0.65 62.22 335
X=50 5.52 5.0 0.38 0.58 59.56 1.89
x=170 4.57 4.5 0.36 0.52 65.38 153
x=90 4.10 3.8 0.40 0.61 60.77 1.52
x=100 2.65 2.1 0.35 0.45 72.59 0.85
;2;';; ai fé‘;ZOZ?iLa;CDSSCS Sample (%)  J,(mA/m?)  J (mA/m®) V.. (V) Vo (V)  FFE(%) (%)
made from (100—x)TiO, + (x)  x=0 6.0 42 0.65 0.86 52.90 273
fr?fgce‘iﬁli’ﬁf;iihé’yﬁf’de x=10 8.7 6.5 0.61 0.76 59.96 3.96
photosensitizer x=30 9.8 7.1 0.63 0.79 57.77 4.47
x=50 73 6.1 0.60 0.88 56.97 3.66
x=70 6.5 4.8 0.68 0.90 55.79 3.26
x=90 6.0 5 0.65 0.91 59.62 3.25
x=100 5.4 4.2 0.59 0.80 57.36 2.48

shortened electron-transfer distance. Moreover, the Voc
improved with the ZnO concentration up to 30% owing to
the suppression of electron recombination, consequently
improving the conversion efficiency. However, when a
higher ZnO concentration was introduced, J, decreased
because higher ZnO concentrations formation of the Zn>*/
dye complexes, which hinder dye absorption, electron trans-
port and electrolyte penetration. Consequently, the DSSCs
that used x =10 and x=30% of (100 —x)TiO, + (x)ZnO
photoanodes exhibited more than double efficiency com-
pare to that of pure TiO, and ZnO based DSSC efficiency
irrespective of dye. In both Syzygium cumini and Beta vul-
garis dye based series, x =30% photoanode DSSC show-
ing the highest efficiency 3.35 and 4.47% respectively. The
obtained efficieny values of present investigate TiO,—ZnO
DSSC is superior compare to several composite photoanode
reports. Tripathi and Chawla [23] noted that the efficiency
of betacyanin sensitized CeO,-TiO, composite photoanode
DDSC increases from 0.63 to 2.8% with CeO, concentra-
tion. Jiao et al. [24] deposited layers of nano-sized MgO on
TiO, nanowires.According to their results, the short circuit
current of the cell improved 35% and the efficiency of the
cell rose from 1.11 to 1.37%.

4 Conclusions

Dye sensitized solar cells are successfully fabricated with
TiO,—ZnO composite photoanode and natural (Syzygium
cumini and Beta vulgaris) sensitizers. Then the cell perfor-

mance of sensitized solar cell is investigated using J ., V.,

FFand n parametsrs. From these studies, it may be concluded
that the addition of ZnO to TiO, enhances the cell perfor-
mance due to the reduced recombination of photoinjected
electrons. The Beta vulgaris dye has higher photosensitized
performance compare to Syzygium cumini due to the better
charge transfer between the betacyanin dye molecule and the
TiO,—ZnO surface that is related to a dye structure. Hence,
this dye provides a more efficient incidentphoton to electron
conversion.
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