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Abstract

The photovoltaic performances of ZnO-based dye-sensitized solar cells (DSSCs) were
studied using ZnO nanoparticles prepared via the sol-gel method in gelatin medium at different
calcination temperatures. The effects of the calcination temperature on the size, surface area,
photoluminescence properties, and dye adsorption ability of ZnO nanoparticles were
investigated. The results showed that the size of the nanoparticles increased and the surface area
decreased with an increase in the calcination temperature. In addition, the oxygen vacancies of
the nanoparticles increased with an increase in the calcination temperature. Moreover, although

the surface area of the nanoparticles prepared at 600 °C was lower than that of those prepared at



500 °C, their dye adsorption abilities were the same, and both were higher than that of those
prepared at 700 °C. Electrochemical impedance spectroscopy and open-circuit voltage decay
measurements were carried out to investigate the cell functions. The DSSC based on ZnO
nanoparticles calcined at 600 °C exhibited the highest conversion efficiency because of its higher

dye adsorption ability and lower recombination rate compared to the others.

Keywords: ZnO; nanoparticles; gelatin; solar cell; electrochemical impedance
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1. Introduction

The study of dye-sensitized solar cells (DSSCs) has attracted attention in recent years
from both the fundamental and applied points of view [1, 2]. Because of their potential low-cost
and simple manufacturing, they hold promise for the mass production of photovoltaic devices
[1]. In general, a typical DSSC device consists of a wide band gap semiconductor nanocrystalline
porous electrode coated on a transparent conducting oxide glass (TCO), which is modified with
dye (such as the ruthenium (1) complex), a counter electrode (usually Platinum), and an
electrolyte solution (usually iodide-triiodide (I/137)) between the two electrodes [3]. Research has
focused on nanostructured TiO, as a porous semiconductor electrode, resulting in overall
conversion efficiencies exceeding 11% [2, 4, 5].

Among the semiconductor oxides that can be used as photoanode electrodes,
nanostructured zinc oxide (ZnO) has emerged as a suitable alternative to TiO, for DSSC
applications [6-9]. ZnO has a wide band gap (3.3 eV), and the energy level of its conduction

band is close to that of TiO,. However, it has a higher electron mobility and electron diffusion



coefficient. It can be easily used in a nano-architecture with a wide range of shapes and
morphologies (such as nanoparticles [7, 10, 11], rods [12-14], wires [15, 16], and tubes [17]),
which can be used to enhance the light absorption, dye adsorption, electron transport, and
recombination properties, leading to higher conversion efficiencies. In addition to its
morphology and shape, the performance of a nanostructured ZnO-based DSSC can be affected
by the properties of the ZnO material, such as the type and density of the defect states [11, 18].

A variety of techniques can be used to fabricate ZnO nanostructures, including chemical
bath deposition [19], sol-gel processes [20], chemical vapor deposition [21], and
electrodeposition [16]. Among these techniques, sol-gel processes hold potential for the large-
scale fabrication of ZnO nanomaterials. In this technique, the calcination temperature can affect
the size and properties of the ZnO nanoparticles [22, 23], which can influence the performance
of the ZnO in a DSSC. Studies focused on the influence of the film properties with respect to
their preparation procedure and conditions such as film calcination temperature and atmosphere
on the performance of both ZnO [24] and TiO, [25] nanostructures in a DSSC. In this study,
ZnO nanoparticles were prepared using the sol-gel method in a gelatin medium as a green
stabilizer at different calcination temperatures. The photo-anode electrodes were fabricated with
the prepared ZnO nanoparticles at the same preparation procedure and conditions. The effects of
the calcination temperature on the size of the particles, dye adsorption, charge transport and
recombination, and overall conversion efficiency of DSSCs fabricated with the ZnO

nanoparticles were investigated.

2. Experimental

2.1 Synthesis of ZnO nanoparticles



The ZnO nanoparticles were synthesized using a previously reported green and large-
scale process, with some modification [20]. In brief, 5 g of gelatin was dissolved in 75 ml of
distilled water and stirred for 30 min at 60 °C to achieve a clear gelatin solution. Then, 11 g of
zinc nitrate hexahydrate was dissolved in 25 ml of distilled water and added to the gelatin
solution. The temperature of the solution was fixed at 80 °C using a water bath. The solution was
stirred for 8 h to obtain a brown resin. The final products were calcined at different temperatures

(500, 600, and 700 °C) in air for 2 h to obtain ZnO nanoparticles.

2.2 Fabrication of DSSCs

The ZnO photo-anode electrodes were fabricated by the doctor-blade method on indium
tin oxide (ITO) glass (sheet resistance: 7 Q/sq) with the film thickness of about 15 pum. The
electrodes were sintered at 150 °C for 10 min, and then annealed at 450 °C for 30 min. The
annealed electrodes were soaked in an ethanolic solution of 0.3 mM N719 (Ruthenizer 535-
bisTBA) dye for 90 min at room temperature under a dark condition. They were then withdrawn
from the solution, washed with ethanol, and finally dried in air. A platinum-coated ITO glass was
placed on a dye-sensitized photo-anode electrode, and they were clamped tightly together. An
electrolyte (lodolyte Z-100, Solaronix) solution was introduced between two electrodes using
capillary action. An active area of 0.2 cm? was used to measure the cell performance. The
current-voltage characteristics were measured using a 150 W Xenon arc lamp (Newport, Model
69907) containing a simulated AM 1.5 filter at 100 mW/cm?. Prior to testing the photovoltaic
parameter, an Avaspec-2048 fiber-optic spectrophotometer was used to measure the light

illumination intensity.

3. Results and discussions



Figure 1 shows the XRD patterns of the ZnO nanoparticles prepared in the gelatin
medium using different calcination temperatures. All of the peaks that appeared in the XRD
patterns can be indexed to the wurtzite structure of ZnO (PDF card no: 00-005-0664). The lattice
parameters were calculated and summarized in Table S1 (see supplementary information). The
average crystallite sizes of the ZnO nanoparticles prepared using calcination temperatures of
500, 600, and 700 °C were 15, 18, and 22 nm, respectively, as calculated using the size strain
plot method (see Figure S1). As the calcination temperature increased, the intensity of the peaks
and average crystallite size increased, which indicated the formation of ZnO nanoparticles with a
large average size and the enhancement of the crystallinity of the ZnO nanoparticles.

Figure 2 illustrates the representative TEM images of the ZnO nanoparticles prepared
using different calcination temperatures: a) 500, b) 600, and c) 700 °C, as well as a d) high
magnification HRTEM image of the ZnO nanoparticles. It can clearly be seen that the average
particle size increases as the calcination temperature increases. As can be seen in the high-
magnification image of the ZnO nanoparticles (Figure 2d), the measured lattice fringe space of
0.24 is attributed to the (101) plane of the ZnO, which is in agreement with the XRD results.

Figure 3 shows the room temperature photoluminescence spectra of the ZnO
nanoparticles prepared at different temperatures: a) 500, b) 600, and c¢) 700 °C. The
photoluminescence spectrum of the ZnO nanoparticles exhibits a weak ultraviolet (UV) emission
peak at 386 nm and a broad visible centered peak, which is in agreement with the previous
reports [26, 27]. The inset shows an enlarged image of the UV emission peak, which can be
attributed to the near band edge emission. The Tauc plot of the samples showed (Figure S3), the
band gap of the ZnO nanoparticles prepared at calcination temperatures of 500, 600, and 700 °C

were 3.211, 3.220 and 3.223 eV, respectively, which verified the photoluminescence results. The



broad visible emission peak consists of a weak shoulder at around 453 and peaks at 542, 597,
625, and 670 nm. These may be related to the point defects, which can serve as luminescent
sites. The point defects that can be presented in ZnO nanoparticles are oxygen vacancies, zinc
vacancies, interstitial oxygen atoms, and interstitial zinc atoms. The weak blue emission shoulder
at 453 nm may be attributed to the defect-related positively charged Zn vacancies [28]. The
mechanism of the green emission (542 nm) is the most controversial. Two popular mechanisms
have been proposed: 1) recombination of an electron from a level close to the conduction band
edge with a deeply trapped hole in the bulk (doubly ionized oxygen vacancy (Vo)) [29] and 2)
recombination of an electron in singly ionized oxygen vacancies (V,') with a photo-generated
hole in the valence band [30]. The yellow emission at 597 nm can be attributed to a doubly
ionized oxygen vacancy (V,2*) and interstitial oxygen [18, 31]. The red-orange emissions at 625
and 670 nm are typically assigned to interstitial oxygen [18, 31-33]. As shown in Figure 3,
although both ultraviolet and visible emission peaks are increased by raising the calcination
temperature, the intensity ratio of the ultraviolet to visible emission peaks is slightly increased,
which indicates a quality enhancement of the nanoparticles. Furthermore, the intensity of the
peak related to the oxygen vacancy (542 nm) increases with an increase in the calcination
temperature from 500 to 600 °C, which can be attributed to the increase in oxygen vacancy
defects. The plausible reason is that with increasing the calcination temperature the kinetic
energy of atoms in ZnO lattice will increase and the escape rate of oxygen atoms from ZnO
lattice will be faster than rate of getting oxygen atoms to lattice [27, 34]. A further increase to
700 °C does not significantly change the intensity of the peak related to the oxygen vacancy.

To study the dye adsorbing capability, a certain amount of ZnO nanoparticles were

dispersed in an ethanolic solution of N719 dye and kept under a dark condition for 2 h [18].



Figure 4 shows the absorption spectra of the N719 dye molecules and the separated dye
molecules after dye absorption on the ZnO nanoparticles. In the absorption spectrum of the dye,
two characteristic peaks can be observed at 380 and 521 nm, which are attributed to the metal-to-
ligand charge-transfer (MLCT) bands. As can be seen, the intensity of the residual dye solution
is almost the same for the samples prepared using 500 and 600 °C as the calcination temperature,
and it is low compared to the sample prepared at 700 °C. This indicates that the dye adsorption
abilities of the samples prepared using 500 and 600 °C were equal, and both were higher than
that of the sample prepared at 700 °C. The measured Brunauer-Emmett-Teller (BET) surface
areas for the ZnO nanoparticles prepared using 500, 600, and 700 °C as the calcination
temperature were 26.7, 19.7 and 14.8 m%g, respectively (Figure S4). These results show that
although the surface area for the sample prepared at 600 °C was smaller than that of the sample
prepared at 500 °C, their dye adsorption abilities were the same. A plausible reason for this could
be that the oxygen vacancies on the surface of the ZnO nanoparticles were increased by
increasing the calcination temperature (as the PL results show). According to a previous report,
more oxygen vacancies on the surface of nanoparticles (such as TiO;) could induce more dye
adsorption [35].

Figure 5 shows the photocurrent-voltage curves of the DSSCs fabricated with the ZnO
nanoparticles prepared using different calcination temperatures for the photoanode. The
characteristic parameters of the DSSCs are summarized in Table 1. As can be seen in Table 1,
the ZnO nanoparticles prepared using 600 °C exhibited a higher photocurrent density, open
circuit voltage, and efficiency compared to the others. The photocurrent density increased by
increasing the calcination temperature from 500 °C to 600 °C. A further increase in the

calcination temperature to 700 °C led to a decrease in both the photocurrent and open circuit



voltage. The performance of a DSSC could be affected by several factors such as the dye
adsorbing capability, charge recombination, and charge transport.

Table 1. Characteristics of solar cells based on ZnO nanoparticles prepared at different
calcination temperatures measured under AM1.5G filtered 100 mW/cm? illumination: short
circuit current (Jsc), open circuit voltage (Voc), fill factor (FF), and overall conversion efficiency
m).

The open-circuit voltage decay (OCVD) method upon switching off the light was used to
investigate the recombination kinetics of the DSSCs. When the illumination on a DSSC was cut
off, under the open circuit condition, the excess electrons could be removed by recombination.
Figure 6a shows the voltage transient rate as a function of time under the open-circuit condition.
The lifetime of the photo-injected electrons (t,) can be obtained from the OCVD data using the

following equation:

— _KBT (dVocy-1
Th = e(dt) 1)

Where kg is the Boltzman constant, T is the temperature, and e is the electronic charge. Figure 6b
shows the logarithmic plot of the electron lifetime as a function of the voltage. As can be seen,
the plot shows three distinct regimes of behavior. According to the mechanism of electron
recombination suggested by Bisquert et al.[36], these regimes can be explained as follows. 1) At
a high voltage, the recombination occurs through the conduction band and can be related to the
free electrons, which leads to a constant electron lifetime. 2) As the voltage decreases, the
electron lifetime increases linearly. This can be related to the trapping of electrons by the bulk
trap states and the detrapping and recombination of the electrons to the conduction band. 3) At a
low voltage, the plot of the electron lifetime changes from linear to a parabolic shape. This can

be attributed to the recombination of electrons through surface traps to the fluctuating energy



levels in the electrolyte, which includes the Marcus inverted region. As can be seen in Figure 6b,
the lifetime for the sample prepared using 600 °C is slightly higher than that of the sample
prepared at 500 °C, and both are higher than that of the sample prepared at 700 °C. This
indicates that the sample calcined at 700 °C has a higher recombination rate. In addition, when
the calcination temperature increases, the parabolic shape of the lifetime becomes clear, which
indicates either a surface trap density increase or that the distribution of the surface trap states
become deeper [36].

The EIS method was used for the ZnO-based DSSCs to investigate the charge transport in
the ZnO films and the recombination property at the film/electrolyte interface. Figure 7a and
Figure S5 show the representative Nyquist plot of the ZnO based DSSCs measured at various
applied bias voltages under light. All of the Nyquist plots are fitted with the equivalent circuit
derived from the transmission line model of the DSSC. They all exhibit a characteristic
semicircle at a high frequency, which can be associated with the resistance (Ry) and capacitance
(Cp) of the charged platinum counter electrode/electrolyte interface. The semicircle at the low-
middle frequency is due to the electron transfer (recombination) R at the dye-sensitized ZnO
nanoparticles/electrolyte interface, coupled with the electrode capacitance (denoted as chemical
capacitance (C,). In addition, an approximately 45° straight-line segment can be observed at the
intermediate frequency, which can be associated with the electron transport by diffusion.

Figure 7(b—d) shows the potential dependences of the charge transfer (R.), electron
transport (Ry) resistance, and chemical capacitance (C,,) related to the ZnO nanoparticle-based
photoanodes. Figure 7b shows the semi-logarithmic variation of the charge transfer resistance,
Ret, as a function of the applied voltage. The exponential variation of R can be fitted by the

following equation:



Ret = Roceexp [_81:3_\; (2)
where [ is a parameter that can be attributed to the reaction order of the recombination reaction
with respect to free electrons. The resulting B values for all of the ZnO-based photoanodes were
almost the same, and are summarized in Table 2. As can be seen in Figure 7b, the ZnO-700
photoanode has the lowest recombination resistance. This can be attributed to the higher surface
defects created on the surface of the ZnO nanoparticles using the higher calcination temperature.
In spite of the lower surface defects in the case of the ZnO-500 photoanode, a higher
recombination resistance was obtained for the ZnO-600 photoanode. This was because the dye
adsorbing capabilities of the ZnO-500 and ZnO-600 nanoparticles were almost the same, and the
Zn0-600 nanoparticles had a lower surface area compared to the ZnO-500 nanoparticles. Hence,
the dye-coverage of the ZnO-600 photoanode was higher than that of the ZnO-500 photoanode.
According to the previous reports, a higher dye-coverage leads to a lower recombination rate [37,
38]. Figure 7c shows the semi-logarithmic variation of the charge transfer resistance, Ry, as a
function of the applied bias voltage corrected for the ohmic drop. As can be seen, the charge
transfer resistance decreases with an increase in the calcination temperature, which could be due
to an enhancement of the crystallinity by increasing the calcination temperature. Figure 7d shows
the semi-logarithmic plot of the C, values versus the applied bias voltage corrected for the ohmic
drop. The chemical capacitance of each of the ZnO nanoparticle-based photoanodes was
exponentially increased by an increase in the applied bias voltage and can be fitted by the
following equation [39]:

Cy = Coexp [a quVT] 3)
where kg is the Boltzmann constant, T is the temperature (300 K), q is the elementary charge, V
is the applied potential qV=Er-Erqox, and a is a coefficient that accounts for the depth of the
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exponential distribution of the trap states below the conduction band edge. The depth of the trap
states could also be expressed as a temperature, Ty, according to a = T/To. The parameter values
of o and T, were consistent with the previous reports [8, 10], and are summarized in Table 2. The

Zn0-700 photoanode yielded the highest Ty, which indicated a deeper distribution of states [8].

4. Conclusion

We investigated the influence of the calcination temperature on the performance of ZnO
nanoparticles prepared by the sol-gel method in a gelatin medium for dye-sensitized solar cells.
The calcination temperature influenced different parameters such as the size of the nanoparticles,
surface area, surface defects, dye adsorption ability, and charge transfer/recombination rate,
which played a decisive role in the DSSC performance. As the calcination temperature increased
from 500 to 700 °C, the surface area of the nanoparticles decreased, and the surface defects such
as oxygen vacancies increased. More oxygen vacancies on the surface of the nanoparticles
induced more dye adsorption. Therefore, although the ZnO nanoparticles prepared at 600 °C had
a lower surface area than those prepared at 500 °C, their dye adsorption abilities were the same,
which led to a greater dye-coverage for the ZnO-600 photoanode. This higher dye-coverage of
the ZnO-600 photoanode induced a lower recombination rate. In addition, the results showed that
the charge transfer rate increased with an increase in the calcination temperature. These factors
all contributed to the higher conversion efficiency of the ZnO-600 photoanode compared to the

others.
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Table 1. Characteristics of solar cells based on ZnO nanoparticles prepared at different
calcination temperatures measured under AM1.5G filtered 100 mW/cm? illumination: short

circuit current (Jsc), open circuit voltage (Voc), fill factor (FF), and overall conversion efficiency

(n).
DSSCs Jsc(MA/c FF n(%)
m?) Voe(MV)
Zn0-500 10.440.3 66415 0.44+0.02 3.06+0.09
Zn0-600 11.740.2 6666 0.44+0.01 3.44+0.1
Zn0-700 11.240.3 64445 0.43+0.03 3.12+0.11
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Table 2. Effects of calcination temperature on f, o, and T parameters of

DSSC based on ZnO nanoparticles.

DSSCs B a To
Zn0-500 0.341 0.176 1704
Zn0-600 0.373 0.161 1863
Zn0O-700 0.387 0.107 2803
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Highlights

1. ZnO nanoparticles prepared via the sol-gel method in gelatin medium at different
calcination temperatures.

2. The photovoltaic performances of ZnO-based dye-sensitized solar cells were studied.

3. The calcination temperature played a decisive role in the ZnO-based DSSC

performance.
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