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ABSTRACT. In dye-sensitized solar cells, transparent metal oxide working electrodes play a vital role in defining
the power conversion efficiency. It was found that the size of nanoparticles influences the electrical, optical
properties of these electrodes. Herein, we describe the synthesis of ZnO with zinc acetate dihydrate and different
stabilizers (diethylamine and triethylamine) by using a modified solvothermal process. The obtained materials were
characterized by XRD, SEM, EDX, TEM, HRTEM, UV-visible, FTIR, and Raman methods. The crystallite sizes
for ZnO-1 and ZnO-2 samples were indexed as 39.0 and 40.5 nm for the highest peak intensity with diethylamine
and triethylamine stabilizer, respectively. We examine the effect of stabilizers on the morphology, optical band gap,
and photovoltaic performance of the prepared ZnO. We found that ZnO prepared using diethylamine stabilizer
exhibiting significant efficiency of 1.45%, open-circuit voltage 0.454 V, short-circuit current density 2.128 mA/cm?,
and 0.66 fill factor were achieved under 44 mW/cm? illumination powers with dye-3.
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INTRODUCTION

Semiconductor nanoparticles have received much attention from researchers in multidisciplinary
fields such as nanoscale electronic devices, solar cells, light-emitting nanodevices due to
exceptional advantages like the optical band gap and size. The optical band gap is directly related
to the photo ability of the material, and nanoscale size can impact the physicochemical properties
of a material yielding unique properties owing to their large surface area or quantum size effect,
such as the optical properties.

Among semiconductor materials, zinc oxide semiconductor (ZnO) has many specific
properties such as a wide band gap in the near-UV spectral region with band gap energy of3.37 eV
at room temperature (R.T.), good transparency, considerable free-exciton binding energy (60
meV), high electron mobility (200-1000 cm? V! s!) and strong room-temperature luminescence
as compared to TiO, nanomaterials. The wide band gap and considerable excitonic binding energy
have highly valued zinc oxide in industrial and scientific circles [1].

Lately, ZnO has become a topic to study for applications such as solar cells [2], memory
devices [3], sensors [4], concrete [5], etc. One-dimensional nanostructures seem like an attractive
research topic for their great features and applications in nanodevices in the last few years. ZnO's
bandgap energy and conduction band are analogous to the anatase TiO, materials (3.17-3.28 eV);
therefore, it is an alternate working electrode for dye-sensitized solar cell (DSSC) applications [6-
9]. But the conversion efficiency confirmed by ZnO is lower than TiO, materials based DSSC in
which maximum efficiency reached ~13% is achieved [10]. The device performance of ZnO-
based DSSC can be improved by setting its morphology, surface area, and size. Several
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preparation methods have been defined in the literature for preparation of ZnO nanostructures like
sol-gel method [11], laser ablation [12], green synthesis [13], co-precipitation [14],
electrophoretic deposition [15], sonochemical method [16], hydrothermal method [17], and
solvothermal processes [18]. The ordered nanowire DSSC was presented that be very efficient for
the excitonic photovoltaic devices [19]. The atomic layer deposition was used to coat arrays of
ZnO nanowires with thin shells of amorphous Al,O; or anatase TiO, [20]. The dendritic ZnO
nanowires were reported with efficiencies of about 0.5% by using the chemical vapor deposition
method (CVD) [21-22]. The ZnO nano-flower was prepared through a hydrothermal method and
showed an efficiency of up to 1.9% [23]. The ZnO prepared by the solvothermal method exhibited
~2.6% of PCE in DSSC [24]. Remarkably, the hierarchically assembled ZnO nanostructure in a
DSSC fabrication gave a high-efficiency reach of ~7.5 [25]. Hence, it is important to synthesize
the ZnO nanoparticles with desired crystal structures and controlled particle size.

In the present work, we present a simple, economical, and effective modified solvothermal
method to synthesize ZnO nanoparticles using zinc acetate precursor with diethylamine and
triethylamine as a stabilizer. The effect of diethylamine and triethylamine on ZnO nanoparticles
morphology and optical property will be discussed. In addition, we also discussed the efficiency
of ZnO nanoparticles toward dye-sensitized solar cells (DSSCs). In continuation of our previous
work, we used 2-cyano-N'-[(2-hydroxynaphthalene-1-yl)methylene]acetohydrazide (CHMA;
dye-1), 2-cyano-N'-[(4-dimethylamino)benzylidene]acetohydrazide (CDBA; dye-2) and 2-
cyano-N’-[(anthracene-9-yl)methylene]-acetohydrazide (AMCH; dye-3) dyes for this work [26].

EXPERIMENTAL
Synthesis of zinc oxide nanoparticle (ZnO-1)

The standard synthetic procedure to prepare ZnO was as follows: 25 mL of zinc acetate (0.2 N)
solution was mixed with 5 mL of diethylamine (drop-wise) in a round bottom flask and stirred at
least 30 min. 25 mL of ethanol was added to make the azeotropic mixture and heated at a
temperature of 80 °C for 12 h under vigorous stirring, producing white precipitate. The
centrifugation was used to separate the precipitate, washed with distilled water and acetone. The
residue was heated in an oven at 100 °C for overnight.

Synthesis of zinc oxide nanoparticle (ZnO-2)

Follow the same procedure as mentioned above for ZnO-1, but we used triethylamine instead of
diethylamine in the present case.

Preparation of dye

In continuation of our previous work, we prepared and used 2-cyano-N'-[(2-hydroxy naphthalene-
1-yl)methylene]acetohydrazide (CHMA; dye-1), 2-cyano-N'-[(4-dimethylamino)benzylidene]-
acetohydrazide (CDBA; dye-2) and 2-cyano-N’-[(anthracene-9-yl)methylene]-acetohydrazide
(AMCH; dye-3) dyes for this work [26].

Preparation of zinc oxide working electrode and platinum counter electrode by doctor blade
method

The as-prepared ZnO was blended with a small volume of acetylacetone, distilled water, and triton
X-100 in a conical flask and stirred overnight at 350 rpm to get a colloidal suspension. The paste
preparation was done in ambient air at room temperature. An evaporator concentrated the contents
in the dispersion at 40 °C. The ultra-sonication was performed for 30 min to homogenize ZnO
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paste. The glass substrates were cut to 2 cm x 2 cm and washed ultrasonically in ethanol for 20
min. Additionally, using the doctor blade method, the ZnO pastes were extended on conducting
surface of the glass substrate and became dry in the open air to prepare the working electrode.
The film was heated at 400 °C for 30 min in the high-temperature furnace. The working electrodes
dip in CHMA, CDBA, and AMCH solution for 24 h and are washed with ethanol to eradicate
excess dyes from the film's surface. The doctor blade method prepared the platinum counter
electrodes and annealed them at 400 °C for 30 min.

Assembling of DSSC

The Pt-coated substrate was generally employed on top of the ZnO-coated substrate and made a
sandwich-type device. Therefore, the conductive side of the counter electrode faced the dye-
coated ZnO layer. The electrolyte solution (Iodolyte HI-30, iodide/tri-iodide redox couple) was
filled in between the working electrode and the counter electrodes, and the complete solar cells
were assembled. The conducting side of both electrodes was painted using silver paste and fixed
the copper wire used Araldite for getting electrical contact.

Materials characterization and measurement

Different techniques were utilized for the analysis of photoanode, such as X-ray diffractometer
(XRD) (Shimadzu Lab X-6000) with Cu-Ka radiation (A = 1.5406 A). The samples peaks were
observed at room temperature in the range of 20 from 20° to 80°. The scanning electron
microscopy (JSM 6360 SEM/EDX) was employed to study the surface morphologies of the
photoanode. The energy dispersive spectroscopy (EDX) is usually fixed with a scanning electron
microscope to analyze the elements present in the sample. The JEOL 2100F transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy (HR-TEM), operating
at 200 kV, were employed to study the photoanode's grain size and morphology. We used PG
UV-Vis double-beam spectrophotometer to examine the absorption spectra in the wavelength
ranging from 250-to 700 nm. FTIR spectra were examined on a JASCO 460 plus FTIR
spectrometer using the KBr pellet technique at room temperature. Raman spectroscopy (XDR,
Thermo Fisher Scientific Inc.) was used to find out the vibrational modes of ZnO at an excitation
of 532 nm. Keithley 2400 source meters were used to measure the fabricated device's current
density-voltage (J-V) at 44 mW cm™ AM 1.5 G of solar spectrum illumination.

RESULTS AND DISCUSSION
Powder X-ray diffraction (XRD) analysis

Figure 1 shows the X-ray diffraction patterns of the samples (ZnO-1 and ZnO-2), which also
confirmed the purity of the samples. Our results exhibit sharp and strong reflections, which could
be indexed as a pure wurtzite phase of ZnO nanoparticles with a hexagonal structure. The ZnO
nanoparticles planes with Miller indices (hkl) values of (100), (002), (101), (102), (110), (103),
(200) (112), (201), (004) and (202) for a series of characteristic peaks centered almost 20 = 31.6°,
34.3°, 36.1°, 47.4°, 56.4°, 62.4°, 66.2°, 67.8°, 69.0°, 72.4°, and 76.8° can be agreed very well
with the standard X-ray diffraction pattern of monophasic ZnO nanoparticles (JCPDS card no.
36-1451 [27]. The highest peak intensity is observed with triethylamine than that of diethylamine,
which could be due to a better crystalline structure. This preferred orientation (101) is achieved
because of covering of progress of certain crystal planes and stimulating the progress of the 101
planes by stabilizers. Miller indices (hkl) and crystallite size (d) of the samples were played a
meaningful role to conclude the electrical properties, which can be calculated from the most
intense peak signal (101) by applying the Debye—Scherrer formula, d = 0.9 A/f cos 0. Here, 1

Bull. Chem. Soc. Ethiop. 2022, 36(1)



212 A. Kalam et al.

represents the wavelength of X-ray (Cu K, = 0.154 nm), d represents the size of crystallite (nm),
B represents the full width at half maximum (FWHM) of prominent intense peak measured in
radians, and 0 is the peak angle.
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Figure 1. X-ray diffraction pattern of ZnO-1 and ZnO-2 nanoparticles.
Scanning electron microscopy (SEM)

Figure 2 shows the SEM images of ZnO-1 and ZnO-2 nanoparticles formed using diethylamine
and triethylamine as stabilizers. The SEM image of ZnO-1 clearly showed a hexagonal crystal
structure with a porous texture, whereas the sample ZnO-2 shows nearly spherical particles with
low agglomeration. The SEM investigation exhibits that both (diethylamine and triethylamine)
have a very significant role in finding the porous hexagonal and spherical morphologies of the
ZnO nanoparticles. Yoshida et al. [28] have been reported that porous ZnO materials boosted the
dye loading and PCE values.

The compositions of nanoparticles in the samples (ZnO-1 and ZnO-2) were determined by
EDX analysis (Figure 2), which confirms the presence of Zn and O. Thus, it is also established
from EDX analysis that ZnO nanoparticles were formed without any impurities.

Transmission electron microscopy (TEM)

TEM studies were also carried out on ZnO nanoparticles to investigate grain size, morphology,
and size distribution. The relevant TEM micrographs are depicted in Figure 3 to conform almost
hexagonal for ZnO-1 and spherical for ZnO-2 and uniform as observed by SEM studies. The
average particle sizes of ZnO-1 and ZnO-2 samples are in the range of 255 nm to 15.5 nm,
respectively, which revealed that by using triethylamine, the grain size decreases from 255 nm to
15.5 nm. The high-resolution transmission electron microscope (HRTEM) shows the spacing
between the successive planes of 0.272 nm and 0.252 nm, matching the (101) reflection of pure
ZnO nanoparticles. The fringe in the TEM image is linked to a transmitted wave exiting a crystal
and a diffracted wave from one lattice plane of the crystal.
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Figure 2. Scanning electron microscopy (SEM) and EDX images of ZnO-1 and ZnO-2
nanoparticles.
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Fourier transform infra-red spectroscopy (FTIR) analysis

The FTIR spectra of the prepared ZnO nanoparticles are presented in Figure 4. The broadband
obtained in the range of 3389-3422 cm™! corresponds to the presence of hydrogen-bonded
hydroxide (O-H) stretching mode of vibration from water to the ZnO nanoparticles. The Zn—O
stretching mode of vibration shows bands in the range from 600 to 400 cm™!; in consequence, the
band at 473 and 481 ¢cm! confirms the formation of ZnO nanoparticles [27, 29]. The bands
obtained at 1591 cm™! and 1398 cm™! are associated with water molecules O—H bending modes
[27,29].
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Figure 4. FTIR spectra of ZnO-1 and ZnO-2 nanoparticles.
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Figure 5. Raman spectra of ZnO-1 and ZnO-2 nanoparticles.
Raman analysis

The crystallinity and structural ailment in micro and nanostructured materials are studied by the
Raman spectroscopy and shown in Figure 5. The space group of ZnO nanoparticles with
hexagonal wurtzite structure is P63mc. As observed in Figure 5, two peaks are obtained at 435
cm'! (strong) and 328 cm . The peak at 435 cm ! represented the E, (high) mode of Raman active,
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which is a typical peak for the ZnO hexagonal wurtzite structure. The E; mode point toward high
crystallinity and very low oxygen vacancy in ZnO nanoparticles. Peak 328 cm ! represents to the
E>p—Eor (multi-phonon process) mode, and it can form only a single-crystal ZnO [29-31]. No
specific influence of stabilizing agent is perceived on the method of ZnO nanoparticles except
peak intensity ratio. The reported results are in good agreement with the Raman spectrum of ZnO
described by Yousefi ef al. [32].

Optical properties

The UV-Vis spectra of ZnO-1 and ZnO-2 nanoparticles are shown in Figure 6. Strong absorption
bands are obtained at 458 nm for ZnO-1 and 418 nm for ZnO-2 nanoparticles, which are
associated with the absorption bands of ZnO. Further, the nature of the optical band gap will be
preserved when the absorption spectrum moves to longer wavelengths along with the electron
excitation from the valance band to the conduction band. The following equation is used to
calculate the optical band gap (Eg):

(Ahv)"=B(hv-Eg)

where hv is the photon energy; A represents absorbance, B represents constant linked to the
material; and n refers to either 2 or % for direct and indirect transitions, respectively. Therefore,
the optical band gap for the absorption peak is gained by extending the linear portion of the (Ahv)"
-hv curve to zero, as presented in Figure 6.

In literature, the band gap energy of the bulk ZnO is found to be 3.37 eV, but in the present
work, the band gap of ZnO-1 and ZnO-2 nanoparticles are found to be 2.9 and 3.0 eV, which is
smaller than that of the bulk ZnO. This might be due to the existence of hydroxyl group (-OH)
adsorbed on the surface of ZnO nanoparticles which is evidenced by FTIR analysis and might
reduce the band gap energy [33]. The band gap of materials is not significantly changed with
diethylamine and triethylamine. On the other hand, the changes in their morphologies, particle
size, and surface microstructures affect the redshift of the spectral lines, which will lead to better
crystallinity [34-35]. In addition, it is found that the band gap of the transport layer has a crucial
role in defining the performance of dye-sensitized solar cells [36].

Table 1. Photovoltaic performance of ZnO-1 based device with (a) dye-1, (b) dye-2 and (c) dye-3.

Dye Voe (V) Jsc (mA/cm?) Fill factor (ff) 1 Efficiency (%)
dye-1 0.31 1.709 0.59 0.73
dye-2 0.41 1.647 0.58 0.90
dye-3 0.45 2.128 0.66 1.45

Photovoltaic performance

Figure 7 shows the J-V curves of DSSC prepared by ZnO-1 nanoparticle to see their applicability.
We selected the ZnO-1 nanoparticle due to the porosity and wide-band gap. We also tried with
ZnO-2, but unfortunately, the results were inappropriate; therefore, we did not mention it in the
current report. The short-circuit density (J«), the open-circuit voltage (Vo.), and the fill factor (FF)
parameters for the solar cells are measured and shown in Table 1. The best photovoltaic
performance of the ZnO-1 was obtained with dye 3 with PCE of 1.45%, the open-circuit voltage
0f 0.454 V, short-circuit current density of 2.128 mA/cm?, and 0.66 fill factor. This enhancement
in efficiency has been attributed to the small energy band gap of dye-3 and better energy alignment
with ZnO-1 nanoparticles, which could provide better charge transport. The achieved photovoltaic
parameters are précised in Table 1. The results obtained from the current study are lower than the
efficiencies reported in the literature. Keis et al. [37] reported that ZnO nanoparticle film with
N719 dye showed 5% efficiency, whereas Chang et al. [38] reported 5.6% efficiencies with
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similar properties. As far as nano wire-based DSSCs are concerned, Law et al. [19] reported up
to 1.5% efficiency, but Xu et al. [39] have attained 2.1% efficiency by optimized ZnO NWs with
a length of up to 30 um. Even though some DSSCs based on ZnO showed lower efficiencies than
those stated in the current study. The reasons behind the low efficiency or performance of ZnO-
based DSSCs are not exclusively implicit. But, the nanoparticles of larger size and narrow optical
band gap were found less suitable for dye loading. They increased the charge recombination as
they could not provide continuous pathways to the electrons. On the other hand, the decrease in
the photocurrent efficiency of dye-1 and dye-2 sensitized devices is attributed to the blue-shifted
dyes with a greater energy band gap than the ones of the dye-3.
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Figure 6. The UV-Vis spectra and optical band gap of ZnO-1 and ZnO-2 nanoparticles.
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Figure 7. The current-voltage curve of ZnO-1 based device with (a) dye-1, (b) dye-2 and (c) dye-
3.

CONCLUSION

The modified solvothermal method has been used to synthesize different morphologies of ZnO
nanomaterials. The different morphologies and optical band gap were obtained for the ZnO by
different stabilizers used in the synthesis. The band gap energy of ZnO-1 and ZnO-2
nanomaterials was 2.9 and 3.0 eV, which is smaller than that of the bulk ZnO. XRD patterns of
all ZnO samples confirm the formation of a pure crystalline hexagonal phase. The photovoltaic
performance of devices fabricated using ZnO-1, and dye-3 shows the highest efficiency. The
difference in efficiencies with dye-1, dye-2, and dye-3 is due to their energy band gap. From the
present study, we can transform the shape, size, and morphology of ZnO by changing the stabilizer
and progress its performance as photoanode material in DSSCs.
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