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Abstract. TiO; nanocrystals (NCs) with sizes around 20 nm were synthesized by hydrothermal method in acidic
autoclaving pH. The hydrothermally grown TiO» NCs and P25 TiO, nanoparticles (NPs) were used in the prepara-
tion of two different pastes using different procedures. These pastes with different characteristics were separately
deposited on FTO glass plates to form multilayer photoanodes of the dye-sensitized solar cells. The aim of this study
was to search how a thin sub-layer of the hydrothermally grown TiO, NCs in the photoanodes could improve the
efficiency of TiO, P25-based solar cells. The highest efficiency of 6.5% was achieved for a cell with a photoanode
composed of one transparent sub-layer of hydrothermally grown TiO, NCs and two over-layers of P25 NPs. Higher
energy conversion efficiencies were also attainable using two transparent sub-layers of hydrothermally grown TiO,
NCs. In this case, an efficiency of 7.2% was achieved for a cell with a photoelectrode made of one over-layer of P25
TiO, NPs. This could show an increase of about 30 % in the efficiency compared to the similar cell with a photoanode

made of two layers of hydrothermally grown TiO, NCs.
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1. Introduction

Dye-sensitized solar cells (DSCs) based on nanocrystalline
semiconducting oxides and dye sensitizers were introduced
by Michael Gratzel in 1991 [1]. These photovoltaic devices
have attracted a great deal of attention due to the ease of
fabrication, rather than high-energy conversion efficiency
and low fabrication costs [1-4]. Among them, DSCs with
nanocrystalline TiO, photoanodes are vastly investigated [5—
12]. Several researches have been performed on dye sensiti-
zers [13-22], structural, optical and electronic properties of
the nanocrystalline photoanode [23-25], redox electrolyte
[26-29] and counter electrode [30-32]. These investiga-
tions could also be classified in two main categories of
the photon management, i.e., the increase of the light har-
vesting efficiency [33-35] and improvement of the elec-
tronic properties [25,36]. Fabrication of the photoanodes
with perfect nanocrystals (NCs) of the optimized size [37],
ideal film preparation [38,39], improvement of the electron
transport inside the cell [40-42] and application of light
scattering components [43-46] are some important trends
of investigations.

There are several reports that demonstrate the applica-
tion of P25 TiO, nanoparticles (NPs) in the photoanode
of the DSCs [39,46,47]. It is shown that the prepared P25
films can reveal partial scattering [46—49] and moderate
electronic properties [42]. Besides, these NPs are easy to
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access and could create acceptable efficiencies in combina-
tion with other TiO;, nanostructures [45-48,50]. They could
also be used for the formation of the novel TiO, structures
like nanorods and nanotubes for the application in DSCs
[49,50]. In all cases, the optimization of the light harvest-
ing efficiency and electronic properties could result in higher
energy conversion efficiencies.

Here TiO, NCs with sizes around 20 nm were prepared by
hydrothermal method in acidic autoclaving pH. The synthe-
sized NCs and commercially available P25 TiO, NPs were
applied in the preparation of two different pastes using dif-
ferent procedures. These pastes were separately deposited
on the FTO glass substrates to form multilayer photoanodes
of DSCs. The main target of the study was to show how
a thin transparent sub-layer of hydrothermally grown TiO,
NCs could improve the efficiency of simple P25 solar cells.
The second target was to search for the higher efficiencies for
the DSCs with multilayer photoelectrodes. An energy con-
version efficiency of 7.2% was achieved for the cell with
photoanode made of two transparent sub-layers and one P25
TiO, over-layer.

2. Experimental

Hydrothermally grown TiO, NCs were synthesized in acidic
autoclaving pH [51]. Briefly, 0.035 mol of glacial acetic acid
was added to 0.035 mol of titanium tetraiso-propoxide (TTIP)
and vigorously stirred. Then 49 ml of DI water was added
for the hydrolysis process and the solution was homogenized
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for 1 h. For peptization, a quantity of 0.65 ml of HNO3 was
injected and the sample was refluxed at 80°C for 75 min.
The final pale blue solution (pH = 1.4) was transferred to
a Teflon-lined stainless steel autoclave and heated at 230°C
for 12 h.

For the paste preparation, the aqueous solution of
hydrothermally grown TiO, NCs was sonicated at first. Then
it was concentrated to get a 13 wt% solution of TiO, NCs in
water. This solution was centrifuged and washed with ethanol
for several times. This was repeated to achieve a 40 wt%
white precipitate of NCs in ethanol. The total wet TiO, pre-
cipitate (about 4.7 g) was fully dispersed in proper amount
of ethanol using an ultrasonic bath for 20 min. Two other
solutions containing terpineol and ethyl cellulose (EC) in
ethanol were separately prepared. Two kinds of EC powders,
i.e., the EC 5-15 mPas (#46070, Fluka) and EC 15-30 mPas
(#46080, Fluka) were used in this stage. The weight percents
of these components in total applied EC powder (0.25 g)
were about 56 and 44%, respectively. This powder was mixed
with about 30 ml of ethanol and stirred. A quantity of 2.027 g
of terpineol was also added to 20 ml of ethanol and homog-
enized. These solutions were slowly added to the TiO, NCs
sol in ethanol. The final solution was then homogenized by
an ultrasonic horn (240 W, 120 x 0.5 s) for three times
and concentrated. This was carried out for complete evapora-
tion of the ethanol solvent. The result was a semi-transparent
paste of hydrothermally grown TiO, NCs composed of
18 wt% TiO,, 9 wt% EC and 73 wt% of terpineol.

The commercially available P25 TiO, NPs were also used
for another paste preparation using different methods [52]. A
quantity of 0.5 g of P25 TiO, powder was transferred to an
alumina mortar. Then 0.08 g acetic acid was added and the
mixture was ground for 5 min. Later, 0.08 ml of DI water
was added and the wet powder was milled for 1 min (this step
was repeated 5 times). A quantity of 0.8 ml of ethanol was
added and TiO; rough paste was ground for 1 min (this step
was repeated 15 times). Later, 0.21 ml of ethanol was added
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and the paste was mixed for 1 min (this step was repeated
6 times). Finally, 8.3 ml of ethanol was added to the solu-
tion and the result was transferred to a beaker. The P25 TiO,
solution was placed in ultrasonic bath and sonicated for 20
min. The other paste preparation steps were performed sim-
ilar to what was carried out for the hydrothermally grown
TiO, NCs. The weight percents of the components in P25
TiO, paste were repeatedly set to be 18, 9 and 73 wt% for
TiO,, EC and terpineol, respectively.

Multilayer photoanodes of the DSCs were prepared by
separate deposition for different pastes on FTO glass sub-
strates. The TiO, layers composed of hydrothermally grown
NCs were shown by H. The layers composed of P25 TiO,
NPs were represented as P. The number of the layers
deposited by doctor-blade method was also mentioned after
the letters H and P. According to the naming rule, different
photoanodes of P1, P2, P3, H1, H1P1, H1P2, H1P3 and also
H2, H2P1 and H2P2 were prepared and applied in DSCs. The
multilayer structures were heated at 325, 375, 450 and 500°C
for 5, 5, 15 and 15 min, respectively. Then the dye adsorp-
tion was carried out by immersing the photoanodes in an
ethanol solution of dye N719 (concentration of 3 x 10™* M)
for 24 h. The other cell fabrication steps, i.e., the prepara-
tion of platinum counter electrodes (using 50 mM H,PtClg
solution), cell assembling (by 60 wm thermoplastic spacer),
injection of I"/I5 electrolyte and sealing were successively
performed.

SEM images of the photoanodes were taken using a
T-Scan electron microscope. Optical spectroscopy for the
measurement of dye adsorption and transmittance was per-
formed using a Mecasys Optizen system. X-ray diffrac-
tion pattern was recorded by a Philips Xpert-pro equipment
with Cu Kee (A = 1.54 A) radiation. The current—voltage
characteristics of the cells were measured under AM 1.5,
100 mW cm~2 simulated light radiation. The electrochemical
impedance spectroscopy (EIS) was also carried out by an
ECO CHEMIE Autolab potentiostat.
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(a, b) SEM images of the P1 layer composed of P25 TiO, nanocrystals in two different

magnifications. The size distribution histogram of the particles is shown in inset of b.
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Figure 2.
magnifications. The size distribution histogram of the nanocrystals is represented in the inset of b.

3. Results and discussion

Figure 1 demonstrates SEM images of the P1 layer com-
posed of P25 TiO, NPs. As shown in figure la, the layer
is composed of round shaped TiO, NPs with sizes in the
range of 25-35 nm. Figure 1b represents the SEM image of
the P1 layer in large scale. It could be seen that the layer
is uniform and free of cracks on the surface. The size dis-
tribution histogram of the NPs is also shown in the inset
of figure 1b. It could be observed that most of the par-
ticles have sizes around 35 nm. Nevertheless, the appear-
ance of the layer is semi-transparent and nearly white due to
the agglomerations.

Figure 2 shows SEM images of the HI layer composed
of hydrothermally grown TiO, NCs. As represented in
figure 2a, this layer is composed of round TiO, NCs with
sizes smaller than the P25 TiO, NPs. The large-scale SEM
image of the H1 layer is also shown in figure 2b. According
to the result, the layer is free of cracks and smoother than the
P1 layer. This could be attributed to the synthesis method and
paste preparation procedure, which do not create agglomer-
ations. The appearance of the layer is also well-transparent
and without considerable light scattering. The size distribu-
tion histogram of these NCs is represented in the inset of
figure 2b. It could be observed that there are particles with
sizes in the range of 10-40 nm. Nevertheless, the dominant
size of the particles is about 20 nm.

Figure 3 shows the X-ray diffraction pattern (XRD) of
the hydrothermally grown TiO, NCs. According to the
JCPDS card no. 71-1169, the XRD peaks located at 26
of 25.3°, 37.8°, 48°, 54°, 55.2°, 62.7°, 68.9°, 70.3° and
75.3° belong to the (101), (004), (200), (105), (211), (204),
(116), (220) and (215) crystalline planes of the anatase
phase of TiO,, respectively. The average crystallite size of
hydrothermally grown TiO, NCs could also be estimated
using the full-width at half-maximum of the (101) XRD
peak and Scherrer formula [53,54]. This size is about 15 nm,
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(a, b) SEM images of the hydrothermally grown TiO; nanocrystals in two different
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Figure 3. X-ray diffraction pattern of the hydrothermally grown
TiO; nanocrystals.

which is smaller than the average size achieved from the
SEM images.

As mentioned in the experimental section, multilayer
structures made of different TiO, NCs were deposited on
FTO glass substrates to be applied in the photoanode
of DSCs. Figure 4 demonstrates the cross-sectional SEM
images of the H1P2 and H1P3 multilayer photoelectrodes. It
could be seen that there is a compact sub-layer of hydrother-
mally grown TiO, NCs with 3.5 pm thickness on the FTO
glass substrates. Besides, it could be observed that the thick-
ness of P2 and P3 over-layers of P25 TiO, NPs are about
14.5 and 18 pum, respectively. The thickness of P1 over-layer
in H1P1 photoelectrode was measured to be about 10 pm.
The simple P1, P2 and P3 photoanodes were also char-
acterized and their thicknesses were about 14.5, 21.5 and
26 pm, respectively. The first category of multilayer photoan-
odes that were investigated were P1, P2, P3, HIP1, H1P2
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Figure 4. Cross-sectional SEM images of (a) HIP2 and (b) H1P3 multilayer photoanodes.
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Figure 5. (a) Optical transmittance and its corresponding value in 512 nm vs. (b) the thickness for the
P1, P2, P3, H1, H1P1, HIP2 and H1P3 photoelectrodes. (¢) Absorbance of the dye N719 that is fully
desorbed from the surface of the mentioned photoanodes and (d) calculated dye loading amount vs. the
photoanode thickness. Dye desorption process is performed in 3 ml of 0.1 M NaOH solution in a mixed
solvent of ethanol and water (water/ethanol = 1:1, v/v).

and H1P3 photoelectrodes. The reason was to search for the Figure 5a demonstrates the transmission spectra of differ-
curing effect of a thin HI sub-layer in the photoanode on the  ent multilayer photoelectrodes. The corresponding values of
performance of the simple P25 solar cells. transmittance in 512 nm vs. the thickness of the photoanodes
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are also shown in figure 5b. It could be observed that the
transmittance of H1 layer is about 81% in this wavelength.
This could confirm that the H1 layer is well-transparent in
4 wm thickness. The similar values of transmittance for P1, P2
and P3 photoanodes were also measured to be about 5, 1.5
and 1%, respectively. As there is no absorption for the TiO,
layers in 512 nm wavelength, this could show the consider-
able light scattering of the P25 layers. Besides, the amount
of light scattering is increased for the P2 and P3 photoanodes
due to the higher thickness. The values of transmittance for
HI1P1, H1P2 and HIP3 photoanodes in 512 nm were mea-
sured to be about 18, 5 and 1%, respectively. It could be seen
that the light scattering is increased for higher number of
P25 over-layers. Besides, it could be observed that the H1P1
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and H1P2 photoanodes are more transparent than the P1 and
P2 photoelectrodes. The reason is due to the lower thickness
of the P1 and P2 over-layers in HIP1 and H1P2 electrodes
compared to those of the P1 and P2 photoanodes.

Figure 5c¢ shows the absorbance of dye N719 solutions,
which are fully desorbed from the surface of different mul-
tilayer photoanodes. The calculated amounts of the adsorbed
dye vs. the thickness of different photoanodes are also shown
in figure 5d. According to the results, the dye adsorp-
tion obviously increased with the thickness for the P1, P2
and P3 photoanodes. The same trend of changes could be
observed for the H1, H1P1, HIP2 and H1P3 photoelectrodes.
The reason could be attributed to the higher effective sur-

face area of the photoanodes in higher thicknesses. The H1
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P1, P2, P3, H1P1, H1P2 and H1P3 photoelectrodes.
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(a—e) Photocurrent—voltage (/—V) characteristics of the dye-sensitized solar cells with H1,
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layer represents the lowest amount of dye adsorption, about
0.8 x 1077 mol cm~2. Besides, the dye loading is lower
for the H1P1, H1P2 and H1P3 photoanodes compared to
those of the P1, P2 and P3 photoelectrodes, respectively.
This is also due to the lower thickness of the P over-layers
in HIPx (x = 1-3) photoanodes and their obviously lower
total thickness.

Figure 6a—e represents the photocurrent—voltage (/-V)
characteristics of DSCs with H1, P1, P2, P3, HI1P1, H1P2
and HI1P3 photoelectrodes. The photovoltaic parameters of
these cells are also summarized in table 1. According to
figure 6a, the short-circuit current density (Js), open-circuit
voltage (V,.) and efficiency of the cells with P1, P2 and P3
photoanodes are increased with the thickness. Then they are
decreased for the cell with thickest P3 photoelectrode. The
measured energy conversion efficiencies were about 4.5, 5.4
and 4.65% for the cells with P1, P2 and P3 photoanodes,
respectively. Although the dye loading and light scattering
of P3 electrode are higher than those of P1 and P2 pho-
toanodes, the thickness is comparable with electron diffusion
length in TiO, layer [55-58]. This could obviously increase
the electron—hole recombinations and decrease the cell per-
formance. Figure 6b demonstrates the /—V curve of the DSC
with H1 photoelectrode. As was previously shown, the 4 pm
thick H1 layer was quite uniform and without any cracks
on the surface. The layer was well-transparent and tightly
bonded to the FTO glass substrates. Besides, the thickness
is small and recombination is low for the electrons flow-
ing through this photoanode. As a result, although the corre-
sponding dye loading and light scattering are obviously low,
the efficiency was still about 3.7%.

According to the results, the photovoltaic parameters are
improved for the DSCs with HIP1, HIP2 and H1P3 multi-
layer photoanodes. The measured J,. values were about 10.9,
13.3 and 13.7 mA cm™? for the DSCs with HIP1, HIP2
and H1P3 photoanodes, respectively. The energy conversion
efficiencies also increased to 5.23, 6.55 and 6.0% for these
multilayer photoelectrodes. The lower performance of the
DSC with H1P3 photoanode could be attributed to its 24 pm
thickness and increased back recombination due to the higher
surface area. The maximum efficiency was also achieved
for the cell with optimized HIP2 photoelectrode. This value
increased to about 21% compared to that of the DSC with P2
photoanode.

Table 1. Photovoltaic parameters of the DSCs with different
multilayer photoanodes.

Photoanode structure  Joe (MA cm™2) Voo (mV)  FF n (%)
H1 7.37 690 0.73 3.71
P1 8.84 705 072 45
P2 10.41 715 072 54
P3 9.84 675 0.7 4.65
HIP1 10.88 695 0.69 5.23
HI1P2 13.03 675 0.74  6.55
HIP3 13.72 670 0.65 6
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As was shown, the dye loading amount and light scatter-
ing of P1, P2 and P3 photoanodes were higher than those of
the HIP1, HIP2 and H1P3 electrodes, respectively. Conse-
quently, the improved performance of the DSCs with mul-
tilayer HP photoanodes could be attributed to the better
electronic properties, which are created by H1 sub-layer.
This sounds to be related to the lower electron-hole back
recombination and better electron transport in the DCSs with
improved multilayer photoanodes.

EIS analysis was performed to achieve the electron trans-
port parameters of the HIPx (x = 1-3) photoanodes. Var-
ious parameters including the series resistance of the cell
(Rs), electron lifetime within the photoanode (), charge-
transfer resistance due to the electron recombination at the
TiO,/electrolyte interface (Ry.), chemical capacitance of
TiO, photoanode (C,) and charge-transfer resistance at the
interface of counter electrode and electrolyte (Rcg) could
be extracted.

Figure 7 shows the results of EIS analysis for the cells with
H1, H1P1, H1P2 and H1P3 photoanodes. The experiments
were carried out in —0.8 V in dark. The inset of the figure
demonstrates the equivalent circuit used for the modelling
of the impedance data. The theoretical basis and calculation
details were delivered and discussed by Adachi er al [59].
The corresponding EIS parameters are extracted and summa-
rized in table 2. According to the results, Ry is about 20 2
for the mentioned cells. Nevertheless, the charge-transfer
resistance is quite different. The value of R, increased from
32.5 Q for the cell with H1 electrode to 41 €2 and 59 2 for the
cells with HIP1 and H1P2 photoanodes. Then it finally de-
creased to 43 2 for the DSC with H1P3 photoelectrode. The
chemical capacitance, C,,, also increased from 364 uF for the
H1 photoanode to 376, 454 and 562 uF for the HIP1, H1P2
and H1P3 electrodes, respectively. The calculated electron
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Figure 7. Nyquist plots of the dye-sensitized solar cells with
HI1, H1P1, HIP2 and H1P3 photoanodes measured at —0.8 V in
dark. The inset of the figure shows the equivalent circuit used for
modelling of the impedance data.
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Table 2. EIS parameters of the dye sensitized solar cells with HI,
HI1P1, H1P2 and H1P3 photoelectrodes.
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Table 3. The photovoltaic parameters of DSCs with H2, H2P1
and H2P2 photoelectrodes.

Photoanode structure ~ Rg (2)  Rpec (2) C (UF)  Tegr (ms)

Photoanode structure  Jgc (mA cm™2) Voo (mV) FF n (%)

H1 18.8 325 364 12
HIP1 19.9 41 376 16
H1P2 19 59 454 26
H1P3 20 43 562 24

—H2
—H2P1
— H2P2

Current density (mA cm ™)

0 100 200 300 400 500 600 700 800
Voltage (mV)

Figure 8. Photocurrent—voltage characteristics of DSCs with
multilayer photoanodes of H2, H2P1 and H2P2.

lifetimes related to the H1 and H1Px (x = 1-3) photoanodes
were about 12, 16, 26 and 24 ms in the same order. It could
be seen that the maximum charge-transfer resistance belongs
to the cell with HIP2 photoelectrode. Besides, the longest
electron lifetime is related to this photoanode too. These two
facts are in agreement with better performance of the cell
with H1P2 photoelectrode.

Other multilayer photoanodes composed of two transpar-
ent sub-layers of hydrothermally grown TiO, NCs were also
investigated. This was performed for fabrication of some
DSCs with higher energy conversion efficiencies. Figure 8
shows the I-V characteristics of the DSCs with H2, H2P1
and H2P2 photoanodes. The photovoltaic parameters of these
cells are extracted and summarized in table 3. It could
be observed that the photovoltaic performance is obviously
improved for the cell with H2P1 photoanode. According to
the results, the energy conversion efficiency increased from
5.7% for the cell with H2 photoanode to about 7.2% for the
DSC with H2Plelectrode. This could show a 30% increase
compared to the efficiency of the cell with H2 photoelectrode.
The reason could be attributed to the higher amount of dye
adsorption and light scattering of the H2P1 photoanode.
The energy conversion efficiency slightly decreased for the
cell with H2P2 photoelectrode. This could be attributed to
the comparable thickness of the photoanode with electron
diffusion length in TiO, layer.

H2 11.52 730
H2P1 15.69 695
H2P2 13.64 670

068 57
066 72
073 6.7

4. Conclusion

DSCs with multilayer photoanodes composed of separate
layers of hydrothermally grown TiO, NCs and P25 TiO,
NPs were fabricated. The results demonstrated how a thin
sub-layer of hydrothermally grown TiO, NCs in the photoan-
ode could obviously increase the efficiency of simple P25
solar cells. The maximum efficiency of 6.55% was achieved
for the cell with H1P2 photoanode. This represented a 21%
increase compared to the highest efficiency of the cells with
just P25 NPs.

Other multilayer photoanodes with two transparent sub-
layers of hydrothermally grown TiO, NCs were also fabri-
cated. A maximum efficiency of 7.2% was achieved for the
cell with just one over-layer of TiO, P25 NPs. This was
about 30% increase compared to the efficiency of the cell
with H2 photoanode. The reason was attributed to the higher
amount of dye adsorption and light scattering of the P25 TiO,
over-layer.
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