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ABSTRACT: In general, the properties and performance of
mesoporous TiO, are greatly dependent on its crystal size,
crystallinity, porosity, surface area, and morphology; in this
regard, design and fine-tuning the crystal and pore sizes of the
TiO, submicrospheres and investigating the effect of these
factors on the properties and photoelectric performance of
dye-sensitized solar cells (DSSCs) is essential. In this work,
uniform TiO, submicrospheres were synthesized by a two-step
procedure containing hydrolysis and solvothermal process.
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The crystal and pore sizes of the TiO, submicrospheres were fine-tuned and controlled in a narrow range by adjusting the
quantity of NH,OH during the solvothermal process. The effect of crystal and pore size of TiO, submicrosphere on the
performance of the DSSCs and their properties including dye-loading capacity, light scattering effect, power conversion efficiency
(PCE), incident photon-to-electron conversion efficiencies (IPCEs), and electron recombination were compared and analyzed.
The results show that increasing pore size plays a more significant role in improving the dye-loading capacity and PCE than
increasing surface area, and an overall PCE value of 8.62% was obtained for the device with a 7.0 ym film thickness based on the
TiO, submicrospheres treated with 0.6 mL of NH,OH. Finally, the best TiO, submicrosphere based photoanode film was
optimized by TiCl, treatment, and increasing film thickness and a remarkable PCE up to 11.11% were achieved.
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1. INTRODUCTION

Anatase titanium dioxide (TiO,) is one of the most widely
investigated materials for many promising applications in
environmental and energy areas ranging from photocatalysis,' ~*
to lithium ion batteries,"” and solar cells.”™"® Among all the
reported TiO, micro/nanostructures, including nanopar-
ticles,"*° nanotubes,*' ~** nanowires,>*** and submicro/micro-
spheres,”'*°™** mesoporous TiO, microspheres with unique
microstructure and superior properties, such as large surface
area and light scattering effect, have proved to be excellent
candidates for these applications, especially in dye-sensitized
solar cells (DSSCs). As an important part of DSSC, high BET
surface area and dye-loading capacity, fast electron transport,
and better light scattering for light harvesting are regarded as
the premise for the success of the photoanode film,'**%*7*0=32
In general, the properties and performance of mesoporous
TiO, are greatly dependent on its crystal size, crystallinity,
porosity, surface area, morphology, and composition;'”***® in
this regard, tuning the nano/microstructure of TiO, materials
to optimize the photoanode film seems to be a promising way
to obtain the DSSCs with high power conversion efficiency
(PCE). Up to now, many efforts have been devoted to design
and optimize the photoanode film, e.g, TiCl, post-treat-
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construction of 1D—3D structures,””
sized spheres,””*%*" use of hollow and hierarchical
structured”*' TiO,, or adoption of ZnO* and SnO,"” as
photoanode. Because the crystal size and pore diameters have a
profound and direct effect on the dye-loading, electron
transport, collection, and recombination properties of DSSCs,
they have received tremendous interest, and the results have
considerably boosted the performance of DSSCs,'"***
whereas present studies about microstructures, e.g, crystal
size and pore size of the TiO, materials, mainly focus on the
TiO, nanoparticle based DSSCs. As efficient and promising
photoanode materials, studies about TiO, microspheres are still
very rare. Only Cheng’s group investigated the effect of TiO,
bead diameter and pore sizes on the efficiency of DSSCs****
and TiO, bead pore size on the performance of cobalt
electrolyte based DSSCs,” and Gritzel’s group researched the
pore sizes and porosities of TiO, beads on the mass transport
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properties of cobalt based redox couples in DSSC using YD2-o-
C8 porphyrin dye as sensitizer."

In recent years, a type of mesoporous TiO, sphere composed
of anatase nanocrystals which was first reported by Cheng’s
group has received considerable attention and exhibited
excellent performance in the photovoltaic field.'*>%>%>”#
In 2014, Gritzel’s group adopted these mesoporous TiO,
spheres as photoanode to improve the mass transport of cobalt
redox couples in DSSCs, and achieved an efficiency up to
11.4%,"* which is the record PCE value for the TiO, sphere
based DSSC. Thus, we could expect that this type of TiO,
sphere will be a potential photoanode material, and
undoubtedly, there will be photovoltaic devices based on this
type of TiO, spheres achieving much higher power conversion
efficiency (PCE) further. In the past two decades, the I,7/I”
redox mediator has been the most widely used liquid electrolyte
in DSSCs inasmuch as its long-term stability, fast dye
regeneration, and slow recombination between generated
electrons in TiO, and tri-iodide.””****~** Until now, it is still
the classic and most widely utilized electrolyte, and importantly,
most reported work about DSSCs is based on the I;7/I” redox
electrolyte yet, whereas, research about the effect of
mesoporous structure of TiO, spheres on the I;7/I” redox
based DSSCs is very rare. In 2009, Cheng et al.** synthesized
TiO, beads with controllable surface and pore size, and
investigated the effect of pore size on the performance of
DSSCs using N719 dye as sensitizer and I;7/I" redox as
electrolyte, whereas, in their work, the pore and crystal size
were controlled in a relatively wide range (pore size 14—22.6
nm; crystal size 12—16 nm). Finally, in a comparison with P25
paste, the optimized TiO, beads spheres shows superior
photovoltaic property, and an efficiency of 7.2% was obtained.
So, to better utilize and explore the potential of this type of
TiO, sphere, fine-tuning the mesoscopic structure, such as
crystal sizes and pore diameters of TiO, spheres, and
investigating the effect of it on the properties of DSSCs,
especially I,;7/I" redox based DSSCs, is still a very pressing
need and has research and practical significance for fabricating
photovoltaic devices with higher PCE. Inspired by this idea, in
this work, mesoporous TiO, submicrospheres with the same
diameters but different and fine-tuned crystal size and pore
diameters, denoted as MS-3, MS-6, and MS-9, were
synthesized. The effect of difference in crystal size and pore
diameters of the three as-prepared TiO, submicrospheres on
the performance of the DSSCs and their properties, including
light scattering effect, dye-loading capacity, PCE, incident
photon-to-electron conversion efficiencies (IPCEs), and
electron recombination rate, were compared and analyzed.
Besides, the sensitizer is also an important factor for the high
efficiency DSSCs.* In recent years, C101 dye has exhibited
excellent performance in the DSSC field since it was reported
by Wang’s group.”” Here, we adopt C101 dye as sensitizer and
expect it can generate a better power conversion efficiency.
Finally, on the basis of our research results, using C101 dye as
sensitizer, the TiO, submicrosphere based photoanode film
which possesses the best performance was optimized, and a
remarkable PCE up to 11.11% was achieved.

2. RESULTS AND DISCUSSION

TiO, submicrospheres (MSs) were synthesized according to a
modified procedure containing hydrolysis and the subsequent
solvothermal process. Fabrication details are given in the
Experimental Section. Here, to keep the same sphere diameters,

the synthesis of the three TiO, submicrospheres started from
the same precursor. The final crystal and pore sizes, and
morphologies, were fine-tuned and determined by adjusting the
quantity of NH,OH (28 wt %, 0.3, 0.6, and 0.9 mL) during the
solvothermal treatment process. Figure 1 and Figure S1 show

Figure 1. SEM and TEM images of the TiO, submicrospheres
synthesized with the amount of NH,OH of (a, b, and c) 0.3 mL (MS-
3), (d, e, and f) 0.6 mL (MS-6), (g, h, and i) 0.9 mL (MS-9).

scanning electron microscopy (SEM) images of TiO, spheres
with a diameter of ~530 nm before and after solvothermal
treatment. Upon solvothermal treating, the precursor spheres
with a smooth surface (Figures Slab) transformed into
uniform mesoporous submicrospheres consisted of intercon-
nected TiO, nanocrystals (Figure Slc—e and Figure la,d,g).
Transmission electron microscopy (TEM) images (Figure
1be,h) further confirmed their mesoporous structure. Im-
portantly, from the TEM (Figure 1b,e;h) and high resolution
TEM (HRTEM) (Figure lcfi) images, we can see that, with
increasing the quantity of NH,OH (from 0.3, 0.6, to 0.9 mL),
the sphere structure became more porous and the composed
crystals grew larger.

Figure 2a shows the XRD patterns of the TiO, submicro-
spheres after sintering. All diffraction peaks can be assigned to

a s rzm < -
Ms-3 © 250 £*
nE < 50
3 S 200 5
< k-] 3
< a=te77om Ms-6 8 15
2 5 150 3
g n £ 10
2 B 100] ©
2
» MS-9 g 20 30 4
£ a=20320m 2 Pore diameter (m)
t 50
]
I JCPDS No. 21-1272 é o
i 1 i n
oy PR P - A 00 02 04 06 08 1.0

20 (degree) Relative Pressure (P/Pg)

Figure 2. (a) XRD patterns, (b) nitrogen adsorption/desorption
isotherms, and (c) the corresponding Barret—Joyner—Halenda (BJH)
pore size distribution plots of the TiO, submicrospheres after
sintering.

the anatase phase. With increasing the quantity of NH,OH, the
diffraction peak became sharper, suggesting a growth of the
composed crystallites during solvothermal treatment. The
average crystal sizes increase from 18.12, to 19.77, to 20.32
nm calculated by the Scherrer equation, which is in accordance
with the HRTEM observation. Brunauer—Emmett—Teller
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(BET) surface areas and Barret—Joyner—Halenda (BJH) pore
size distribution of the TiO, submicrospheres after sintering
were analyzed by nitrogen adsorption—desorption. As shown in
Figure 2b,c, increasing the quantity of NH,OH leads to a
decrease of surface area and pore volume but larger pore size.
The larger pore size and decrease in surface area are in
accordance with previous observation of more porous interior
structures and larger crystal sizes by TEM analysis. The crystal
and pore sizes, BET surface area, and pore volume of the as-
prepared three TiO, submicrospheres are summarized in Table
1.

Table 1. TiO, Submicrosphere Properties after Sintering:
Surface Area, Pore Size, Pore Volume, and Crystal Size

surface area pore pore volume
sample (m2 g_l) size (nm) (cm3 g_l) Dygp (nm)
MS-3 99.3 17.1 0.424 18.12
MS-6 93.8 17.9 0.419 19.77
MS-9 84.9 19.1 0.404 20.32

To investigate the light scattering behavior and dye-loading
capacity, the three TiO, submicrosphere based films with the
same thicknesses of ~7 pm was prepared via screen-printing
method (Figure S2). Figure 3a shows the diffuse reflectance of
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Figure 3. (a) Diffuse reflectance and (b) dye desorbed spectra from
anode films based on MS-3, MS-6, and MS-9.

the three TiO, submicrosphere based films measured using an
integrating sphere. From Figure 3a, we can see that the three
TiO, submicrosphere films all exhibit high diffuse reflection
performance in the wavelength range from 400 to 800 nm
because of the superior scattering effect in the visible light range
induced by the comparable size of the mesoporous submicro-
spheres to the wavelength of visible light according to Mie
theory. However, the difference of the three diffuse reflection
spectra is that, with increasing the quantity of NH,OH, namely,
increasing crystal and pore sizes of submicrospheres, the diffuse
reflection shows lower intensity. From Figure 3a, we can see
that the light scattering capacity is in the order MS-3 > MS-6 >
MS-9. A reasonable explanation may be that increasing the
crystal and pore sizes of the submicrospheres will lead to more
Rayleigh scattering of individual nanoparticles and lower the
Mie scattering induced by larger submicro/micrometer

spheres,13 since here, the diffuse reflection of the submicro-
sphere based films mainly originates from Mie scattering.

Dye loading capacity of the photoanode film is important for
a DSSC because it significantly influences its photoelectron
generation. Hence, C101 dye-loading of the three TiO,
submicrospheres was measured by UV—vis spectroscopy after
desorbing from a dye saturation adsorption film. From Figure
3b and Table 2, we can see that the dye-loading capacity is not
proportional to the BET surface area. MS-6 and MS-9 show the
similar dye-loading capacity at the same film thickness which is
higher than MS-3 despite it possessing the highest BET surface
area. Importantly, by comparing the effect of the BET surface
area (from 99.3, to 93.8, to 84.9 m* g™') and pore size (from
17.1, to 17.9, to 19.1 nm) of MS-3, MS-6, and MS-9 on the
dye-loading capacity (from 7.31, to 8.23, to 8.23 X 107 mol
cm™?), we can conclude that increasing pore size plays a more
significant role in improving the dye-loading capacity than
increasing surface area. Therefore, optimizing pore size of the
TiO, submicrospheres seems to be an eflicient way for more
dye-loading and further improvement of PCE while keeping the
BET surface area in a relatively high value (~80 m* g™*). Here,
it should be noted that BET surface area with a value of ~80 m*
g ! is already sufficient for the dye-loading in a DSSC, and up
to now, the DSSC with the record PCE value is also based on
the TiO, nanoparticles with a surface area of ~80 m* g™'.>" So,
in this work, the poorer dye-loading capacity for MS-3 may
mainly result from the smaller pore size distribution and less
porosity.

To investigate the photovoltaic properties of the three TiO,
submicrospheres, we fabricated complete solar cells using 1,7/
I" redox liquid electrolyte and C101 dye as sensitizer. Figure 4a
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Figure 4. (a) Current density—voltage (J—V) characteristics under the
illumination and (b) incident photon-to-electron conversion efficien-
cies (IPCEs) of MS-3, MS-6, and MS-9 based DSSCs.

shows the J—V characteristics of pure MS-3, MS-6, and MS-9
based DSSCs without TiCl, or other treatment, and Table 2
summarizes the detailed photovoltaic parameters. With the
same film thicknesses, the open circuit voltages show no
obvious distinction among the three DSSCs; the highest PCE
value (8.62%) for MS-6 comes from the highest photocurrent
density (15.36 mA cm™) and a slightly large fill factor
(74.71%). As fillustrated above, the reason for the better
performance of MS-6 than MS-3 and MS-9 might be ascribed
to the higher dye-loading capacity combined with the superior

Table 2. Comparison of the Photovoltaic Properties Measured under 1 Sun Illumination and Dye Adsorption Capacities for

MS-3, MS-6, and MS-9 Based DSSCs

cell thickness dye-loading (10™® mol cm™2)
MS-3 7.0 ym 7.31
MS-6 7.0 um 8.23
MS-9 7.0 pum 823

Jie (mA em™) Voo (V) EE (%) n (%)
13.55 0.750 73.09 7.43
1536 0.751 74.71 8.62
1448 0.749 74.00 8.03
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light scattering effect. Compared with MS-3, MS-6 shows a
higher dye-loading capacity; at the same time, compared with
MS-9, it shows a better light scattering property. As a result,
when assembled to a DSSC, MS-6 could generate more
photocurrent, leading to better photovoltaic performance. To
demonstrate this, incident photon-to-electron conversion
efficiencies (IPCEs) of the three submicrospheres based
DSSCs were measured. As shown in Figure 4b, MS-6 and
MS-9 show the higher IPCE than MS-3 almost in the entire
wavelength range, and this should be induced by the higher
dye-loading capacity for MS-6 and MS-9. While for the MS-6
and MS-9, because of the better light scattering effect, MS-6
exhibits a slightly higher IPCE compared with MS-9 in the
wavelength region from 600 to 750 nm. Consequently, MS-6
shows the highest IPCE, namely, the highest photocurrent
density, giving rise to the PCE up to 8.62%. Furthermore, to
show the superior photovoltaic performances of the TiO,
submicrospheres of this type, we also fabricated TiO,
nanoparticle (NP) based DSSCs. As shown in Figure S3, NP
based DSSCs generated much lower photocurrent density
(12.28 mA cm™) than the three MS based DSSCs; as a result,
only a PCE value of 6.88% was obtained.

In a DSSC, crystal and pore sizes of mesoporous TiO, have a
great effect on the electron transport, recombination, and
lifetime. Therefore, electrochemical impedance spectroscopy
(EIS) of the three pure TiO, submicrosphere based DSSCs
were measured at —0.73 V forward bias in the dark to
investigate the dynamics of electron transport and recombina-
tion (Figure Sa), and the fitting data results are given in Table
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Figure S. (a) Nyquist plots measured at —0.73 V forward bias and (b)
current density—voltage (J—V) characteristics in the dark for MS-3,
MS-6, and MS-9 based DSSCs.

Table 3. Electron Transfer and Recombination Resistance
(R) and Chemical Capacitance (C,) of MS-3, MS-6, and
MS-9 Based DSSCs

cell Ry (@) Cu (uF) To(ess) (ms)
MS-3 74.29 242.34 18.0
MS-6 82.24 235.57 194
MS-9 70.22 223.98 157

3. From Figure Sa and Table 3, we can see that increasing the
quantity of NH,OH resulted in a decrease of constant phase
element (C,) value, but interestingly, the charge transfer and
recombination resistance (R,,) values are not in an order. MS-6
shows the larger R, suggesting that it has a lower
recombination rate. According to the equation 7, = R X
Cw” the electron lifetimes are calculated to be 18.0, 19.4, and
15.7 ms for MS-3, MS-6, and MS-9, respectively. Clearly, MS-6
based DSSC shows the longest electron lifetime. In comparison
with MS-3, the reason for the lower recombination rate and

longer electron lifetime of the MS-6 might be ascribed to the
less exposed BET surface area because less exposed surface area
means that there will be less recombination for generated
electrons occurring at the interface of TiO, nanocrystals/I;~/I”
electrolyte.'””® However, for the MS-9, despite it having a
smaller BET surface area, the relatively larger pore size and
higher porosity compared with MS-6 may allow more electron
recombination to take place in the deeper interior of the
micropheres since the higher porosity could facilitate the
electrolyte diffusion into the sphere interior.'”* As a
consequence, compared with MS-3 and MS-9, MS-6 shows
the lower recombination rate leading to the longest electron
lifetime, and thus, MS-6 based DSSC harvests the highest
current density and PCE value. Furthermore, the dark current
potential scans were also conducted to estimate the electron
recombination of the three DSSCs. The results show that MS-6
based DSSC exhibits a lower dark current at the same potential
above 0.6 V, which means that MS-6 has a lower electron
recombination rate than MS-3 and MS-9 (Figure Sb). The dark
J—V results are in good agreement with the EIS analysis.
Prior reports have demonstrated that TiCl, treatment and
addition of a TiO, nanoparticle (NP) underlayer could improve
the power conversion efliciency of the submicro/microsphere
based DSSCs.">*%*%%% Hence, in this work, MS-6 based film
was optimized by TiCl, treatment and addition of a 4.5 ym
nanoparticle underlayer (Figure S2e) since it shows the best
photovoltaic performance. Consequently, as shown in Figure 6a
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Figure 6. ]—V characteristics (a) under the illumination and (b) in the
dark and (c) incident photon-to-electron conversion efficiencies
(IPCEs) of the optimized photoanode film based DSSCs with
different film thicknesses.

Table 4. Photovoltaic Properties of DSSCs Based on
Optimized MS-6 with Different Film Thicknesses

S
(mAcem™) V. (V) FF (%) 7 (%)

cell thickness
NP + MS-6-1 4.5+ 7.1 ym 18.97 0.725 74.1 10.20
NP + MS-6-2 4.5 + 152 ym 21.53 0.691 74.7 11.11

and Table 4, the photocurrent increased to 18.97 mA cm™2, and
a PCE value of 10.20% was obtained. At the same time,
thickness of the TiO, films plays a great role in the PCE
inasmuch as it could increase the dye-loading and photocurrent
density.”*** So, finally, by increasing the MS-6 film thickness
from 7.1 to 152 pm, notwithstanding sacrificing the open
circuit voltage (0.725 to 0.691 V), the photocurrent was
significantly enhanced, leading to a big harvest of PCE, up to
11.11%. To prove the PCE results, IPCE values of both of the
optimized DSSCs were measured. As shown in Figure 6¢, in
comparison with pure MS-6, the IPCEs of the two optimized
DSSCs have a great increase. Importantly, we can see that, with
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increasing film thickness, the IPCE has a great enhancement,
especially in longer wavelength range. We believe that this
enhancement should be attributed to the superior light
scattering effect of MS-6 compared to nanoparticles.
Generally, electron recombination occurring at the interface
of TiO,/I;7/I" electrolyte would result in a decrease of the
V.. In this work, for the optimized DSSCs, the decrease of
V,. could be demonstrated by the dark J—V and EIS
measurements. From Figure 6b, it is clear that the NP + MS-
6-2 DSSCs exhibit a higher dark current at the same potential
above 0.6 V, suggesting that NP + MS-6-2 DSSC has a higher
electron recombination rate than that of NP+MS-6-1. EIS
measurements were also conducted to analyze the recombina-
tion condition of both of the DSSCs. As shown in Figure 7 and
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Figure 7. Nyquist plots of optimized MS-6 based DSSCs with different
film thickness.

Table S. Electron Transfer and Recombination Resistance
(R) and Chemical Capacitance (C,) of the Optimized MS-6
Based DSSCs with Different Film Thickness

cell TiCl, treatment R, (Q)  C, (UF) Ty (ms)
NP + MS-6-1 Y 1891 1006.6 19.03
NP + MS-6-2 Y 10.41 1887.2 19.65

Table 5, NP + MS-6-2 DSSC shows smaller electron
recombination resistance (R,) than NP + MS-6-1 DSSC,
suggesting that the thicker film possesses much higher
recombination rate, and this result is in good agreement with
the dark J—V measurement. Also, we can see that,
accompanying the higher J,. and recombination rate, the NP
+ MS-6-2 DSSC shows much larger C, value than NP + MS-6-
1 DSSC. However, finally, according to the equation 7,g) =
R, X Cﬂ,ll the electron lifetimes (z,’s) of both of the DSSCs
exhibit a similar value, calculated to be 19.03 and 19.65 ms for
NP + MS-6-1 and NP + MS-6-2 DSSCs, respectively. From the
7, results of the DSSCs with different film thicknesses, we could
also conclude that the electron lifetime is an inherent property
of a photoanode material, which could not be influenced by the
film thickness. The slightly larger value for NP + MS-6-2 DSSC
(19.65 ms) might be ascribed to the higher content ratio of
TiO, MS than that in NP + MS-6-1 DSSC, since this type of
TiO, MS possesses longer electron lifetime than TiO,
nanoparticles.”® Consequently, on the basis of the above
analysis, we can see that increasing film thickness could
improve the photocurrent density while enhancing the electron
recombination rate, and finally leading to a lower V. value.
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3. EXPERIMENTAL SECTION

Synthesis of Amorphous Spheres Precursor. All chemicals
were used as received. Mesoporous TiO, submicrospheres were
synthesized via a modified two-step process consisting of hydrolysis
and subsequent solvothermal process based on the previously reported
method.>"*** In a typical synthesis, NH,OH solution (28 wt %, 0.42
mL) and H,O (0.91 mL) were added into a mixed solution containing
150 mL of ethanol and 100 mL of acetonitrile under vigorous stirring.
Then, titanium isopropoxide (TIP, S mL) was promptly injected, and a
milky suspension was formed within a few seconds. After continuous
stirring for 6 h, the formed precipitate was centrifuged and washed
with ethanol twice and dried at 60 °C.

Synthesis of Mesoporous TiO, Submicrospheres. The
mesoporous TiO, microspheres with fine-tuned pore diameters and
crystal sizes were synthesized by controlling the quantity of NH,OH
during the solvothermal process. Typically, dried precursor spheres
(1.5 g) underwent solvothermal treatment in a mixture containing 40
mL of ethanol, 20 mL of water, and 0.6 mL of NH,OH (28 wt %) at
160 °C for 16 h. The as-obtained solid product was collected by
centrifugation, washed with ethanol twice, and dried at 60 °C, named
MS-6. The other two products using 0.3 and 0.9 mL of NH,OH (28
wt %) were synthesized under the same conditions, named as MS-3
and MS-9, respectively.

Assembly of Dye-Sensitized Solar Cells (DSSCs). For the
photoanode, single layer films of interconnected TiO, particles were
screen-printed on FTO-type TCO glass through a 34T meshsize
screen. Different films were obtained by either varying the paste
(either NP or TiO, submicrospheres paste) or by repeating the screen
printing step several times. In this case the films were dried at 200 °C
for S min between each print. In some cases, a NP underlayer was
deposited by screen printed nanocrystalline paste. The resulting films
were gradually heated in air to 510 °C and sintered at this temperature
for 30 min before solar cell construction. A 300 uM portion of cheno-
3a,7a-dihydroxy-Sb-cholic acid was dissolved with an equimolar
amount of C101 complex in a mixture of tert-butanol and acetonitrile
solvent (1:1 by volume). After being washed by acetonitrile and dried
in air, the overnight sensitized electrodes were sealed using a 60 ym
thick Surlyn gasket, melted by heating with the Pt-modified TECI1S
TCO counter electrode. The latter was prepared by spreading out a
drop of 5 mM H,PtCly isopropyl alcohol solution onto the counter
electrode before treating it at 450 °C for 30 min under air. A hole was
introduced in the counter electrode by sand-blasting, allowing the
internal space between the two electrodes to be filled with volatile
electrolyte using a vacuum backfilling system, and then was sealed with
a thin glass sheet. The electrolyte was composed of 1 M DMII, 50 mM
Lil, 30 mM I,, 0.5 M tert-butylpyridine, and 0.1 M GuNCS in a solvent
mixture of 85% acetonitrile with 15% valeronitrile by volume.

Prior to measurements the cell was masked by a square black tape
with a § X 5 mm? aperture.

Instruments. The morphology of the samples was investigated by
scanning electron microscopy (FEI XL-30 SFEG coupled to a TLD)
and transmission electron microscopy (TEM, JEM-200CX; JEOL).
The X-ray diffraction (XRD) patterns were recorded using a Bruker-
AXS microdiffractometer (model DS00S) with Cu Ka radiation (4 =
1.5406 A). The surface area, pore volume, and pore size were
evaluated by using a Micromeritics (TriStar II 3020 V1.03,
Micromeritics Instrument Corporation) nitrogen adsorption/desorp-
tion apparatus. Ultraviolet—visible (UV—vis) diffuse reflectance
spectroscopy (DRS) and UV—vis absorption spectroscopy were
performed using the UV—vis spectrophotometer (SOLID3700,
Shimadzu Co. Ltd., Japan). Dye desorption measurements were
carried out by detaching the C101 dye from the photoanode using a
solution containing 0.5 mL of tetrabutylammonium hydroxide (10 wt
% in water) and 10 mL of N,N-dimethylformamide (DMF). The
amount of loaded dye was calculated from the UV—vis absorption
spectrum of the resultant solution using & = 1.75 X 10* M~ cm™ as
the molar extinction coefficient for C101 at 541 nm.

The (J—V) measurements were carried out on a Keithley model
2420 digital source meter controlled by Test point software under a
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xenon lamp (100 mW cm™). The IPCE values were confirmed as a
function of wavelength from 300 to 800 nm (PV Measurements, Inc.)
for DSSCs. The electrochemical impedance spectra (EIS) were
recorded by a computer controlled potentiostat (Autolab 320,
Metrohm, Switzer land) in a frequency range of 10 mHz to 1000
kHz applied in the dark.

4. CONCLUSIONS

In summary, TiO, submicrospheres were synthesized by a two-
step procedure containing hydrolysis and solvothermal process.
The crystal and pore sizes of the TiO, submicrospheres were
fine-tuned and controlled in a narrow range by adjusting the
quantity of NH,OH during the solvothermal process. The
crystal and pore size of TiO, submicrosphere has a significant
effect on the properties of the DSSCs including light scattering
effect, dye-loading capacity, PCE, IPCE, and electron
recombination. The results show that TiO, submicrospheres
treated with 0.6 mL of NH,OH exhibit the best photovoltaic
performance and an overall PCE value of 8.62% was obtained
for the device with a 7.0 ym film thickness. Finally, the best
TiO, submicrosphere (MS-6) based photoanode film was
optimized by TiCl, treatment and increasing film thicknesses,
and a remarkable PCE up to 11.11% was achieved.
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