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Highly mesoporous TiO, nanoparticles were synthesized by using a combination of aero-sol-gel and
aqueous washing processes. By varying the mass fraction of NaCl templates in the TiO,-NaCl composite
nanoparticles, we examined the formation of mesoporous TiO, nanoparticles with optimized surface
area and pore volume distributions. Then, the photovoltaic properties of the resulting mesoporous TiO,
nanoparticles were systematically investigated by forming a photovoltaic active layer of these nanopar-
ticles on the photoanode of dye-sensitized solar cells (DSSCs). The mesoporous TiO, nanoparticle-based
DSSCs fabricated in this study showed an improved short circuit current densities and power conversion
efficiencies compared to solid TiO, nanoparticle-based DSSCs (the values increased from 2.02 +0.11 to
8.16+0.51 mA/cm? and from 1.07 4 0.21% to 3.88 + 0.33%, respectively). This improvement is due to an
increase in the amount of inorganic dye (N719) adsorption in the mesoporous TiO, nanoparticles with a
specific surface area of 184 m?/g and an average pore size of 5 nm. These specially designed mesoporous
TiO; nanoparticles have great potential as an effective dye-supporting and electron-transfer medium and
can help improve the photovoltaic performance of DSSCs.
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1. Introduction

Over the past few decades, dye-sensitized solar cells (DSSCs)
have been developed extensively because of the relatively low
costs involved in the manufacturing process compared to silicon-
based solar cells. A DSSC is mainly composed of (i) a semiconductor
nanocrystalline film covered with a molecular dye layer (i.e., pho-
toanode), (ii) a redox couple in an electrolyte solution, and (iii)
a platinum-based transparent conducting oxide electrode as a
counter electrode. Among those, the photoanode usually consists
of a TiO, nanocrystalline layer, which supports dye molecules with
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absorbing light energy, especially in the visible wavelength region
of sunlight. When a DSSC is exposed to sunlight irradiation of a suit-
able energy, electrons are exited from highest occupied molecular
orbital (HOMO) to lowest unoccupied molecular orbital (LUMO) in
the dye molecules. The excited electrons are subsequently injected
into the conduction band of TiO, and reached to the conducting
oxide electrode (e.g., fluorine-doped tin oxide, FTO). Then, the elec-
trons flow through the external circuit and re-introduce into the
DSSC on the counter electrode, flowing into the electrolyte. The
electrolyte finally transports the electrons to the dye molecules,
which enable to facilitate the completion of a current cycle in DSSCs
[1-3].

In order to improve the overall power conversion efficiency
(PCE) of DSSCs, many research groups have attempted to develop
suitable dyes and reduce the interfacial resistance between TiO;
particles [4-7], between the TiO, layer and the conducting elec-
trode [8], or between the counter electrode and electrolyte [9,10].
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Fig. 1. (a) Schematic illustration of the setup for the fabrication of mesoporous TiO, nanoparticles and the mechanism of nanoparticle formation and (b) schematic of

mesoporous TiO,-based DSSC and (c) the picture of DSSC manufactured in this study.

These previous studies have mostly focused on improving electron
transfer at the various interfaces between the TiO, layer, electrode,
and electrolyte by reducing interfacial contact resistance. However,
in order to achieve an inherent increase in the PCE of DSSCs, it is
necessary to increase of the initial amount of dyes on a given TiO,
layer to enhance the number of electrons generated from these dyes
by sunlight irradiation.

Recently, Koo et al. employed nano-embossed hollow TiO, par-
ticles to increase the amount of dye attached on the TiO, particles
by increasing the specific surface area through a simple solvother-
mal reaction, without the addition of any templates or surfactants
[11]. However, due to the insignificant increase in the specific
surface area of such nano-embossed hollow TiO, particles (i.e.,
Sger =~58 m?2/g, where Sggt is the specific surface area determined
by nitrogen adsorption using a BET system), the amount of dye
adsorption by these hollow TiO, particles was found to be very
similar to that of commercial P-25 TiOj (i.e., Sger = ~48 m?/g). Koo
et al. suggested that the hollow TiO, particles played a key role
as a light-scattering medium, which enhanced the incident light
scattering and absorption in the photoanodes of DSSCs.

Unlike previous studies [12,13] on porous photoanodes formed
by accumulated solid TiO, nanoparticles, we employed a sim-
ple and inexpensive inorganic-template aero-sol-gel method
to fabricate mesoporous TiO, nanoparticles. Mesoporous TiO,
nanoparticles have nanosized pores inside, and they thus have a
rather large specific surface area; as a result, they can support a
high initial concentration of dye molecules in the photocatalytic
active layer of DSSCs. In this work, the influence of mesoporous
structures inside the TiO, nanoparticles on the photovoltaic per-
formance of DSSCs was systematically investigated in terms of the
amount of dye molecules adsorbed, the open-circuit voltage, the
shot-circuit current, the fill factor, and the PCE.

2. Experimental
2.1. Aero-sol-gel synthesis of mesoporous TiO, nanoparticles

Fig. 1 presents the schematic of experimental setup for the fab-
rication of mesoporous TiO, nanoparticles [14]. Briefly, two groups
of precursor solutions were prepared. First, various amounts of
NaCl were completely dissolved in distilled water (90 mL) in a vial,
and then titanium butoxide (C;6H4004Ti, 17.15 mL) was added to
EtOH (72.85mL) in another vial. The solutions were then mixed
together, and the resulting mixture was ultrasonicated for an hour.
This mixed precursor solution was subsequently aerosolized by
a standard atomizer operated with filtered compressed air at a
pressure of 241 kN/m2. The micrometer-sized droplets containing
tiny TiO, nanoparticles formed by the sol-gel reaction, NaCl, EtOH,
and deionized water were continuously passed through a silica-gel
dryer, in which solidified particles were formed through solvent
evaporation and adsorption. The solidified aerosol particles com-
posed of TiO, and NaCl were then immobilized and sintered by
passing through a quartz tube reactor (2.54 cm in diameter x 30 cm
in heating length) enclosed by a tube furnace heated at 500°C.
Finally, the resulting TiO,-NaCl composite nanoparticles, collected
in a membrane filter with a pore size of 200 nm, were washed
with deionized water using a centrifuge (Biofuge primo, Sorvall)
operated at 3600 rpm for 10 min. The centrifuge-assisted washing
process was repeated twice to ensure complete removal of the NaCl
templates from the TiO,-matrix nanoparticles.

2.2. Fabrication of DSSCs

A TiO,-nanoparticle thin film as a photocatalytic active layer
was formed by a screen-printing process on fluorine-doped tin
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Fig. 2. SEM images and EDS analyses of TiO,-NaCl composite nanoparticles (a and c) before and (b and d) after aqueous washing process. TEM images of TiO,-NaCl composite

nanoparticles (e) before and (f) after aqueous washing process. (TiO,:NaCl=1:5.)

oxide (FTO) glass (Pilkington, SnO,:F, 7 2/sq) with an active area
of 0.6 cm x 0.6 cm. The optimized thickness of TiO, nanoparticle
layer was experimentally determined to be 18 & 2 wm, which made
the best power conversion efficiency (PCE) of DSSCs assembled in
this study. As we increased the thickness of TiO, nanoparticle layer
>18 £ 2 m, the PCE of DSSCs began to decrease due to the signifi-
cant reduction of light transmittance. In order to prepare TiO, paste
for the screen-printing process, 17 g of mesoporous TiO, nanopar-
ticles fabricated in this study and 23 g of citric acid dispersed in29 g
ethylene glycol were mixed in a vial.

The TiO,-nanoparticle layer formed on the FTO glass by screen-
printing process was then sintered at 500°C for 30 min and
subsequently immersed in anhydrous ethanol containing 0.5 mM
Ru-dye (Bu4N);[Ru(Hdcbpy),-(NCS),] (N719 dye, Solaronix), and
it was kept for 24 h at room temperature in order to allow the
dye molecules to become attached to the entire surface and to
available inner pores of the TiO, nanoparticles. The dye-soaked
TiO,-nanoparticle layer electrode was then rinsed with ethanol
and dried in a convection oven at 80°C for 10 min. As a counter
electrode, we prepared Pt-coated FTO glass using an ion-sputter
(E1010, Hitachi) operated at 2.5kV. Both the dye-soaked TiO,-
layer photoanode and Pt-coated counter electrode were sealed
together with an inserted hot-melt polymer film (60 pm thickness,
Surlyn, DuPont), and an iodide-based liquid electrolyte (AN-50,
Solaronix) was then injected into the interspace between the
electrodes.

2.3. Characterization of materials and photovoltaic devices

The morphologies of the resulting mesoporous TiO, nanoparti-
cles synthesized by the aero-sol-gel process employed in this study
were characterized using scanning electron microscopy (SEM,
S-4200, Hitachi) operated at ~15kV and transmission electron
microscopy (TEM, JEM 2100F, JEOL) operated at ~100 kV. The spe-
cific surface area and pore size distribution of mesoporous TiO;
nanoparticles were characterized by analyzing the N, adsorption
and desorption isotherms obtained at 77 K using Quadrasorb-SI
equipment (Quantachrome, UK). All the TiO, nanoparticles fab-
ricated in this approach were degassed at 200°C and 10~ Torr
for 8 h prior to the specific surface area and pore size distribution
measurements. The specific surface areas of the TiO, nanoparticles
were calculated with the Brunauer-Emmett-Teller (BET) equation,
and their pore size distributions were determined by using the
Barrett-Joynet-Halenda (BJH) formula from the desorption branch.

In order to evaluate the amount of dye adsorption, the dye
molecules were first desorbed from the TiO, layer by rinsing with
0.1 M aqueous NaOH solution (water:EtOH=1:1). Then, the light
absorbance of the dye-containing solution was measured using a
Scan UV-vis spectrophotometer (CARY® 5000, Varian, Inc.). The
current density-voltage (J-V) characteristics of the DSSCs were
measured under AM 1.5 simulated illumination with an inten-
sity of 100 mW/cm? (PEC-L11 model, Pecell Technologies Inc.). The
intensity of sunlight illumination was calibrated using a standard
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Si photodiode detector with a KG-5 filter. The J-V curves were
recorded automatically with a Keithley SMU 2400 source meter
by illuminating the DSSCs.

3. Results and discussion

Hybrid TiO,-NaCl composite nanoparticles were formed using
the aero-sol-gel process employed in this study. The salt tem-
plates present inside the TiO,-matrix nanoparticles were expected
to prevent the thermal shrinkage of the TiO, structure introduced
into the tube furnace reactor, thus playing a key role in secur-
ing the pore structures before aqueous salt removal. The hybrid
TiO,-NaCl composite nanoparticles were finally transformed into
mesoporous TiO, nanoparticles by removing the salts through
a subsequent aqueous washing process. The formation of meso-
porous TiO, nanoparticles and aqueous removal of salt templates
(TiO3:NaCl=1:5) were confirmed by SEM, EDS, and TEM analyses,
as shown in Fig. 2. SEM images of as-prepared TiO,-NaCl compos-
ite nanoparticles show spherical, loosely aggregated particles as
shown in Fig. 2a. Following salt removal by aqueous washing pro-
cess, there was no appreciable change in the overall structure of
the resulting TiO, nanoparticles as shown in Fig. 2b. This suggests
that salt templates homogeneously distribute inside TiO, matrix
nanoparticles. Complete salt removal by aqueous washing pro-
cess was confirmed by EDS analysis as shown in Fig. 2c and d.
One can easily see the strong signals of TiO, and NaCl for the as-
prepared TiO,-NaCl composite nanoparticles (Fig. 2c), while the
signals of NaCl completely disappeared after aqueous washing pro-
cess (Fig. 2d). From the TEM results as shown in Fig. 2e, the average
diameter of as-prepared TiO,-NaCl composite nanoparticles was
approximately ~200 nm. However, the TiO, nanoparticles formed
by the combination of aero-sol-gel and aqueous washing processes
were clearly observed to have porous inner structures without
marked differences in overall structure of the particles as shown
in Fig. 2f, indicating that salt did reside within the particle interior.

The effect of mixing ratio between TiO, and NaCl on the pore
structure in the resulting TiO, nanoparticles is presented in Fig. 3.
We note that the specific surface area of mesoporous TiO, nanopar-
ticles suddenly increased with a relatively small salt fraction up to
a mixture ratio of TiO5:NaCl=1:1 from 1:0, which suggests that
the salt filler began supporting the porous network inside the TiO,
nanoparticles. However, increasing the salt mass fraction further
(to more than the ratio of TiO5:NaCl=1:1) resulted in a decrease
in the specific surface area, as shown in Fig. 3a. With larger salt
mass fractions, the TiO,—NaCl composite nanoparticles had larger
salt precipitates, which presumably resulted in the formation of
smaller pore volumes, and thereby decreasing the surface area of
the TiO, nanoparticles upon salt removal. This fact was also con-
firmed by the BET measurements of pore size distributions of TiO,
nanoparticles as a function of salt mass fraction, as shown in Fig. 3b.
The maximum specific surface area of mesoporous TiO, nanopar-
ticles fabricated in this approach was found to be approximately
278 m2/g for the mixture ratio of TiO,:NaCl=1:1. It should also be
noted that with very high salt mass fractions (e.g., TiO,:NaCl = 1:10),
there was no formation of porous TiO, structures with sufficient
rigidity. Instead, it was found that fractured solid TiO, nanoparticles
were formed following the aqueous washing process.

X-ray diffraction patterns are shown in Fig. 4 for the as-prepared
and washed powder composed of TiO, and NaCl with a ratio of 1:5.
For the as-prepared powder (i.e., TiO,—NaCl composite nanoparti-
cles), the spectra show very strong diffraction from NaCl (Fig. 4a).
However, after aqueous wash and subsequent calcination for the
TiO,-NaCl composite particles (i.e., mesoporous TiO, nanopar-
ticles), one can see the strong peaks corresponding to highly
crystallized anatase structure of TiO, without any impurity phase
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Fig. 3. (a) Specific surface areas (SSAs) and (b) pore size distributions of the meso-
porous TiO, nanoparticles synthesized by varying the mass fraction of NaCl in the
TiO,-NaCl composite nanoparticles.

(Fig. 4b) with a crystallite size estimated using Scherrer’s equation
of 15nm.

In order to examine the effect of the mesoporous TiO, nanopar-
ticle structure on the dye adsorption, various photoanodes with a
fixed photoactive area of 0.6 cm x 0.6 cm were constructed with the
mesoporous TiO, nanoparticles synthesized using our approach.
The use of the mesoporous TiO, nanoparticles in the photoanode of
DSSCs can provide a sufficient surface area for the dye attachment.
For the evaluation of the amount of dye attached to the TiO,
layer in the photoanode of the DSSCs, the light absorbance of the
desorbed dye solution was measured using a UV-vis spectrometer
[11]. The desorbed dye solution was prepared by immersing
the N719 dye-sensitized photoanode in aqueous NaOH solution
(0.1M) to completely desorb the dye molecules. The amount of
dye adsorbed was then calculated using the Beer-Lambert law.
Table 1 presents the amount of dye adsorption in various TiO,
layers in the photoanode of the DSSCs, the specific surface area
of the TiO, nanoparticles, and the performance of the DSSCs. One
can clearly see that the specific surface area of mesoporous TiO,
nanoparticles synthesized using this approach reached its max-
imum (i.e., SSA=286m?/g) at a mixture ratio of TiO,:NaCl=1:1,
and then began to decrease with increasing salt mass fraction.
However, the amount of dye adsorption showed quite the opposite
trend. In other words, the amount of dye adsorption unexpectedly
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Table 1
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Summary of specific surface area, dye adsorption, and photovoltaic characteristics of TiO;.

Type of TiO, TiO,:NaCl ratio Specific surface Average pore Dye adsorption Jse (mA/cm?) Voe (V) FF PCE (%)
area (m?/g) size (nm) (107 mol/cm?)

Solid TiO, 1:0 7 - 0.12 2.02 + 0.11 0.71 + 0.02 0.74 + 0.03 1.07 £+ 0.05

Porous TiO; 1:1 286 1.9 0.14 2.59 £ 0.19 0.72 £+ 0.01 0.73 £+ 0.02 1.37 £ 0.14

Porous TiO; 1:2.5 278 3.1 0.31 2.95 +0.24 0.71 £+ 0.01 0.73 £+ 0.02 1.53 £ 0.10

Porous TiO, 1:5 184 4.8 137 8.16 + 0.51 0.72 + 0.02 0.66 + 0.03 3.88 £ 0.33

Jse =short circuit current, V,. =open circuit voltage, FF =fill factor, PCE = power conversion efficiency.

reached its maximum (i.e.,, DA=1.37 x 10~7 mol/cm?2, where DA
is the amount of dye adsorption) at a moderate specific surface
area (i.e., SSA=184m?/g, APS=~5nm, where, SSA denotes the
specific surface area and APS represents the average pore size)
of mesoporous TiO, nanoparticles formed at a mixture ratio of
TiO,:NaCl =1:5. The amount of dye adsorption then decreased sig-
nificantly as the specific surface area increased for the mesoporous
TiO, nanoparticles formed at the mixture ratios of TiO,:NaCl=1:1
(DA=0.14 x 10-7 mol/cm2, SSA=286m?2/g, APS=~2nm) and
TiO,:NaCl=1:2.5 (DA=0.31x10"7mol/cm?, SSA=278m?3/g,
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Fig. 4. XRD patterns of (a) as-prepared TiO,-NaCl composite nanoparticles
(TiO2:NaCl=1:5) and (b) post aqueous washed and subsequently calcined meso-
porous TiO, nanoparticles.

APS=~3nm), respectively, indicating that to some extent, the
amount of dye adsorption increased significantly with increasing
salt mass fractions in the TiO,-NaCl composite nanoparticles. This
is presumably because a sufficient pore size is required for the dye
molecules to penetrate and adsorb inside the mesoporous TiO,
nanoparticles. It is well known that N-719 dye has a crystal triclinic
structure (a=1.15nm, b=1.26 nm, c=1.90nm) and the thickness
of the dye layer attached to the TiO, particles is 1-2nm [15].
When the average pore size of mesoporous TiO, nanoparticles
is comparable to or smaller than that of dye molecules, the dye
molecules are not able to penetrate through the pores, and as a
result, the amount of dye adsorption inside the pore structures
of TiO,, is significantly decreased. Therefore, the optimized condi-
tions in terms of both specific surface area and pore size should be
determined in order to increase the amount of dye adsorption in
the mesoporous TiO, particles.

In order to examine the effect of mesoporous TiO, nanopar-
ticles on the photovoltaic performance of DSSCs, we fabricated
DSSCs composed of various mesoporous TiO, nanoparticles syn-
thesized by the aero-sol-gel process. Table 1 and Fig. 5 summarize
the photovoltaic characteristics and current-voltage (J-V) curves
of the fabricated DSSCs measured under AM 1.5 illumination
(100 mW/cm?) as a function of the mass fraction of NaCl present
in the TiO,-NaCl composite nanoparticles. For different mass frac-
tions of NaCl in the TiO,-NaCl nanoparticles, the short circuit
current (Js¢) increased with increasing mass fraction of NaCl in
the mesoporous TiO, nanoparticle-based photoanodes in DSSCs.
The Jsc values of DSSCs composed of mesoporous TiO, nanopar-
ticles increased from 2.59+0.19mA/cm? for TiO,:NaCl=1:1 to
8.16 £ 0.51 mA/cm? for TiO,:NaCl=1:5, resulting in a considerable
improvement of the PCE from 1.37 4+ 0.14% to 3.88 + 0.33%, respec-
tively. The increase in electron concentration resulted from the use
of the mesoporous TiO, nanoparticles with relatively high spe-
cific surface area and sufficiently large pore size, which enabled
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Fig. 5. J-V characteristics of solid TiO, nanoparticles (TiO,:NaCl=1:0)- and meso-
porous TiO, nanoparticles (TiO:NaCl=1:1, 1:2.5, and 1:5)-based DSSCs.
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the adsorption of a larger number of dye molecules; this was a
major factor responsible for improving both Jsc and the PCE of
DSSCs. However, it is to be noted that both the open circuit voltage
(Voc) and fill factor (FF) of the DSSCs constructed with meso-
porous TiO, nanoparticles did not show any appreciable changes
even compared with those of DSSCs constructed with solid TiO,
nanoparticles (i.e., TiO,:NaCl=1:0). This suggests that the photo-
electric conversion properties of the solid TiO, nanoparticles and
those of our synthesized mesoporous TiO, nanoparticles were very
similar. An increase in Jsc accounts for the best PCE of 3.88 +0.33%
for the DSSCs constructed with the mesoporous TiO, nanopar-
ticles. This actually gave an improvement of 263% over the PCE
of 1.07 £0.05% found for the DSSCs constructed with solid TiO,
nanoparticles. Here, DSSCs composed of commercially available
Degussa P-25 TiO, nanoparticles were also assembled for compar-
ison, and it showed an improvement of about 21% over the PCE of
3.2 +£0.05%. Even though the amount of dye adsorption in meso-
porous TiO;, nanoparticle-based DSSCs (DA=1.37 x 10~7 mol/cm?)
was almost twice as high as that in Degussa P-25 TiO, nanoparticle-
based DSSCs (DA=0.73 x 107 mol/cm?), the magnitude of the
improvement in the photovoltaic performance of the mesoporous
TiO;, nanoparticle-based DSSCs was rather low. Possible reasons for
this are the following: (i) the light irradiation can be scattered due
to the relatively large size of the mesoporous TiO, nanoparticles
(average particle diameter: approximately 200 nm), (ii) the light
irradiation might not reach a sufficient depth inside the pore struc-
tures, (iii) the charge recombination inside the mesoporous TiO,
nanoparticles may increase because of the close proximity between
the dye molecules, and (iv) it is difficult to ensure uniform contact
of the liquid electrolyte with the surface of the nanopores formed
inside the TiO, nanoparticles.

4. Conclusions

In this work, we have described a simple and viable aero-sol-gel
method for the synthesis of mesoporous TiO, nanoparticles; the
method facilitates the formation of nanoparticles with a relatively
high specific surface area and large pore volume that are capable
of adsorbing dye molecules when used in a photoanodes of DSSCs.
The photovoltaic performance of DSSCs is improved when these
nanoparticles are used in the photoanodes. After a series of com-
bined aero-sol-gel and aqueous washing processes were used for
the formation of TiO,—NaCl composite nanoparticles, various meso-
porous TiO, nanoparticles with specifically determined specific
surface areas and pore volume distributions were obtained; these
were then used to form a photovoltaic active layer on the photoan-
odes of DSSCs. Compared with the solid TiO, nanoparticle-based
DSSCs, the mesoporous TiO, nanoparticle-based DSSCs fabricated
in this study showed an improved Jsc and PCE values. The opti-
mum conditions for achieving the best photovoltaic performance
of DSSCs in this approach were obtained with mesoporous TiO,
nanoparticles with a specific surface area of 184 m?/g and average
pore size of ~5nm, which generated a Vyc of 0.724+0.02V, Js of

8.16 +0.51 mA/cm?, fill factor of 0.66 + 0.03, and a resulting PCE of
3.88 £0.33%. This suggests that the controlled synthesis of meso-
porous TiO, nanoparticles with the desired surface area and pore
volume distribution for supporting a higher concentration of dye
molecules has good potential for the improvement of the inherent
photovoltaic performance of DSSCs.
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