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A B S T R A C T

We investigated the effects of the inter- and intra-particle porosity of TiO2 nanoparticles (NPs) on the resulting
photovoltaic performance of DSSCs. Solid and porous TiO2 NPs with controlled intra-particle porosity were
fabricated using Brij-58-templated aerosol-gel and calcination processes. The fabricated solid and porous TiO2

NPs were stacked as thin films with inter-particle porosity using ethyl cellulose-templated screen-printing and
calcination processes. Controlling the inter-particle porosity of TiO2 NPs was found to be much more effective
than controlling the intra-particle porosity of TiO2 NPs for supporting the maximization of the number of dye
molecules. The DSSCs composed of porous photoactive layer with porous TiO2 NPs were found to have the best
power conversion efficiency. This suggests that the TiO2 NPs with porous structures, due to the controlled
formation of both inter- and intra-particle porosity, can maximize the light harvesting of DSSCs through better
dye adsorption and effective light trapping.

1. Introduction

Since dye-sensitized solar cells (DSSCs) were first reported by
Grätzel et al. DSSCs have been regarded as a promising candidate for
next-generation solar cells because of their inexpensive and simple
manufacturing and relatively high power conversion efficiency (PCE)
[1]. DSSCs are mainly composed of a semiconductor nanocrystalline
film covered with a molecular dye layer, a redox couple in a liquid
electrolyte, and a platinum-based transparent conducting oxide elec-
trode [2,3]. To improve the overall PCE of DSSCs, many researchers
have concentrated on the TiO2-based semiconductor nanocrystalline
layer, for which they have developed new types of dyes with the goal of
reducing the interfacial resistances so that the generation and transfer
of photo-induced electrons at the TiO2/dye/electrolyte interfaces can
be improved when they are irradiated by sunlight [4–10]. However, to
increase the PCE of DSSCs, it is necessary to increase the initial amount
of dye adsorbed onto the surface of the TiO2 particles accumulated on
the photoactive layer (PL) of the DSSCs. Many research groups have
reported on successful means of increasing the amount of dye adsorp-
tion by employing micro- and nano-structured TiO2 [11–16].

Maldonado-Valdivia et al. (2013) examined the effects of several
surfactants (e.g., Triton X-100, polyethylene glycol, and ethyl cellulose

(EC)) on the formation of porous TiO2 for the PL of DSSCs. They ob-
served that the inter-particle porosity of a TiO2 thin film was related to
the type and quantity of the surfactant templates added during the
preparation of a TiO2 paste. Among the surfactants, EC was found to be
useful for realizing the inter-particle porosity of a TiO2 nanoparticle
(NP)-accumulated thin film for the PL of DSSCs. This is because EC
exhibits a more complex molecular structure than other surfactants so
that a solid TiO2-accumulated PL with a very high inter-particle por-
osity could be successfully fabricated for DSSCs [17]. Byun et al. (2004)
employed CTAB as a template for the TiCl4 precursor to fabricate a TiO2

NP-accumulated thin film with inter-particle porosity. Briefly, a TiCl4
solution was dropped onto the surface of an FTO glass substrate, after
which it was dipped into a CTAB-dispersed aqueous solution for
36–72 h. The resulting PCE of the DSSC composed of TiO2 with inter-
particle porosity, formed using CTAB, was around 2.2%, while that of
the DSSC formed without CTAB was around 1% [18]. Unlike previous
studies, Latini et al. (2015) examined the effects of a range of surfac-
tants on the formation of intra-particle pores for the TiO2 NPs for
DSSCs. They employed SiO2 NPs as the hard template and pluronic
P123/Brij-58 as the soft template. The resulting PCE of the DSSCs
employing TiO2 NP with P123-templated intra-particle porosity was
found to be around 6.8%, which was 19.3% greater than the PCE of
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around 5.7% for those DSSCs with SiO2-templated TiO2 NPs. However,
their approach, which was based on beaker chemistry, had a major
disadvantage of requiring 1–7 days or even more to fabricate the TiO2

NPs with intra-particle porosity [19].
Numerous research groups have reported that tuning either the

inter- or intra-particle porosity of TiO2 NPs accumulated in the PLs can
strongly affect the photovoltaic performance of DSSCs [18–22]. How-
ever, to the best of our knowledge, the effects of both the inter- and
intra-particle porosity of TiO2 NPs on the photovoltaic performance of

DSSCs have not yet been systematically explored yet. Therefore, we set
out to investigate the synergistic effects of the inter- and intra-particle
porosity of TiO2 NPs on the photovoltaic performance of DSSCs in terms
of the amount of dye molecules adsorbed, open-circuit voltage (Voc),
short-circuit current density (Jsc), fill factor (FF), and PCE. Specifically,
to control the intra-particle porosity of TiO2 NPs, we employed a re-
latively simple, rapid, and viable Brij-58 surfactant-templated aerosol-
gel method. Porous TiO2 NPs with various intra-particle porosities can
provide controlled SSA so that the initial concentration of adsorbed dye

Fig. 1. Schematic of fabrication of TiO2 NPs with (a) intra-particle porosity using aerosol-gel and subsequent calcination processes and (b) inter-particle porosity using screen printing and
subsequent calcination processes.

Fig. 2. Schematic of different types of DSSCs; (a) Type A: solid PL with solid TiO2 NPs, (b) Type B: solid PL with porous TiO2 NPs (intra-particle porosity), (c) Type C: porous PL with solid
TiO2 NPs (inter-particle porosity), (d) Type D: porous PL with porous TiO2 NPs (both inter- and intra-particle porosity).
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molecules can be varied. In addition, we employed EC as another
template to create inter-particle porosity for the solid and porous TiO2

NPs accumulated in the PLs of DSSCs, after which the contributions of
both the inter- and intra-particle porosity of the TiO2 NPs on the pho-
tovoltaic performance of the DSSCs were systematically examined.

2. Experimental

Fig. 1a is a schematic of the fabrication of solid and porous TiO2 NPs
using the aerosol-gel chemistry employed in this approach. Briefly,
various amounts of Brij-58 surfactant were completely dissolved in
distilled water, and then titanium butoxide (Bi4Ti3O12, TNBT, Sigma-
Aldrich) and dilute HCl were added. The molar mixing ratio was
TNBT:HCl:Brij-58= 1:0.004:(0–1), in which the amount of Brij-58

surfactant (HO(CH2CH2O)20C16H33, Sigma-Aldrich) was varied. The
precursor solution was then ultrasonicated for 1 h, and subsequently
aerosolized by a standard atomizer operated with filtered compressed
air at a pressure of 241 kNm−2. Micrometer-sized droplets containing
tiny TiO2 NPs formed by the aerosol-gel chemistry were generated. The
micrometer-sized droplets were then continuously passed through a
silica-gel dryer, in which solidified particles were formed through the
evaporation and adsorption of the solvent. The resulting particles,
composed of either TiO2 or Brij-58/TiO2, were then immobilized and
sintered by continuously passing them through a quartz-tube reactor
(2.54 cm in diameter× 30 cm in heating length) enclosed by a tube
furnace heated to around 500 °C. Finally, the resulting TiO2 or Brij-58/
TiO2 composite NPs were collected on the surface of a membrane filter
with a pore size of 200 nm, after which they were calcined at around
500 °C for 1 h to thermally remove the Brij-58 surfactant templates.
Fig. 1b shows how the EC templates were added to the TiO2 NP paste,
after which they were calcined at around 500 °C for 30min to thermally
remove the EC to fabricate the TiO2 NP-accumulated thin film with
inter-particle porosity. Both the Brij-58 and EC surfactant templates
inside the TiO2 matrix were expected to prevent the thermal shrinkage
of TiO2 NPs, thus playing a key role in the securing of the pore struc-
tures before thermally removing the surfactant.

We fabricated four different types of PLs for DSSCs to systematically
examine the effect of various PL structures with inter- and intra-particle
porosity of TiO2 NPs on the photovoltaic performance of the DSSCs. The
four different types of DSSCs are shown in Fig. 2: (a) solid PL with solid
TiO2 NPs (Type A), (b) solid PL with porous TiO2 NPs (Type B; intra-
particle porosity), (c) porous PL with solid TiO2 NPs (Type C; inter-
particle porosity) and (d) porous PL with porous TiO2 NPs (Type D;
both inter- and intra-particle porosity). TiO2 NP-accumulated thin film,
which acted as a PL, was formed by a screen-printing process on a
fluorine-doped tin oxide (FTO) glass substrate (Pilkington, SnO2:F,
7Ω·sq−1) with an active area of 0.6× 0.6 cm2. To prepare the TiO2

paste for the screen-printing process, 0.3 g of TiO2 NPs, 0.5 mL of acetic
acid, 1 g of terpinol, and 0.15 g of EC were mixed into 3mL of ethanol

Fig. 3. TGA analyses of Brij-58, EC, Brij-58/TiO2 NPs, and EC/TiO2 NPs.

Fig. 4. SEM and TEM images of (a, c) solid TiO2 NPs before Brij-58 removal and (b, d) porous TiO2 NPs after Brij-58 removal by calcination process at around 500 °C.
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(EtOH).
The TiO2 NP-accumulated thin film formed on the FTO glass by the

screen-printing process was rapidly dipped into TiOCl2 solution and
then sintered at 500 °C for 30min, and then dye molecules were applied
by an electrospray process using anhydrous ethanol containing 0.3-mM

Ru-dye (Bu4N)2[Ru(Hdcbpy)2-(NCS)2] (N719 dye, Solaronix) for 3 h at
40 °C. This allowed the dye molecules to attach to the entire surface and
available inner pores of the solid and porous TiO2 NPs [23]. The dye-
coated TiO2 NP-accumulated PL was then rinsed with ethanol, after
which it was dried in a convection oven at 80 °C for 10min. For the
counter electrode, we prepared Pt-coated FTO glass using an ion sputter
(Nasco, HRC 705) operating at 1.2 kV and 7mA. The dye-coated TiO2

photoelectrode and Pt-coated counter electrode were sealed together
using an inserted hot-melt polymer film (60 μm thick, Surlyn, DuPont),
after which an iodide-based liquid electrolyte (Solaronix, AN-50) was
injected into the space between the electrodes.

The morphology, SSA, and pore volume distribution of the TiO2 NPs
fabricated by the aerosol-gel and subsequent calcination processes
employed in this study were characterized using various techniques,
including scanning electron microscopy (SEM, Hitachi, S-4200) oper-
ating at around 15 kV, transmission electron microscopy (TEM, JEOL,
JEM 2100F) operating at around 100 kV, and a nitrogen gas adsorption
technique (BET, Quantachrome, Quadrasorb SI). To evaluate the
amount of dye adsorbed, the dye molecules were first desorbed from
the TiO2 NP-accumulated PL by rinsing with a 0.1-M aqueous NaOH
solution (i.e., H2O:EtOH=1:1). Then, the light absorbance of the dye-
containing solution was measured using a Scan UV–Vis spectro-
photometer (VARIAN, INC., CARY® 5000) [24–26]. The photocurrent
density–voltage (J–V) curve and electrochemical impedance spectra
(EIS) were automatically recorded using a Keithley SMU 2400 source
meter (Cleveland, OH, USA) over a frequency range of 0.1–100 kHz
using an open voltage with a pulse of amplitude 10mV. The intensity of
the illumination was calibrated using a standard Si photodiode detector
with a KG-5 filter. The incident photon-to-electron conversion effi-
ciency (IPCE) was characterized using a solar simulator (Sun 2000,
Abet Technologies Inc., USA) with an arc lamp light source (LS-150-Xe,
Abet Technologies Inc., USA) that provided illumination with a wave-
length of between 300 and 800 nm.

3. Results and discussion

To determine the appropriate calcination temperature for the Brij-58
and EC surfactants added to the TiO2 NPs, we performed thermogravi-
metric analyses (TGA), as shown in Fig. 3. We can clearly observe that
Brij-58 and EC were completely removed at temperatures>400 °C. The
mass ratios of TiO2 to Brij-58/TiO2 and EC/TiO2 were estimated to be
approximately 0.42 and 0.66 (Here, MTiO2=79.866 gmol−1; MTiO2+Brij-

58= 192.266 gmol−1; MTiO2+EC=120.772 gmol−1) when the molar
ratio of TiO2: Brij-58=1:0.1 and that of TiO2: EC=1:0.1, respectively.
From this calculation, we expected to be able to obtain the TiO2 content
in the Brij-58/TiO2 and EC/TiO2 composite NPs from an approximately
42% and 66% weight change after calcination at>400 °C, which was
clearly observed in Fig. 3.

The formation of solid and porous TiO2 NPs in the aerosol-gel
process employed in the present study was examined by SEM and TEM
analyses, as shown in Fig. 4. From the SEM images shown in Fig. 4a and
b, the TiO2 NPs were spherical structures with average diameters of
around 171 ± 8.85 nm and around 169 ± 6.29 nm, before and after,
respectively, removing the Brij-58 surfactant. This suggests that there
were no appreciable changes in the overall structures of the TiO2 NPs
before and after the thermal removal of the Brij-58 surfactant. Fig. 4c
and d shows TEM images of the TiO2 NPs formed before and after the
calcination process. Before the calcination process, the Brij-58/TiO2

composite NPs were found to be solid particles (Fig. 4c). However, after
the calcination process, small primary solid TiO2 spheres formed by the
sol-gel process in the aerosolized droplets had clustered into large
spherical particles due to the fast sintering. A slight decrease in the
electron beam attenuation was observed in the interior of the resulting

Fig. 5. (a) Pore volume distributions of solid and porous TiO2 NPs, (b) pore area dis-
tributions of solid and porous TiO2 NPs, and (c) evolution of specific surface area of TiO2

NPs by varying the amount of Brij-58 added to the TiO2 matrix.
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TiO2 NP after the surfactant had been removed, thus confirming that
the Brij-58 surfactant could be presented within the TiO2 NPs (Fig. 4d).

To observe the effect of the amount of Brij-58 on the pore structures
in the resulting TiO2 NPs, the pore volume distribution and SSA of the
TiO2 NPs were measured using a gas sorptometer (nitrogen adsorption
at 77 K using the BET equation) as shown in Fig. 5. The pore volume
distributions shown in Fig. 5a were observed to increase with the
amount of Brij-58 surfactant in the TiO2 matrix, suggesting that Brij-58
templates effectively supported the formation of TiO2 NPs with intra-
particle porosity. A relatively large pore area was also obtained, for
which the pore sizes ranged from 2 to 100 nm, with a larger pore area
being formed as more Brij-58 was used, as shown in Fig. 5b. We can also
see that the SSA determined by BET theory for the solid TiO2 NPs
without using Brij-58 was only around 12m2 g−1. However, it in-
creased significantly to around 86m2 g−1 for TiO2:Brij-58=1:0.01,
around 227m2 g−1 for TiO2:Brij-58=1:0.05, around 362m2 g−1 for
TiO2:Brij-58= 1:0.2, and then almost saturated at around 418m2 g−1

for TiO2: Brij-58=1:1, as shown in Fig. 5c. This suggests that the Brij-
58 surfactant is a very effective templating medium for creating con-
trolled pore structures in TiO2 matrices. In addition, to examine the role
of EC on the formation of inter-particle porosity, cross-sectional views
of solid PL (Type A) and porous PL (Type C) were observed using SEM
as shown in Fig. 6. In the case of solid PLs without using an EC tem-
plate, the interspace formed between the TiO2 NPs was seemed to be
very narrow and the TiO2 NPs had densely accumulated (Fig. 6a and b).
However, in the case of porous PLs, larger inter-particle pore structures
and craters were easily observed after removing the EC templates
(Fig. 6c and d). This also suggests that the EC templates effectively
created inter-particle porosity between the TiO2 NPs in the PLs.

To examine the effect of the inter- and intra-particle porosity of TiO2

NPs on the photovoltaic performance of DSSCs, we assembled DSSCs
with four different PLs stacked with the solid and porous TiO2 NPs
fabricated in the present study. Again, EC was employed to create inter-
particle porosity in the TiO2 NPs accumulated in the PLs using a screen-

Fig. 6. Cross-sectional SEM images of (a, b) TiO2 NPs without inter-particle porosity (solid PL) and (c, d) TiO2 NPs with inter-particle porosity (porous PL).

Table 1
Photovoltaic characteristics of DSSCs fabricated using solid and porous TiO2 NPs with inter- and intra-particle porosity.

Type of
DSSCs

TiO2:EC TiO2:Brij-58 τe [ms] DA [10−7 mol cm−2] Rt (Ω) Rrec (Ω) Jsc [mA cm−2] Voc [V] FF PCE [%]

Type A 1:0.00 (Solid PL) 1:0.00 (Solid NPs) 1.3 0.62 2 36 4.30 ± 0.09 0.69 ± 0.01 0.72 ± 0.01 2.14 ± 0.04
Type B 1:0.00 (Solid PL) 1:0.50 (Porous NPs) 2.0 0.85 2 16 6.33 ± 0.94 0.69 ± 0.01 0.71 ± 0.01 3.10 ± 0.46
Type C 1:0.1 (Porous PL) 1:0.00 (Solid NPs) 2.5 0.93 3 12 8.51 ± 0.80 0.68 ± 0.01 0.73 ± 0.01 4.22 ± 0.27
Type D 1:0.1

(Porous PL)
1:0.50
(Porous NPs)

5.0 2.25 3 8 15.30 ± 0.23 0.67 ± 0.01 0.73 ± 0.01 7.48 ± 0.06

*Type A: solid photoactive layer (PL) with solid TiO2 nanoparticles (NPs).
Type B: solid PL with porous TiO2 NPs (intra-particle porosity).
Type C: porous PL with solid TiO2 NPs (inter-particle porosity).
Type D: porous PL with porous TiO2 NPs (inter- and intra-particle porosity).
τe: electron lifetime, DA: dye adsorption, Rt: transport resistance, Rrec: recombination resistance. Jsc: short-circuit current, Voc: open-circuit voltage, FF: fill factor, PCE: power conversion
efficiency.
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printing process, and Brij-58 was employed to create intra-particle
porosity in the TiO2 NPs fabricated using the aerosol-gel and sub-
sequent calcination processes. Table 1 and Fig. 7 summarize the levels
of photovoltaic performance of the DSSCs with four different PL
structures. Without either inter- or intra-particle porosity of the TiO2

(Type A), the resulting PCE of DSSC was only around 2.14% owing to
the extremely low dye adsorption (DA=∼0.62×10−7 mol cm−2).

However, when porous TiO2 NPs with intra-particle porosity were ac-
cumulated in the solid PL (Type B), the PCE of the DSSCs was increased
up to around 3.10%, which was a result of the increased dye adsorption
(DA=∼0.85× 10−7 mol cm−2). It is interesting to note that the
amount of dye adsorption and the PCE of the DSSC were greatly in-
creased in the case of Type C (i.e., DA=∼0.93× 10−7 mol cm−2,
PCE=∼4.22%), relative to Type B. Here, Type C is a DSSC composed
of porous PLs which are accumulated with solid TiO2 NPs so that there
is a relatively high inter-particle porosity. This suggests that the inter-
particle porosity of the solid TiO2 NPs is much more effective at sup-
porting more dye molecules than the intra-particle porosity of porous
TiO2 NPs. When we examined the porous PLs with porous TiO2 NPs
(Type D), the resulting PCE of the DSSC reached a maximum value of
around 7.48% owing to considerably increased dye adsorption
(DA=∼2.25× 10−7 mol cm−2). Voc for all the DSSCs did not change
appreciably. However, FF increased slightly when Types C and D were
compared with Types A and B. FF is known to be inversely proportional
to the internal resistances of the DSSCs. In the cases of those DSSCs with
solid PLs for Type A and B, their recombination resistances (Rrec)
measured were found to be much higher than those of Type C and D
with the porous PLs, as shown in Table 1.

Another possible reason for the higher FF and lower internal

Fig. 7. (a) Photocurrent density–voltage (J–V) curves, (b) Nyquist plots, and (c) Bode
plots for different types of DSSCs with inter- and intra-particle porosity.

Fig. 8. UV–vis spectrometer measurements of reflectance and absorbance spectra for
different types of DSSCs with inter- and intra-particle porosity.
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resistance of Types C and D with the porous PLs, relative to Types A and
B with the solid PLs, can be inferred from the inherently better light
harvesting. This was corroborated by examining the spectroscopic
properties of solid and porous PLs with the assistance of UV–Vis re-
flectance and absorbance spectra analyses, as shown in Fig. 8. The re-
flectance of solid photoactive layer (PL) with porous TiO2 NPs (Type B)
in a spectral range of 300–800 nm was higher than that of solid PL with
solid TiO2 NPs (Type A). However, the absorbance of solid PL with
porous TiO2 NPs (Type B) was lower than that of solid PL with solid
TiO2 nanoparticles (Type A). This suggests that the porous TiO2 NPs
fabricated in the present study played an important role of light scat-
tering medium as well as dye adsorption sites. Furthermore, the mag-
nitudes of the reflectance and absorbance of the solid PLs (Types A and
B) were observed to be much higher than those of the porous PLs (Types
C and D). This suggests that the solid PLs strongly reflected and ab-
sorbed the incident light, such that it could not effectively pass through
the solid PLs. However, the porous PLs allowed more incident light to
pass through the inter-particle pores, implying that light harvesting can
be effectively achieved by tuning the inter-particle porosity of the TiO2

NPs in the PLs of DSSCs.
The synergistic effects of the inter- and intra-particle porosity of

TiO2 NPs on the photovoltaic performance of DSSCs were clearly
identified. We need to further investigate how the evolution of intra-
particle porosity can affect the resulting PCE of DSSCs. Table 2 sum-
marizes the amount of dye adsorption in the porous PLs stacked with
porous TiO2 NPs in the case of Type D (i.e., both inter- and intra-par-
ticle porosity), the SSA of porous TiO2 NPs, and the photovoltaic per-
formance of the DSSCs. It is clear that the SSA and the amount of dye
adsorbed by the porous TiO2 NPs increased with the amount of Brij-58
in the TiO2 NPs. Both the SSA and amount of dye adsorption increased
significantly with the addition of relatively small amounts of Brij-58
(i.e., TiO2:Brij-58= 1:(0.01–0.1)), and they seemed to saturate at their
maximum values with the addition of larger amounts of Brij-58 (i.e.,
TiO2:Brij-58= 1:(0.2–1)).

Fig. 9 shows the J–V curves and electrochemical impedance spec-
troscope (EIS) measurements for the fabricated DSSCs, measured under
AM 1.5 illumination (100mW cm−2) as a function of the molar frac-
tions of Brij-58 presented in the Brij-58/TiO2 composite NPs. For dif-
ferent molar ratios of Brij-58 in the Brij-58/TiO2 NPs, Jsc increased with
the molar ratio of Brij-58 in the porous TiO2 NP-based PLs of the DSSCs.
The Jsc values of the DSSCs composed of porous TiO2 NPs increased
from 9.40 ± 0.04mA cm−2 for TiO2: Brij-58= 1:0.01 to
15.30 ± 0.23mA cm−2 for TiO2:Brij-58=1:0.5, resulting in a con-
siderable improvement of the PCE from 4.80 ± 0.06% to
7.48 ± 0.06%, respectively. This increase in the photovoltaic

performance using the porous TiO2 NPs occurred because of the rela-
tively high SSA and sufficiently large pore size in the case of the porous
TiO2 NPs, which enabled the adsorption of a larger number of dye
molecules; this was a major factor responsible for improving both the
Jsc and PCE values of the DSSCs. However, note that both the Voc and FF
of the DSSCs fabricated with the porous TiO2 NPs did not exhibit any
appreciable changes, even in comparison with those of the DSSCs fab-
ricated with the solid TiO2 NPs. This suggests that the photovoltaic
properties of the solid and porous TiO2 NPs were very similar. EIS
measurements were also carried out to identify the charge transfer-re-
lated internal resistance of the porous TiO2 NPs fabricated in this study,
as shown in Fig. 9b and c. The Nyquist plots in Fig. 9b show that the
porous TiO2 NPs with the higher SSA reduced the charge transfer re-
sistance at the TiO2 NP/dye/electrolyte interfaces. The porous TiO2 NPs
with the higher SSA can absorb more dye molecules and generate more
electrons in the DSSCs, which eventually results in a lower resistance
and higher Jsc. Fig. 9c shows Bode phase plots for analyzing the electron
lifetime. The maximum frequency decreased as the molar ratio of Brij-
58 in the TiO2 NPs was increased, and the electron lifetime
(τe=[2πfmax]−1, where fmax is the maximum frequency [27]) increased
from around 2.0ms for TiO2:Brij-58= 1:0.01 to around 5.0ms for
TiO2:Brij-58= 1:0.5, suggesting that the photogenerated electrons
diffuse further owing to the more open porous TiO2 structure.

To understand the major factors leading to the improvement in PCE
in porous TiO2 NP-based DSSCs, the incident photon-to-electron con-
version efficiency (IPCE) spectra were measured as a function of the
incident light wavelength. The IPCE spectra shown in Fig. 10 show that
the porous PLs stacked with porous TiO2 NP-based DSSCs with a higher
molar ratio of Brij-58 exhibited a better IPCE than the those with a
lower molar ratio of Brij-58, suggesting that the porous TiO2 NPs with a
higher molar ratio of Brij-58 support more dye molecules so that they
can generate more electrons when irradiated by sunlight. This confirms
that the porous PLs stacked with highly porous TiO2 NPs are a very
effective dye-supporting medium capable of enhancing the photovoltaic
performance of DSSCs.

4. Conclusions

We fabricated surfactant-templated TiO2 NPs with inter- and intra-
particle porosity. First, with the assistance of Brij-58-templated aerosol-
gel and subsequent calcination processes, porous TiO2 NPs with intra-
particle porosity were fabricated. By varying the amount of Brij-58
added to the TiO2 matrix, the pore size and volume of the fabricated
TiO2 NPs was successfully controlled. Second, EC was employed as
another templating medium, and then a TiO2 NP-accumulated thin film

Table 2
Photovoltaic characteristics of DSSCs fabricated using porous TiO2 NPs formed with different ratios of Brij-58 and TiO2.

Type of
DSSCs

TiO2:Brij-58 τe [ms] DA [10−7 mol cm−2] SSA of TiO2 NPs [m2∙g−1] APS of TiO2 NPs [nm] Jsc [mA cm−2] Voc [V] FF PCE [%]

Type D 1:0.01 2.0 0.95 86 4.9 9.40 ± 0.04 0.69 ± 0.01 0.74 ± 0.01 4.80 ± 0.06

1:0.02 2.5 1.12 136 6,1 11.71 ± 0.27 0.67 ± 0.01 0.72 ± 0.01 5.64 ± 0.24
1:0.05 3.1 1.25 227 7.4 12.13 ± 0.09 0.67 ± 0.01 0.74 ± 0.01 6.01 ± 0.03

1:0.10 3.1 1.31 350 9.9 12.25 ± 0.15 0.67 ± 0.01 0.74 ± 0.01 6.07 ± 0.05
1:0.20 4.0 1.98 362 13.3 13.65 ± 0.08 0.68 ± 0.01 072 ± 0.01 6.68 ± 0.07
1:0.50 5.0 2.24 397 14.2 15.30 ± 0.23 0.67 ± 0.01 0.73 ± 0.01 7.48 ± 0.06

1:1.00 5.0 2.25 418 15.6 14.90 ± 0.12 0.68 ± 0.01 0.75 ± 0.01 7.60 ± 0.09

∗Type D: porous photoactive layer with porous TiO2 NPs, PL: photoactive layer, τe: electron lifetime, DA: dye adsorption, SSA: specific surface area, APS: average pore size, Jsc: short-
circuit current, Voc: open-circuit voltage, FF: fill factor, PCE: power conversion efficiency.
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with inter-particle porosity was successfully fabricated using screen
printing after the calcination process. As a result, the photovoltaic
performance of the DSSCs with inter-particle porosity was much better
than that of the DSSCs with intra-particle porosity owing to the extra
dye adsorption, suggesting that the control of dye adsorption with the
inter-particle porosity of TiO2 NPs is much more effective than dye
adsorption with the intra-particle porosity of TiO2 NPs. Finally, the
DSSCs with inter- and intra-particle porosity was found to have the best
photovoltaic performance because it could take advantage of the sy-
nergistic effects of the inter- and intra-particle porosity of the TiO2 NPs

so that the enhanced SSA of the TiO2 NPs could support relatively large
amounts of dye molecules. Simultaneously, the porous structures of the
TiO2 NPs inherently allowed light to pass easily through the PLs, thus
significantly promoting light harvesting. This suggests that tuning the
inter- and intra-particle porosity of the TiO2 NPs accumulated in the PLs
would be a very effective strategy for enhancing the photovoltaic per-
formance of DSSCs.
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