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The electron diffusion in the TiO2 aggregate network was enhanced through the addition of TiO2 nanoparticles
with preferential filling at the necks between adjacent TiO2 aggregates, which resulted in strengthening the con-
nections, while retaining the porous structure of the TiO2 network. The fortified necks was found to reduce the
transport resistance (Rt) by allowing facile transfer of electrons from one aggregate to another, while the scatter-
ing effect of the TiO2 aggregate network gotweakenedwith adding the TiO2 nanoparticles as a result of reduction
of the light scattering centers such as the necks and gaps between the aggregates. However, due to the increase in
surface area as the TiO2 nanoparticleswere added, the diminished light scattering effect of the aggregate network
was compensated and even the highest performance was achieved when the 10% TiO2 nanoparticle was added
into the TiO2 aggregate film, suggesting that widening necks between sub-micrometer sized light scatters such
as an aggregate would be a good strategy in achieving further improvement of power conversion efficiency of
dye sensitized solar cells through the improved charge transport property.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Since the achievement of the breakthrough in dye sensitized solar
cells (DSCs) that used a TiO2 mesoporous film on which monolayered
dye molecules are adsorbed in 1991, nanostructured semiconducting
oxide materials have been intensively studied by varying materials
and their shapes because an oxide mesoporous network plays a signifi-
cant role in determining performance of DSCs [1,2] and[3]. A mesopo-
rous structure made of nanoparticles is believed not the best for a
photoanode due to its random and highly grained surface and boundary
structures, which impede electron transport and/or escalate charge
recombination. However, the high surface area for monolayered dye
molecules adsorbed on a nanostructured network is required to gener-
ate as high as 20 mAcm−2 as a result of good light harvesting and
electron injection [4,5]. On the other hand, high susceptibility of recom-
bination resulting from the high surface area must be suppressed by a
characteristic feature of DSCs; spatial and physical separation between
photocarrier generation and transport [5].

TiO2 nanoparticles with ~20 nm in diameter have been commonly
used as an oxide material and the photoanode composed of this oxide
network is transparent, indicating that some incident photons that are
not absorbed by dye sensitizers just pass through DSCs. This loss of
the incident photons can be reduced by adopting light scatters with
the size ranging from 300 nm to 1000 nm, leading to the increase of
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light absorption in the region of 500 nm [6,7]. There are twoways in ap-
plying scattering particles; double-layer structure and aggregate form.
The former one can be achieved by depositing a scattering layer on
top of the nanoparticle layer, in which each layer has its own role for
the improvement of light harvesting efficiency (LHE) [8,9]. The nano-
particle layer is responsible for high surface area and the scattering
layer plays a role of a scattering center. The other is a hierarchical aggre-
gate structure which has both roles of a nanoparticle layer and scatter
layer due to its characteristic features; sub-micrometer size and meso-
porous structure [10,11]. The sub-micrometer size of an aggregate trig-
gers the light scattering and at the same time, its mesoporous structure
minimizes the reduction of surface area coming from the aggregation of
nanocrystallites. As a result, the TiO2 aggregate film demonstrated 9%
efficiency at 1 sun, which was ascribed to both good light harvesting
coming from high internal surface area and light scattering and long
diffusion length related with high crystallinity and compact packing of
the TiO2 nanocrystallites [12].

Once electrons are injected into the conduction band of an oxide
from the excited dyes, they have to be collected at a conducting
substrate through an oxide network, indicating that good electron
transport in a nanostructured film plays a great role in achieving high
performance of DSCs so a lot of concerns have been focused on 1D struc-
ture such as nanorod to improve electron transport property [13,14].
The aggregate structure seems to suffer from electron transport in
terms of connections between aggregates [15]. Usually, nanostructured
oxides are sintered at the temperature ranging of 350 to 500 °C to
form an oxide network that provides pathways for charge transport,
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Fig. 1. Schematics illustrating (a) electron diffusion in aggregates and through necks between aggregates, (b) low possibility of electron transfer from one aggregate to adjacent one due to
poor neck, and (c) high possibility of electron transfer as a result of widened neck compared to the diameter of the aggregate.

Fig. 2. SEM images showing surface and cross-sectioned morphologies of (a) and (d) Aggregate, (b) and (e) Mix10 and (c) and (f) Mix20 films.
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which involves mass flow by diffusion at contacting points between
adjacent oxide nanoparticles. In a photoanode made of aggregated
nanocrystallites, the electron diffusion occurs not only through
Fig. 3. Schematic showing the widened neck between two aggregates achieved by filling
with the added nanoparticles.
numerous nanocrystallites in an aggregate but also through necks
between two adjacent aggregates, before reaching fluorine doped
tin oxide (FTO) substrate, as shown in Fig. 1(a). Small sized
nanocrystallites form more connections per unit space, enabling
electrons to diffuse through a nanocrystallite network effectively.
However, the submicrometer size and spherical shape of the aggregate
limit contacting area between aggregates, leading to the poor connec-
tion (neck formation) between the aggregates during sintering. So,
the limited contact (neck) between adjacent aggregates would be a
bottleneck for charge transport because the narrow neck (dn) compared
to the diameter of an aggregate (da) gives less chances to allow electrons
to move from one to another aggregate, as shown schematically in
Fig. 1(b). Increased neck diameter, as shown in Fig. 1(c), would promote
the electron migration from one to adjacent aggregate considerably.

The widened neck for better charge transport could be achieved by
increasing annealing temperature and/or prolonging annealing time;
however, such thermal treatment would unavoidably also introduce
negative impacts such as reduced surface area, which will reduce the
dye molecule adsorption. This paper proved the poor charge transport



Fig. 4. Pore size distribution of Aggregate,Mix10 andMix20 filmsmeasured by BJHmodel.

Table 1
Surface areas measured by multi-point BET model for Aggregate, Mix10 and Mix20 films.

Surface area Porosity Dye loading

Aggregate 65 m2g−1 65.9% 0.077 mgcm−2

Mix10 62 m2g−1 63.6% 0.081 mgcm−2

Mix20 64 m2g−1 61.3% 0.087 mgcm−2
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in the submicron-sized TiO2 aggregate network and much improved
electron diffusion in the TiO2 aggregate network with strengthened
necks achieved by adding the small sized TiO2 nanoparticles. The
addition of the TiO2 nanoparticles into the TiO2 aggregates results in
not only the strengthened necks but also additional surface area so
electrochemical impedance spectroscopy (EIS) was used to investigate
electron transport as well as recombination with the addition of the
TiO2 nanoparticles into the TiO2 network at the same time.
2. Experimental procedures

2.1. Preparation of TiO2 aggregates

Submicrometer sized TiO2 aggregates were fabricated through an
electrosprayprocess. Degussa P25nanoparticles as TiO2 nanocrystallites
were dispersed in water–ethanol solvent (1:1 volume ratio) containing
poly(vinylpyrrolidone) (MW≈ 1.3 × 106), followed by a stir for 24 h to
get a well-dispersed suspension. The suspension was electrosprayed
Fig. 5. (a) Reflectance and (b) absorbance spectra of Aggrega
with a flow rate of 0.3 mL/h, keeping the distance and applied voltage
between the needle tip of the syringe containing the suspension and
the grounded aluminum substrate 17 cm and 12 kV to form the spher-
ical aggregate structure. The needle size was 20 G. The TiO2 aggregates
collected on the grounded aluminum foil were dried at 100 °C for 2 h
for effective separation of the TiO2 aggregate from the aluminum foil.
2.2. Fabrication of solar cells

Doctor blade method was used to make a film on FTO glass. Pastes
were prepared by mixing an organic media containing terpineol and
ethyl cellulose with TiO2 aggregates and mixtures of TiO2 nanoparticles
(P25) and aggregates with weight ratios of 0.1:0.9 and 0.2:0.8, respec-
tively (labeled as Aggregate, Mix10 andMix20). The pastes were coated
on FTOglasses via doctor blade to form the TiO2filmswith a thickness of
about 10 μm. The films were first dried at 150 °C for 20 min to remove
the organic media and then, annealed at 450 °C for 1 h to form the
TiO2 network. The films were sensitized with N719 (Solaronix) by
immersing them in an ethanol solution containing 0.3 mM of N719.
The sensitized films as a photoanode were assembled with counter
electrodes for which platinum-coated silicones were used and the gap
between two electrodes was filled with an electrolyte composed of
0.6 M tetrabutylammomium iodide, 0.1 M lithium iodide, 0.1 M iodine
and 0.5 M 4-tert-butylpyridine in acetonitrile.
2.3. Characterization

Surface and cross-sectioned morphologies of the films were
examined through scanning electron microscopy (SEM, JSM-7000).
Brunauer–Emmett–Teller (BET, Quantachrome NOVA 4200e) was
used to check variations in surface area and porosity of the films with
the addition of TiO2 nanoparticles into TiO2 aggregates. UV–Vis spectro-
photometer equipped with an integrating sphere was used to deter-
mine amount of dye loading and measure absorbance and reflectance
of the sensitized electrodes. 0.1 M Na2SO4 solution was used to dissolve
the dye molecules from the sensitized electrodes. Charge transport
properties such as charge transfer resistances (Rct), transport resis-
tances (Rt) and chemical capacitances (Cμ) were characterized by
electrochemical impedance spectroscopy (EIS) performed by the
Solartron 1287A equipped with the Solartron 1260 FRA/impedance
analyzer. Frequency applied ranged from 0.05 to 105 Hz, keeping an ac
amplitude of 10 mV and forward bias voltages was varied from 0.55 V
to 0.75 V. The performance of the solar cells was measured by using a
HP 4155A programmable semiconductor parameter analyzer under
AM 1.5 simulated sunlight with a power density of 100 mW cm−2.
te, Mix10 and Mix20 photoanodes sensitized with N719.



Fig. 6. Nyquist plots of DSCs measured at (a) forward bias open circuit condition,
(b) reduced bias voltage from an open circuit condition and (c) fitted result with the
equivalent circuit in an inset. Under an open circuit bias voltage (0.75 V), the electron
concentration in conduction band is relatively high, resulting in high conductivity (low
diffusion resistance), while the low electron concentration in conduction band as a result
of the reduced bias voltage (0.6 V) gives rise to the decrease in the conductivity, making
transport resistance (Rt) detectable in the Nyquist plot. The black and blue arrows in
schematics denote electron diffusion in conduction band and trapping–detrapping
process, respectively.
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3. Results and discussion

Fig. 2 shows the surface and cross-sectioned morphologies of the
films composed of Aggregate, Mix10 and Mix20. As shown in Fig. 2(a),
the aggregates in the range of 200–800 nm were well-packed, leaving
a lot of open spaces between the aggregates. The contacted area
(neck) between adjacent aggregates seems to be small compared to
the size of the aggregates. These poor connections were strengthened
by simply admixing the aggregates with the nanoparticles, as shown
in Fig. 1(b) and (c).

The nanoparticles of 10 wt.% added seemed to fill the necks prefer-
entially, keeping the gaps between aggregates opened. However, fur-
ther increase of the nanoparticle ratio up to 20 wt.% started to block
the gaps, forming big clusters of the aggregates, as shown in Fig. 2(c).
The cross-sectioned images of the films gave much clear understanding
on the structural variation of the necks between the aggregates with
adding thenanoparticles. As shown in Fig. 2(d), therewas little connect-
ed area at the neck in the aggregate film. The added nanoparticles
enriched at or around the neck between the aggregates, making the
neck widened, as shown in Fig. 2(e). For Mix20 shown in Fig. 2(f), it is
hard to distinguish an aggregate from the others, suggesting that the
added nanoparticles filled the most gaps and thus, resulted in the fully
connected aggregate film.

Filling this poor neckwith nanoparticles could be a good approach in
improving connections between aggregates because small size of nano-
particles can be easily inserted into the poor necks and sintered so can
make widened pathway between the aggregates, allowing facile trans-
fer of electrons. Fig. 3 shows schematically an improved neck structure
of aggregates by adding nanoparticles around a neck, which could be
thought to be the similar case with Fig. 1(b).

As electron diffusion in the aggregate network is strongly related to
structural parameters of the network such as size and morphology of
nanocrystallite, neck structure between particles and even surface
area [15,16], it is first needed to confirm the structural changes of the
aggregate filmswhen the nanoparticles were added into the aggregates
and these were systematically investigated by BET. As denoted in SEM
images, the gaps (large pores) around the necks were filled up with
the added TiO2 nanoparticles, indicating that some large pores got
disappeared. Fig. 4 shows pore size distribution measured by BJH
(Barett–Joyner–Halenda) model. Even though BJHmodel only provides
information on the mesopore region (2–50 nm), the nitrogen sorption
results revealed unambiguously that the larger pores than the TiO2

nanoparticle size (~20 nm) were filled with the added TiO2 nanoparti-
cles, resulting in the widened necks as observed in Fig. 2. Meanwhile,
the pore size distribution below 20 nm did not show any changes
with the addition of TiO2 nanoparticles into the TiO2 aggregates,
supporting the fact that the inside aggregate and nanoparticle network
have the same pore structure as P25 was used for both.

Table 1 shows the measured surface area and porosity through
multi-point BET model and amount of the dye adsorbed on the TiO2

films. As expected, the specific surface area of the film (based on the
weight of materials) was not considerably affected by the addition of
nanoparticles, which is consistent with the previous result that the
aggregate and nanoparticle films have similar surface area when the
same nanocrystallite (P25) was used for them [17]. However, the
decrease in porosity of the film indicates that adding nanoparticles
makes the film denser by filling necks and/or large gaps between the
aggregates with the added nanoparticles, as observed in Fig. 2. That
means that for the film formed on a substrate in a given volume, surface
area becomes larger as the TiO2 nanoparticles are added into the TiO2

aggregates as a result of the denser packing of thematerials. According-
ly, the amount of the dye adsorbed on the film was increased with the
addition of the TiO2 nanoparticles as a result of the increased surface
area.

Fig. 5 shows reflectance and absorbance spectra of three
photoelectrodes sensitized with N719. One of the structural changes
observed in the films, loss of large gaps between the aggregates where
light scattering mainly occurs with the addition of the TiO2 nanoparti-
cles resulted in reduction of reflectance over 400 nmwavelength, indi-
cating that light scattering effect was diminished with adding the TiO2

nanoparticles, as shown in Fig. 5(a). However, the absorbance results
were somewhat different from the reflectance variation with adding
the nanoparticles. The aggregate and Mix20 films showed almost
same absorbance behavior, while the absorbance of the Mix10 was



Fig. 7. (a) Variation of Nyquist plots of Aggregatewith forward bias voltage and (b) Nyquist plots of Aggregate,Mix10 andMix20measured at 0.60 V, showing transport resistances (Rt) in
the region of 20–100 Hz.
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improved. Absorbance of a sensitized film is thought to be determined
by combined contribution between amount of dyes adsorbed on a
film and scattering effect (reflectance) of a film. As described before,
the added nanoparticles filled necks and/or large gaps between the
aggregate where light scattering mainly occurs so reflectance of
the film was decreased with the addition of the TiO2 nanoparticles. On
the other hand, the amount of the adsorbed dyes became increased as
the TiO2 nanoparticles were added as a result of the increased surface
area in a given volume. Thatmeans that there is a compensated charac-
teristic between the reflectance and amount of the adsorbed dyes
(surface area) in case of the addition of the TiO2 nanoparticles into the
aggregates, leading to the highest absorbance when the 10 wt.% nano-
particle was added. The similar variation when a composite is formed
by mixing nanoparticles and large crystals is also observed in incident
photon-to-current efficiency (IPCE),where the concepts of light scatter-
ing and dye uptake are used to discuss this phenomenon [18,19].

Electrochemical impedance spectroscopy (EIS) is a well-established
technique in characterizing charge transport properties of DSCs because
it shows all kinetic processes occurring in DSCs except for electron
injection from excited dye molecules such as electron transport and
recombination [20,21,22]. Under an EIS measurement, the electrons
are injected into an oxide network from a FTO substrate and the oxide
network gets charged by propagation of the injected electrons. At the
same time, some of the injected electrons in the conduction band of
the oxide are recombined with I3− ions in a redox electrolyte. Typically,
Nyquist plot has three semicircles with frequency ranges, which repre-
sent different charge transport processes; charge transfer at counter
Fig. 8. (a) Nyquist plot of Aggregate, Mix10 and Mix20 films measured at 0.75 V under
electrode/electrolyte interface in a range of 104–103 Hz (Rc), charge
transfer at oxide/electrolyte interface around 101 Hz (Rct) and ion diffu-
sion in an electrolyte below 100 Hz. But, transport resistance (Rt) which
be observed in a range of 103–102 Hz, denoting how effective the elec-
trons in the conduction band of TiO2move alongwith the TiO2 network,
is not usually detected in Nyquist plot at a bias open circuit condition
due to the small value compared to other two charge transfer resis-
tances (Rc and Rct) [23]. As the measured electron diffusion is ascribed
to the electron movement in the conduction band, relatively high
electron concentration in the conduction band under a bias open circuit
condition results in low diffusion resistance. Fig. 6(a) is a Nyquist plot in
a frequency range of 105–100 Hz, which just displays two semicircles.
The reduced bias voltage causes a decrease of the electron concentration
in conduction band, resulting in an increase in transport resistance (Rt),
which looks like Warburg-like diffusion, as shown in Fig. 6(b). The
Nyquist plots were interpreted with an equivalent circuit, as shown in
Fig. 6(c). Even though transmission line model was well developed to
analyze Nyquist plot [24,25], a simplified equivalent circuit would be a
better fit because all the measurements carried out at 0.55–0.75 V
resulted in well-defined regions for each component such as Rc, Rt and
Rct [26–28,29].

Fig. 7(a) shows the variation of Nyquist plot with bias voltages for
the aggregate photoelectrode. With the reduction of the bias voltage,
all resistances such as Rc, Rt and Rct increased, enabling Rt to be distin-
guishable from Rc and Rct, as discussed above. And it is obvious that
the transport resistance (Rt) decreased with the addition of TiO2 nano-
particles into TiO2 aggregates, indicating that the widened necks
dark condition and (b) measured charge transfer resistance (Rct) with bias voltage.



Fig. 9. Chemical capacitance (Cμ) of Aggregate, Mix10 and Mix20 measured at different
bias voltages.
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through the addition of nanoparticles affected the electron transport, as
shown in Fig. 7(b). Interestingly, there was no difference in Rt between
samples Mix10 and Mix20. When considering the conditions of a net-
work for electron transport such as neck and coordination number,
Mix20 would be expected to have better charge transport than that in
Mix10 due to the filled up gaps between adjacent aggregates, which of-
fers better electrons passing. So, the same Rt betweenMix10 andMix20
is likely to mean that there is a saturation point of the charge transport
in the nanostructured network.

The addition of TiO2 nanoparticles into the TiO2 aggregates not only
fortifies the necks between adjacent TiO2 aggregates but also increases
the surface area as the preferential filling of the TiO2 nanoparticles at
the necks between adjacent TiO2 aggregates makes a TiO2 aggregate
film denser. As the charge recombination occurs at the surface of an
oxide network, the change in surface areawith adding the nanoparticles
would affect recombination kinetics [30,31]. Fig. 8(a) shows a decrease
of the charge transfer resistance at TiO2/electrolyte interface (Rct) as the
nanoparticles were added into the aggregates, indicating that Mix10
and Mix20 became more sensitive to recombination than pure aggre-
gate photoanode as a result of the increased surface area. As shown in
Fig. 8(b), the exponential dependence of Rct on the bias voltage
remained at the bias voltage region studied in this work. The exponen-
tial dependence indicates that the electrons from conduction bandwere
trapped at localized states in band gap, and their escape from the local-
ized state (detrapping) governed charge transport properties in the test
condition, which is schematically illustrated in Fig. 6. That means that
the density of localized states should be considered in analyzing charge
Fig. 10. J–V curves of the DSCs with the photoanodes composed of Aggregate, Mix10 and
Mix20 under the illumination with 100 mWcm−2.
transport properties as trapping–detrapping events into/from localized
states reduce electron diffusion in conduction band (Rt). Chemical
capacitance (Cμ) denoting accumulation of charges (electrons) in an
oxide network could be utilized to characterize the density of the local-
ized state because more than 90% of the electrons are trapped in an
oxide network and less than 10% of the electron act as free electrons
under working condition [32].

Fig. 9 plotted the chemical capacitances of Aggregate, Mix10 and
Mix20 calculated from EIS results. With the exponential dependence
on the bias voltage, the chemical capacitance (Cμ) was higher in the
Mix10 and Mix20 than the pure aggregate photoanode, indicating that
new localized states were introduced from the TiO2 nanoparticles
added. It can be assumed that all nanoparticles have the same localized
states; the denser structure ofMix10 andMix20 consistsmore nanopar-
ticles and so has higher Cμ than that of Aggregate. The increased local-
ized states reduce electron movement in a particle, which asks for
more time to make electron reach to the surface of a particle where
recombination occurs. Therefore, the effect of the added nanoparticle
on recombination becomes offset as a consequence of the combination
between the slower electron transport in a particle and more sensitive
electron transfer at surface of a particle.

The improved electron transport (Rt) ascribed to the widened necks
would give an impact on power conversion efficiency of DSCs. As shown
in Fig. 10, DSCs based onMix10 andMix20 photoanodes showed better
power conversion performance than that based Aggregate photoanode
with an increased short circuit current density (Jsc), as the denser struc-
ture of Mix10 and Mix20 films increased surface areas for more dye
loading [17]. If the added nanoparticles were used entirely in filling
the gaps between adjacent aggregates, it can be assumed that 10 wt.%
of the nanoparticles added would generate additional 10% increase in
the surface area and corresponding Jsc (LHE). However, when 10 wt.%
of the nanoparticles were added, the improvement of Jsc by 26% was
obtained, suggesting that the increased Jsc must be ascribed to the
improvement of both charge collection and light harvesting. Falling
back in the photocurrent occurring when 20 wt.% of nanoparticles
was added seemed to be a result of the compromise between the in-
creased surface area and the reduced light scattering effect, as discussed
in Fig. 5 [33].

4. Conclusions

The added TiO2 nanoparticles gave two impacts on the morphologi-
cal aspects of the TiO2 aggregate film; widened necks by preferentially
filling vacant space around necks between adjacent TiO2 aggregates
and increased surface area as a result of the denser film. The transport
resistance (Rt) was found to be reduced with adding the TiO2 nanopar-
ticles, indicating that facile transfer of electron from one aggregate to
the other occurs through the fortified necks. However, the necks and
gaps filled with the TiO2 nanoparticles showed diminished scattering
effect of the film (reflectance) as a result of reduction of scattering
centers such as necks and gaps. As the other morphological change,
the increased surface area with adding the TiO2 nanoparticles improved
absorbance of the sensitized film. From the compensated characteristics
of the film among Rt, reflectance and absorbance with adding the TiO2

nanoparticles, Mix10 showed the highest photocurrent and resulting
efficiency, suggesting good strategy to achieve further improvement of
DSCs' performances by employing light scattering centers such as aggre-
gate and scattering layer whose connections are improved for better
electron movement.
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