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A new process for the fabrication of microsized TiO2 aggregates by electrospraying of a colloidal
dispersion of P25 TiO2 nanoparticles is investigated. This method allows for independently control
of morphology, size and packing density of the TiO2 aggregates for better dye-loading and elec-
trolyte penetration, efficient light scattering and charge transfer. The resultant aggregates comprised
of primary P25 nanoparticles are polydisperse and nearly spherical in shape with 0.4–3 �m in
diameter. When used in dye-sensitized solar cells, the films comprised of TiO2 aggregates show
high optical absorption as a result of light scattering, demonstrating more than 20% enhancement
in the power conversion efficiency compared to the films made of original P25 nanoparticles under
otherwise identical conditions.
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Over the past two decades, dye-sensitized solar cells
(DSCs) have attracted tremendous attention due to the
high conversion efficiency and low cost.1–3 The DSCs
are a photoelectrochemical system consisting of a dye-
sensitized semiconductor film as working electrode,
a platinum-coated glass as counter electrode, and elec-
trolyte containing I−/I−3 redox couples between the two
electrodes.4–6 Nowadays, TiO2, ZnO and some other
wide-bandgap materials are generally used for fabricating
the photoelectrodes.1�7–9 The conventional TiO2 or ZnO
nanocrystallites films have a large internal surface area
available to adsorb a sufficient amount of dye molecules,
and thus enhancing the light absorption, giving increased
current density and high power conversion efficiency
(PCE, ��. However, films consisting of nanocrystallites
with small particle sizes show high transparency and neg-
ligible light scattering, limiting the further increase in the
PCE.10�11 Recently, a novel structure named aggregate con-
sisting of nanocrystallites has been synthesized, providing
the photoelectrode with both a high internal surface area
and the desired size for light scattering so as to enhance the
light harvesting of the photoelectrode film.12–16 One exam-
ple is the use of ZnO aggregate films as DSCs photoelec-
trodes, which show a power conversion efficiency of about
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5.4%, much higher than 1.5–2.4% for ZnO nanocrystalline
films. It has been demonstrated that the aggregation of
ZnO nanocrystallites is an effective approach to gener-
ate light scattering and thus results in an enhancement in
the DSC performance.17 However, to our knowledge, little
attention has been paid on TiO2 aggregates for an applica-
tion in DSCs.
Three methods are described in the literatures for the

synthesis of TiO2 aggregates: (1) combination of sol–gel
and solvothermal processes,10 (2) sol–gel methods con-
trolling the hydrolysis and condensation reactions,18 and
(3) a diglycol mediated process, followed by hydrother-
mal treatment.19 All of them have succeeded in controlling
the aggregate structure of TiO2 and providing high surface
area and large pore volume. However, these methods are
restricted to attain the aggregates via a process of given
chemical reaction. This paper reports a generalized electro-
spraying method for aggregate fabrication by demonstrat-
ing the preparation of TiO2 aggregate using commercial
P25 nanoparticles. This method may directly lead to the
formation of aggregated nanomaterials, regardless chemi-
cal composition and surface chemistry. One of the great
advantages of this process is that it utilizes purely phys-
ical force to form the aggregate structure, allowing the
independent control of aggregation and the size and crys-
tallinity of the primary nanoparticles. Moreover, it offers
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an inherent flexibility in controlling the size and size dis-
tribution of the aggregates by simply adjusting the electro-
spray parameters including the flow rate and the applied
voltage.20–22 In addition, electrospray allows for tuning the
packing density or porosity of the aggregates by select-
ing appropriate type of polymer additives. The resultant
aggregates of P25 TiO2 nanoparticles were used for the
photoanode film in DSCs. An overall power conversion
efficiency up to 5.9% has been achieved, revealing 20%
enhancement than 4.8% for the cells made of P25 nanopar-
ticles under otherwise the same conditions.
TiO2 aggregates were prepared by electrospraying of

a colloidal dispersion consisting of P25 TiO2 nanoparti-
cles, polymer additive and mixture solvent. A schematic
of the electrospray setup and the working mechanism is
outlined in Figure 1. The colloidal dispersion was ejected
from a reservoir using a pumping system. Under the
externally applied electric field between the needle and
the counter electrode, the electrostatic force, beyond the
Rayleigh limit, overcomes the surface tension resulting in
a straight jet from the liquid cone in the same manner of
electrospinning.23–25 After a significant reduction of sur-
face charge density in the emitted jets due to the much
increased surface area, the jets of low viscosity colloidal
dispersion would break up into smaller droplets as a result
of varicose instability.26�27 The solvent of the droplets of
colloidal dispersion would evaporate rapidly in transit,
resulting in the formation of aggregates, which were col-
lected on the counter electrode.
In a typical experiment for the synthesis of TiO2

aggregates using the electrospray method, 1 g P25 TiO2

(75% anatase and 25% rutile, Degussa) was dispersed
in 10 ml of the mixed ethanol-water solvent (1:1, v/v).
After an ultrasonic treatment for 30 min, 0.1 g PVP

Fig. 1. A schematic illustrating the setup and working mechanism of
the electrospray process for the fabrication of microsized aggregates of
TiO2 nanocrystallites.

(polyvinylpyrrolidone, MW ≈ 1�3× 106� was then added
and stirred vigorously until it formed a homogeneous col-
loidal dispersion. The polymer-containing TiO2 colloidal
dispersion was electrosprayed at a flow rate of 0.3 ml/h
to form aggregates of nanoparticles. The distance between
the needle tip and the grounded substrate was kept approx-
imately 15 cm and the DC voltage between them was
12 kV. The resultant TiO2 aggregates (named sample 1)
were collected on aluminum foil and dried at 100 �C in air
for 2 h for further use. The morphologies and the struc-
tures of both sample 1 and virgin P25 were characterized
by scanning electron microscopy (SEM, JEOL JSM-7000),
X-ray diffraction (XRD, Philips PW 1830 Diffractometer)
and Brunauer Emmett Teller (BET, Quantachrome NOVA
4200e). In addition to sample 1, more TiO2 aggregate
samples were synthesized by adjusting the electrospray
parameters, for instance, the flow rate, applied voltage and
polymer additive types (PEG (polyethylene glycol, MW≈
2×104�, PVP (MW≈ 5�5×104�� to investigate the influ-
ence on the final properties of TiO2 aggregates.
To make a photoelectrode film, a paste containing

microsized TiO2 aggregates (sample 1) was prepared by
admixing with the organic vehicle based on �-terpineol.
The paste was then coated on the fluorine-doped tin oxide
(FTO) glass substrates as the working electrodes via doc-
tor blade to get approximately 10 �m-thick films.28 The
films were preheated at 150 �C for 15 min, and subse-
quently sintered in air at 450 �C for 2 h to eliminate the
polymer and the organic additives. The electrodes made
of P25 nanoparticles were also prepared following the
same procedures for comparison. The as-received TiO2

aggregate films and P25 nanoparticle films were sensitized
with 0.5 mM ruthenium-based N3 dye solution for 24 h
and then assembled with a platinum-coated silicon sub-
strate (counter electrode). The liquid electrolyte used in
this study was composed of 0.6 M tetrabutylammonium
iodide, 0.1 M lithium iodide, 0.1 M iodine and 0.5 M
4-tert-butylpyridine in acetonitrile.
Photovoltaic properties of each solar cell were character-

ized using simulated AM 1.5 sunlight illumination with an
output power of 100 mW/cm2. An Ultraviolet Solar Simu-
lator (Model 16S, Solar Light Co., Philadelphia, PA) with
a 200W Xenon Lamp Power Supply (Model XPS 200,
Solar Light Co., Philadelphia, PA) was used as the light
source, and a Semiconductor Parameter Analyzer (4155A,
Hewlett-Packard, Japan) was used to measure the current
and voltage. The optical absorption spectra were mea-
sured using an ultraviolet-visible-near infrared (UV-VIS-
NIR) spectrophotometer (Perkin Elmer Lambda 900). The
films were fabricated on glass substrates with an identical
thickness and a blank glass slide was used as a reference
during the measurement.
Figure 2 shows the SEM images of films of (a)

P25 nanoparticles and (b) TiO2 aggregates. In Figure 2(a),
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Fig. 2. SEM images of (a) P25 TiO2 nanocrystallite film and (b) TiO2

aggregates of P25 nanocrystallites (sample 1) after 450 �C heat treatment;
the inset shows a single aggregate at a higher magnification with a bar
scale of 500 nm. Sample 1 was fabricated by electrospraying the polymer
solution of PVP (MW≈ 1�3×106� at flow rate of 0.3 ml/h and applied
voltage of 12 kV.

the P25 TiO2 nanocrystallites of ∼20 nm in diameter
formed a film with randomly mesoporous structure with
the nanoparticles dispersed. In Figure 2(b), the nanopar-
ticles formed to spherical aggregates of 0.4–3 �m in
diameter. The high-resolution SEM image in the inset of
Figure 2(b) indicates that TiO2 aggregate with a rough sur-
face was assembled by numerous primary ∼20 nm-sized
TiO2 nanoparticles interconnected to each other.

Figure 3(a) compares the XRD patterns of microsized
TiO2 aggregates (sample 1) and P25 nanocrystallites films
on FTO substrates. It shows that both of these two kinds
of films are identical in pattern, indicating that are same
in the crystal phase. In other words, the electrospray and
subsequent drying and annealing process did not cause any
detectable change in crystallinity and phases except mor-
phology. The Scherer equation29 was used to calculate the
size of TiO2 nanocrystallites in both aggregates and virgin
P25 powder, and no change in TiO2 crystallite size, both
of them are 20±1 nm. This result is obvious as the elec-
trospray at room temperature does not change the property
of TiO2 nanocrystallites.

Table I compares the BET surface area, pore vol-
ume of microsized TiO2 aggregates (sample 1) and P25

Fig. 3. (a) XRD patterns of TiO2 films on FTO substrate, comparing
the peaks of microsized TiO2 aggregate (sample 1) film with those of
P25 TiO2 nanocrystallites film after 450 �C heat treatment; (b) pore-size
distribution for microsized TiO2 aggregates (sample 1) and P25 nanocrys-
tallites (BJH adsorption).

nanocrystallites. The specific surface area was found to be
almost the same: 55 and 52 m2g−1, for microsized aggre-
gates and individually dispersed nanoparticles, respec-
tively. The pore volume of microsized TiO2 aggregates was
0.383 cc/g, which was 1.7 times that of P25 nanocrystal-
lites. The increase in the pore volume could be attributed
to less dense packing of TiO2 nanocrystallites during the
electrospray, which would benefit the penetration of dye
solution and electrolytes when used in DSCs, and expected
to improve the device performance. Figure 3(b) shows
the pore-size distributions for microsized TiO2 aggregates
(sample 1) and P25 nanocrystallites calculated from the
nitrogen adsorption isotherm. The pore-size distribution of
P25 nanocrystallites were only observed with pore diame-
ter below 20 nm. A broad pore size distribution with peak
intensity at ∼45 nm in microsized aggregates confirms the
less dense packing of nanoparticles in the aggregates dur-
ing the electrospray.
The flexibility of the electrospray is demonstrated by

the fact that the size and size distribution of the aggregates
can be readily adjusted by simply varying the electrospray
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Table I. BET results for microsized TiO2 aggregates (sample 1) and
P25 TiO2 nanocrystallites.

BET surface area Pore volume
Samples (m2g−1� (ccg−1�

P25 TiO2 nanocrystallites 52 0.220
Microsized TiO2 aggregates 55 0.383

parameters including the flow rate and the applied voltage.
As shown in Figures 4(a) and (b), the increased volt-
age resulted in a decrease in both diameters and the size
distribution of the aggregates with the flow rate fixed at
0.15 ml/h. Under a low applied voltage of 6 kV, most of
TiO2 aggregates in sample 2 (Fig. 4(a)) were bigger than
2.5 �m. When the applied voltage increased to 10 kV, the
diameters of most of aggregates in sample 3 (Fig. 4(b))
were smaller than 1 �m. Similar results have been reported
in literature.30 The flow rate of the precursor solution was
also found to affect the size and size distribution of aggre-
gates, shown in Figures 4(b) and (c). Higher flow rates
resulted in an increased average size of aggregates. Sample
4 (Fig. 4(c)) showed larger average diameters of aggre-
gates than that of sample 3, when the flow rate increased
from 0.15 ml/h to 0.3 ml/h.
In addition to samples 1, 2, 3 and 4, two more samples

with different packing density were prepared by chang-
ing the type and molecular weight of polymer additives to
PVP (MW≈ 5�5×104� and PEG (MW≈ 2×104�, respec-
tively. Figure 5 shows typical SEM images of sample 5
and 6, which could be compared to sample 2 (shown in
Fig. 4(a)) obtained using PVP (MW ≈ 1�3× 106� with
other parameters and processing conditions kept the same.
Both samples 5 and 6 show the smaller sizes in diameters
of aggregates compared to sample 2, which indicates poly-
mer additives also influenced the size and size distribution
of aggregates. In addition, sample 5 and sample 6 present
less pack densities. Sample 5 (Figs. 5(a and c)), synthe-
sized by electrospray the polymer solution of PVP (MW≈
5�5× 104�, shows the slight destruction of the spherical
shape of resultant aggregates. Sample 6 (Figs. 5(b and d)),
synthesized by electrospraying the polymer solution of
PEG (MW≈ 2×104�, shows the poor spherical morphol-
ogy of aggregates. The TiO2 nanocrystallites are loosely
packed in sample 6, as shown in Figure 5(d), which indi-
cates lower packing density and higher porosity compared
to the compact one (sample 2, Fig. 4(a)).
The as-synthesized TiO2 aggregates would have signifi-

cant potential for DSCs application. We employed micro-
sized TiO2 aggregates (sample 1) as the photoelectrodes in
assembling DSCs. Figure 6 shows the current density (I)–
voltage (V ) curves of DSCs using N3 as a sensitizer and
photoelectrodes made of microsized TiO2 aggregates (sam-
ple 1) and P25 TiO2 nanocrystallites without chemical
modification or anti-reflection coating. The photovoltaic
properties of DSCs are also summarized in Table II. The

Fig. 4. SEM images of microsized TiO2 aggregates fabricated by elec-
trospraying the polymer solution of PVP (MW≈ 1�3×106� with various
flow rates and different applied voltages: (a) 0.15 ml/h and 6 kV (sam-
ple 2), (b) 0.15 ml/h and 10 kV (sample 3) and (c) 0.3 ml/h and 10 kV
(sample 4). Other processing conditions were the same as those used for
preparing the sample 1 shown in Figure 2(b).

adsorbed dye amount in Table II was measured by desorb-
ing the dye molecules using 0.1 M NaOH solution in water
and ethanol.18 The overall power conversion efficiency (��
of DSCs with microsized TiO2 aggregate electrode has
achieved 5.9% with open-circuit voltage (Voc� of 830 mV,
short-circuit current density (Jsc� of 11.67 mA/cm2, and a
fill factor (FF) of 0.609, resulting in an increase of more
than 20% in power conversion efficiency as compared
with the P25 TiO2 nanocrystallite electrodes under other-
wise the identical conditions. The enhanced power conver-
sion efficiency with microsized spherical TiO2 aggregate
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Fig. 5. SEM images of TiO2 aggregates fabricated by electrospraying the different polymer solutions: (a) and (c) PVP (MW≈ 5�5×104� (sample 5),
(b) and (d) PEG (MW≈ 2×104� (sample 6) Other processing conditions were the same as those used for preparing the sample 2 shown in Figure 4(a).

photoelectrodes resulted largely from the increased Jsc,
suggesting an increase in the electron-hole pairs generated
by optical absorption. Table II reveals that the microsized
TiO2 aggregate photoelectrodes have a relatively smaller
amount of dye molecules adsorbed per unit area of pho-
toelectrode, as compared that of P25 TiO2 nanocrystal-
lites electrodes. This observation can be attributed to the
large voids between microsized aggregates when assem-
bled in photoelectrodes (Fig. 2(b)) and the large pore vol-
ume in the microsized aggregates, >50% more than that

Fig. 6. I–V curves of DSCs with photoelectrodes made of TiO2 aggre-
gates and nanoparticles.

in nanocrystallites samples as listed in Table I. Such large
voids and pore volume would lead to a loss in the surface
area of the aggregates for dye molecule adsorption. The
increased Jsc is obviously not related to the amounts of dye
molecules adsorbed per unit surface area of the photoelec-
trodes. One factor for the increase in Jsc is the enhanced
photon absorption caused by light scattering in the pres-
ence of microsized aggregates.12

Figure 7 compares nominal light-absorption spectra
of microsized TiO2 aggregate and TiO2 nanocrystallites
films with and without dye sensitization. It can be seen
that the spectra present similar absorption peak in the
short-wavelength region for all samples, owing to the
intrinsic absorption of TiO2 semiconductor. Prior to dye
sensitization, the nominal optical absorption for micro-
sized TiO2 aggregate film showed higher intensity in the
visible region in comparison to P25 although no clear
optical absorption peak was observed. The enhancement

Table II. Characterization results for photoelectrodes made of micro-
sized TiO2 aggregates and P25 TiO2 nanocrystallites and the fabricated
DSCs.

Voc Jsc � Adsorbed dye
Photoelectrodes (mV) (mAcm−2� FF (%) (nmol/cm2�

P25 TiO2 nanocrystallites 820 10.05 0.584 4.8 44.4
Microsized TiO2 aggregates 830 11.67 0.609 5.9 38.5
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Fig. 7. Optical-absorption spectra of TiO2 aggregate and P25 nanopar-
ticle films with the same thickness, before (- - -) and after (—) dye
adsorption.

could be due to the effect of light scattering, caused by
the presence of aggregates with sizes comparable to the
wavelength of incident light.31 After dye sensitization, the
nominal optical absorption for microsized TiO2 aggregate
film enhanced significantly at wavelengths above 390 nm.
Besides the increased intensity of absorption at the entire
visible region, a broad absorption peak centered at 535 nm
was observed, which originated from N3 dye molecules.32

The absorption spectra indicated that the aggregation of
nanocrystallites induced more effective photon capture in
the visible region as a result of light scattering by extend-
ing the distance of light travelled within the films, and
thereby enhancing probability of photons being captured
by the dye molecules, and consequently resulting in an
increase in short-circuit current density.10�13�17 According
to Mie theory, light scattering by spherical particles highly
depends on the particle size.31 Much larger particles may
lead to light loss due to back-scattering, thereby counter-
act the enhanced absorption.33�34 Further experiments are
under way to use TiO2 aggregates with comparative parti-
cle sizes to optical wavelengths as effective scatterers and
reduce the formation of large voids, thus, optimize the per-
formance of DSCs.
In summary, polydisperse microsized aggregates of TiO2

nanocrystallites were successfully fabricated by means
of electrospray method. This method allows for a flex-
ible control of the morphology, size, size distribution,
and porosity of the aggregates. The resultant aggregates
are promising for a DSC application. The DSCs with
N3-sensitized TiO2 aggregate photoelectrodes achieved a
short-circuit current density of 11.67 mAcm−2 and power
conversion efficiency of 5.9%, more than ∼20% improve-
ment as compared to the 4.8% power conversion efficiency
for P25 nanoparticles. The significantly enhanced PCE is
attributed to light scattering by the microsized aggregates
of TiO2 nanocrystallites that retain a large specific surface
area needed for dye adsorption.
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