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This  paper  provides  mechanistic  insight  into  the  self-assembly  involved  in  the controlled  synthesis
of  mesoporous  TiO2 microspheres  with  tunable  sizes  (200  nm,  400  nm  and  600  nm  on  average).  The
salient  features  of  these  microspheres,  when  used  as  building  blocks  of  photoanode  films  in lieu of
traditional  small  nanoparticles,  have  been  systematically  studied  for  the  first  time  in highly  viscous  gel-
electrolyte-based  dye-sensitized  solar  cells.  The  light  scattering  property,  electron  transport  and  interface
recombination  kinetics  have  been  critically  compared  with  respect  to the  morphology  and  the  size  of  the
ize tunable
itanium dioxide microsphere
elf-assembly
ye-sensitized
olar cell
el electrolyte

building  blocks.  A  >6.78%  power  conversion  efficiency  was  achieved  with  the  400  nm  microspheres  due
to the  balanced  combination  of  light  scattering,  electrolyte  permeation  and  charge  collection  advantages.
This accentuates  the  performance  limiting  factor  of the  small  nanoparticles  and  the  600  nm  microsphere
photoanodes  as  the  difficulty  for the  quasi-solid  electrolyte  to  fill  in  their  long,  narrow  mesoscopic  pore
channels,  a  scenario  supported  by  their  short  electron  lifetimes  as  measured  by  intensity  modulated

y  (IM
photovoltage  spectroscop

. Introduction

In recent years, there is a growing trend to integrate special-
zed nanostructures into dye-sensitized solar cells (DSSC), such
s mesoporous microspheres with a submicrometer size [1–9],
anotube/nanowire arrays [10–13],  etc., in order to enhance light
arvesting and charge collection, and to address new challenges

n emerging applications and branching directions such as flexible
14] and solid-state DSSCs [15].

Submicrometer mesoporous microspheres are promising pho-
oanode material alternatives to the traditional randomly assem-
led nanoparticles. The first advantage is the pre-formation of

nter-particle connections inside the separated microspheres, a
eature which is important for flexible DSSC applications [14]. Sec-
ndly, the microspheres possess a special hierarchical structure
hich can be tuned on at least two length scales. The primary

uilding blocks, 10–20 nm nanoparticles comprising the micro-
pheres, guarantee a high surface area for dye adsorption when
sed for assembling photoanodes. Secondary construction units

f submicrometer microspheres provide the photoanode with a
trong light scattering ability, potentially overcoming the intrinsic
eak absorption of Ru-complex dye sensitizers in the near-infrared
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region [2,9]. Such a smart design simplifies the film fabrication pro-
cess in comparison to the traditional photoanodes which employ,
for example, a second large-particle layer on top of the nanoparticle
underlayer to scatter back the near infra-red light. Encouragingly,
recently reported efficiency has reached as high as more than 10%
with only a single layer of TiO2 microspheres [6].  Nevertheless, up
to the present, little attention has been paid to the potential benefit
of the sizable inter-microsphere cavities for quasi-solid state DSSCs
(QS-DSSCs). Such inter-microsphere cavities may solve the pore-
filling problem that has so far plagued researchers in developing
QS-DSSCs and fully solid state DSSCs based on traditional nanopar-
ticle photoanodes [16–18].  Besides, before the microspheres can
be used as a new competitive photoanode material, the role of
the inter-microsphere cavities, the contacts between the micro-
spheres, and their size and morphology dependence need to be
fully elucidated [19–21].

This paper seeks to address these issues. First, we  carried out a
series of comparative experiments to sort out the kinetic factors
important in the self-assembly process for the morphology/size
control and size focusing in the synthesis of the size-tunable
TiO2 microspheres. Second, such a microsphere size adjustability
allowed us to clearly reveal, study and exploit the microsphere size

effects in DSSCs, and thus optimize the cell performance. In partic-
ular, we have attempted to exploit the spacious inter-microsphere
cavities for facilitating the accommodation and transport of a highly
viscous (QS) electrolyte, validating the concept of using the micro-

dx.doi.org/10.1016/j.jpowsour.2011.09.011
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chsyang@ust.hk
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pheres for high-performance QS-DSSCs. The optimization study
n the QS-DSSCs is expected to furnish guidelines for their future
evelopments and set the stage for integrating the microspheres

nto all solid-state DSSC systems, meeting the grand challenge for
he large-scale deployment of cheap, durable and environmental
riendly DSSCs.

. Experimental

.1. Microspheres synthesis

A typical procedure with a normal sequence of adding reagents
or the microspheres preparation is as follows. 1 g of tetra-n-
utyl titanate (Ti(nOBu)4) was added into a 45 ml  ethanol solution
f 1 g decylamine (DA). Into the resulting solution 15 ml of H2O
as then added dropwise under vigorous stirring. After contin-
ous stirring for another 2 h, a white precipitate was  formed,
hich was centrifugally collected, washed with excess ethanol,

nd kept for hydrothermal treatment and characterizations. For
omparative studies, different amounts of metal source reagents,
.5 g, 3 g Ti(OBu)4, 0.84 g isopropyl titanate (Ti(iOPr)4) and 0.89 g
etra-n-butyl zirconate (Zr(nOBu)4), were used instead of 1 g
i(nOBu)4 in given preparation experiments, while the mole ratios
f Ti(Zr) source: DA:H2O remained the same. Experiments were
lso performed with a reverse sequence of adding the 15 ml
f H2O to a DA solution first, followed by a dropwise addi-
ion of the 15 ml  ethanol solution of Ti(nOBu)4. Hydrothermal
reatment was  carried out by a similar procedure reported pre-
iously [2].  After hydrothermal treatment, the resulting white
recipitate was centrifugally collected and washed with excess
thanol.

.2. Photoanode film fabrication

For viscous paste formation, 1 g of the powder product from
he hydrothermal treatment was dispersed in 2.5 ml  of H2O, and
0 mg  of PEO2000000 was added as a binder. After a homogenous
aste was obtained by continuously magnetic stirring, it was spread
nto a conductive glass substrate (fluorine tin oxide-coated glass,
4 � square−1, Nippon Sheet Glass, Osaka, Japan) by the doctor
lade technique. The film was then calcined at 450 ◦C for 30 min  in
ir. After treatment in a 40 mM TiCl4 aqueous solution at 70 ◦C for
0 min, the film was washed with distilled water and calcined again
t 500 ◦C for 30 min. For the reference photoanode film prepara-
ion, a commercial nanoparticle paste purchased from JGC Catalysts
nd Chemicals Ltd., Kitakyushu-Shi, Japan (PASOL HPW-18NR) was
sed.

.3. General material characterization

The morphologies were directly examined by using SEM using
 JEOL 6700F at an accelerating voltage of 5 kV. For TEM obser-
ations, the samples were ultrasonically dispersed in ethanol and
hen dropped onto carbon-coated copper grids. The TEM exper-
ments were carried out on JEOL 2010F and 2010 microscopes,
oth operating at 200 kV. Film thickness was measured with a
encor Alpha-Step 200 surface profiler system. The film thick-
ess was confirmed by three independent measurements. BET
urface area was characterized using a Coulter SA 3100 surface
rea analyzer. For BET characterization of the as-prepared micro-

phere films, they were scratched, detached and collected from
he conductive glass substrates. The XRD analyses were performed
n a Philips PW-1830 X-ray diffractometer with Cu K� radiation
� = 1.5406).
ces 196 (2011) 10806– 10816 10807

2.4. Solar cell assembly and characterization

Films for solar cell tests were cut into a 5 mm × 5 mm before-
hand. While still warm after being removed from the oven, the
films were quickly immersed into a mixed acetonitrile/tert-butyl
alcohol solution (1:1 in volume) containing 5 × 10−4 M N719
dye (cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato)-
ruthenium(II) bis-tetrabutylammonium, Suzhou Chemsolarism,
China) for 12 h. The dye-coated electrodes were then assembled
into QS-DSSCs with a Pt sputtered FTO counter-electrode and a gel
electrolyte containing 0.1 mol  L−1 LiI, 0.1 mol  L−1 I2, 0.6 mol L−1 1,2-
dimethyl-3-propyl imidazolium iodide, 0.45 mol  L−1 N-methyl-
benzimidazole, 10 wt.% PEO2000000 in 3-methoxypropionitrile.
J–V characteristic curves were recorded using an IM6x electro-
chemical workstation. The light source (Oriel solar simulator,
450 W Xe lamp, AM 1.5 global filter) was calibrated to 1 sun
(100 mW cm−2) using an optical power meter (Newport, Model
1916-C) equipped with a Newport 818P thermopile detector. IPCE
was  measured based on a Jobin-Yvon Triax 190 monochromator.
IMPS/IMVS were taken by the Zahner Zennium C-IMPS system with
a green light-emitting diode (525 nm,  LED).

3. Results and discussion

3.1. Size controlled synthesis

The two-step synthesis of mesoporous TiO2 microspheres con-
sists of the precursor preparation and the final hydrothermal fixing.
It should be mentioned that Chen et al. [1] proposed a self-assembly
mechanism for microsphere formation. By varying the long chain
alkylamine content, they found the as-produced microspheres
exhibiting different porosity, pointing to the role of the long chain
alkylamine as the structural directing agent in mediating the micro-
sphere formation. It is important to recognize that such synthesis
involved reaction systems with low water contents (H2O:Ti < 10),
in which the hydrolysis of Ti source could be easily controlled. Sim-
ilar low water content synthesis was reported in the literature for
mesoporous TiO2 microspheres [8].  In marked contrast, we adopted
a high water content condition (H2O:Ti ≈ 280) for the synthesis of
mesoporous TiO2 microspheres, with a view to facilitating hydrol-
ysis of the Ti precursor so as to promote, in our opinion, the full
crystallization of the mesoporous microspheres by eliminating any
residual –OCH2CH3 (–OEt) groups in the following hydrothermal
Oswald ripening process. As a consequence of using the high water
content reaction system, kinetic control of the self-assembly pro-
cess became more critical to obtain mesoporous spheres of a given
size with a wormlike mesostructure, which nevertheless would
provide the sensitivity needed to elucidate the formation mecha-
nism of the mesoporous microspheres. Indeed, the classical LaMer
model can be invoked to interpret our synthesis results as will be
presented below [22,23].

Shown in Fig. 1 are SEM images of the precursors obtained under
different reaction conditions. In general, they resultant products
exhibit different morphologies (spheres and irregular particles),
sizes (ranging from a few tens nanometers to several microme-
ters), size distributions and mesoscopic structural organizations. In
particular, several points merit attention: (1) the microsphere size
control depends on the source materials’ concentration and their
identity; (2) the product shape is related to the sequence of adding
the source materials of Ti(nOBu)4 and H2O; and (3) the microsphere
self-assembly process relies on the control over the reactivity of the

inorganic source materials impinging on the products’ mesoscopic
structural organization.

The first point carries the importance of the Ti source concen-
tration in effecting the size variation and size uniformity of the
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Fig. 1. (a–d) SEM images of mesoporous TiO2 microspheres with tunable sizes, obtained by (a–c) varying the concentrations (from low to high) of the source materials
(Ti(nOBu)4:DA:H2O = 1:1:15 by weight), and (d) changing the Ti source and solvent species. (e) SEM image of mesoporous TiO2 particles with deformed shapes obtained
u 2O and
a nd (d
a

r
w
D
s
1

r
T

nder  the same conditions as in (a–c), except for the reversed sequence of adding H
s  in (a–c), except for the use of different Zr-source reagents. The insets in (a), (b) a
re  EDX results of the corresponding products.

esultant TiO2 microspheres (Fig. 1a–c). As the amount of Ti(nOBu)4
as increased from 0.5 g, 1.0 g to 3.0 g while keeping the ratio of
A:H2O:Ti constant, the average size of the as-synthesized micro-

pheres increased from 200 nm,  400 nm to uncontrollably over

 �m.

During the synthesis of these three product samples, the
eagents were added in the normal sequence. By first adding
i(nOBu)4 to the ethanol (EtOH) solution of DA, the –NH2 groups are
 Ti(nOBu)4. (f) SEM image of ZrO2 particles synthesized under the same conditions
) are size distributions of the corresponding microspheres. The insets in (e) and (f)

expected to attack the Ti(OEt)4 oligomers resulting from alcoholy-
sis, leading to the attachment of DA to the surfaces of the oligomers
through postulated Ti–NH–bonds [24]. The resultant precursor is
termed “hybrid chain” hereafter (Scheme 1). Indeed, the corre-

sponding FTIR data support the formation of the Ti–NH–bonds
(Fig. S1)  with a characteristic –NH– wagging peak at 879 cm−1,
which is evidently shifted from the original value at 794 cm−1.
When H2O was dropped into the system, hydrolysis first took place
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Scheme 1. Schematic showing the formation and size variation of the mesoporous
TiO2 microspheres in Fig. 1a–c. (a–c) Supersaturation profiles versus time, based on
the  LaMer model, corresponding to the conditions in Fig. 1a–c, respectively, with
the source materials’ concentrations changing from low to high. The microsphere
growth is roughly divided into 3 periods separated by the vertical dashed lines (more
appropriate for the case of curve a): “Period I” for monomer accumulation, wherein
hybrid chains and micelles can be regarded as the monomers; “Period II” for homoge-
nous nucleation, wherein clusters of a certain size are assembled from micelles; and
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Period III” for diffusion controlled growth. Sc: critical supersaturation, the minimum
upersaturation level for homogeneous nucleation of the smallest cluster seeds; Sm:
ritical supersaturation level for hybrid micelle formation.

t the hydrophilic end of the hybrid chain, resulting in Ti–OH
onds, which we believe could greatly strength the interaction
etween the hybrid chains. Hydrogen bond interaction and/or fur-
her condensation between the hydrophilic ends of the hybrid
hains would lead to the formation of primary micelles; the criti-
al micelle concentration of an organic surfactant (e.g., DA) could
e effectively reduced when the inorganic groups were added

nto the hybrid chains, in light of the cooperative self-assembly
echanism [25]. Driven by the decrease of the interfacial free

nergy in the reaction solution, the micelles would aggregate and
ield organic–inorganic hybrid clusters with a suggested formula
f {[TiOx(OH)y(OEt)z(DA)4−2x−y−z]n}m (each chain has 1 Ti, each
icelle has n chains, each cluster has m micelles) [26], which can

e regarded as seeds for the growth of microspheres.
Following the LaMer model, we call the stage before micelle

ggregation “the monomer accumulation period” (Period I in
cheme 1) and the stage after, “the homogeneous nucleation
eriod” (Period II in Scheme 1). The separation between period

 and II, which can be taken as the time point for the reaction
olution to become light milk-white when a certain amount of
2O was added. The color change reflects the micelle cluster seeds
eginning to form. In the monomer accumulation period, isolated
ybrid chain micelles are considered to have formed before they
ggregated to stable seeds in solution. During this period, nucle-
tion was not probable due to the low micelle concentration. Only
ggregates of the micelles with a certain size can be regarded as
ritical nuclei capable of competing for the Ti source in the solu-
ion. Fig. 1a–c shows clearly that a lower micelle concentration
proportional to the amount of source materials added) yields a
etter size uniformity and smaller microspheres. As we know, the
egree of supersaturation of the micelles should act as the driv-

ng force for the seed formation and therefore the microsphere
rowth [23]. A lower concentration, meaning a lower degree of
upersaturation, would generate fewer hybrid cluster seeds of the

icrospheres in “the homogeneous nucleation period”, and result

n their slower growth in the following “diffusion controlled growth
eriod”. With further dropwise addition of H2O and vigorous stir-
ing of the solution, the hybrid chains and/or the newly formed
ces 196 (2011) 10806– 10816 10809

micelles (the monomer of Ti source) would decrease in concen-
tration to the extent that nucleation would stop, entering “the
diffusion controlled growth period” (Period III in Scheme 1). These
micelles would then diffuse onto the surface of the cluster seeds,
fueling the continuous growth of the microspheres. In this period,
the particle growth rate is inversely proportional to the particle
size, meaning that smaller seeds grow faster and larger seeds grow
slower, i.e.,  size focusing of the particles occurs [27]. As a result,
the as-produced TiO2 microspheres tend to reach uniform size,
as is the case in Fig. 1a and b. When the concentration of hybrid
micelles was too high, the growth would be too fast so that the
particle size focusing effect ceased to be effective, yielding micro-
spheres with a uncontrolled size distribution, just as the situation
shown in Fig. 1c: the size of large microspheres has reached up to
4 �m whereas the smallest ones in the same sample are only about
100 nm in diameter.

According to the LaMer model widely employed to explain parti-
cle growth kinetics [22], we illustrate in Scheme 1 the relationship
of supersaturation of micelles versus time when H2O was drop-
wisely added under stirring to reaction systems of different starting
Ti source concentrations. Curves a, b and c correspond to samples
in Fig. 1a, b and c, respectively. Due to the higher supersaturation
of the sample in Fig. 1c, a shorter monomer accumulation time and
a longer homogenous nucleation time are expected, as can be seen
from curve c when compared to curves a and b. Bearing in mind
that the cluster seeds born at a earlier moment of the nucleation
period should have a longer growth history than those of the seeds
born later on, a broader nucleation period (curve c versus curves
b and a) should yield a wider size distribution of the products, as
revealed by comparison of Fig. 1c with Fig. 1b and a.

Second, when the Ti source and solvent were changed,
respectively, to Ti(iOPr)4 and isopropanol but with the same con-
centrations as those in Fig. 1b, the mean size of the as-produced
microspheres increased to 600 nm,  200 nm larger than that in
Fig. 1b, and the size distribution is also relatively wider, as shown
in Fig. 1d. This mostly arises from the fact that Ti(iOPr)4 with
the less electrophilic–iOPr groups is more reactive towards H2O
than Ti(OEt)4 [26]. Consequently, the hydrolysis and condensa-
tion would be faster, leading to faster micelle formation (monomer
accumulation), micelle assembly into be bigger cluster seeds
(nucleation), and the microsphere growth. This is analogous to the
high supersaturation case in Scheme 1, hence accounting for the
wider size distribution and larger average size of the microspheres
in Fig. 1d than in Fig. 1b.

Third, when the sequence of adding reagents was reversed, i.e.,
H2O was  added to DA solution before the dropwise addition of
ethanol solution of Ti(nOBu)4, we obtained the product particles in
Fig. 1e, which look more irregular in shape and smaller in size than
those in Fig. 1b, notwithstanding the same source material con-
centrations. This seems to evidence the critical importance of the
DA modified hybrid chains in the self-assembly process of micro-
spheres. It is a common experience that the synthesis of uniform
spherical TiO2 particles is much harder than that of spherical SiO2
particles chiefly because the transition metal ions are generally
more electrophilic and more liable to increase the coordination
number [26]. A typical strategy has been to modify the Ti precursors
by adding salts for electrostatic stabilization or polymeric stabiliz-
ers such as hydroxypropyl cellulose and block copolymers [28]. In
a similar vein, the DA we used here for the synthesis of TiO2 micro-
spheres serves an important stabilization function: its long alkyl
tail prevents the Ti center from fast hydrolysis.

In the normal addition sequence of Ti source and H2O, Ti(nOBu)4

was  initially dissolved in ethanol solution of DA and there was
sufficient time for alcoholysis of the Ti source and DA coordina-
tion reaction in the solution to form the Ti–NH–bond. So the DA
modified hybrid chains were allowed to form before their hydrol-
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ig. 2. Small angle XRD patterns of hybrid samples which are shown in Fig. 1.

sis. In the reverse addition sequence, however, when Ti(nOBu)4
as added dropwise to the H2O and DA containing ethanol solu-

ion, both H2O and DA would competitively react with the Ti
ource, which could disturb the formation of DA modified hybrid
hains and thus the subsequent cooperative self-assembly pro-
ess. If the hydrolysis and condensation reactions of the Ti source
ook place very rapidly, the inorganic ends of the hybrid micelles
ould be inevitably too large, hence they disturb the normal

elf-assembly process and produce particles of irregular shape.
oreover, uncontrolled hydrolysis of the Ti source, meaning exces-

ively high supersaturation of the reaction system, would yield an
verflow of cluster seeds during the homogenous nucleation period
nd beyond. The excessive seeds would all compete for the Ti source
monomer) in the reaction solution, would result in particles of

uch smaller sizes.
Finally, when Zr(OBun)4 was used as the metal source reagent

nder otherwise identical conditions to those in Fig. 1b, the as-
roduced ZrO2 hydrolysate (Fig. 1f) had a smaller size and more

rregular shape. From this observation for the hydrolysis and con-
ensation in the Zr source based reaction system, one finds that
ontrol has been lost. This is associated with the nature of the
r center, which is more reactive towards H2O than Ti counter-
arts, owing to its higher degree of coordination unsaturation [26].
aken together from the above comparison study in the context
f the LaMer model, the controllable hydrolysis and condensation
re critical for the formation of the mesoporous hierarchical TiO2
icrospheres.
Fig. 2 shows small angle XRD patterns of the samples in Fig. 1.

he sharpness of the peak reflects the degree of order in the
esostructure of the hybrid hydrolysates. For the 200 nm,  400 nm

nd 600 nm microspheres shown in Fig. 1a, b and d, evident Bragg
eaks can be found at around 2.5◦. According to the Bragg equation
e can estimate the d-spacing of the repeating units to be about

.5 nm,  which is close to the reported size of the well known MCM-
1 mesoporous material obtained by employing cetyltrimethyl
mmonium bromide (CTAB) as the surfactant [29]. CTAB possesses
imilar alkyl chain length to DA, and the alkyl chain tends to huddle
p in polar solvent [30], so their micelle sizes are thought to be sim-

lar and accordingly their templated mesostructure units are also
imilar in size. For the hybrid particles obtained by the reversed
ddition sequence of H2O and Ti source shown in Fig. 1e, a peak,
lthough weaker, centered at around 2.1◦ can also be detected.
he XRD peak shift to a smaller angle implies that the repeating

nits in the mesostructure of the sample in Fig. 1e becoming rel-
tively larger (about 4.2 nm). On the other hand, the weaker XRD
eak of the sample in Fig. 1e demonstrates the short range order
f the mesoporous structure, in reference to the previous analy-
rces 196 (2011) 10806– 10816

sis, i.e.,  the hydrolysis and condensation of the Ti source have run
out of control due to the reverse addition sequence of H2O and Ti
source. The observation of the mesoporous structure in the irregu-
lar particles in Fig. 1e indicates that the hybrid micelles still existed
to a certain extent and performed the function of directing the
self-assembly process, although the as-synthesized hydrolysate is
somewhat deformed. Due to loss of control on the reaction of Zr
center towards H2O, the as-prepared Zr based hydrolysate has a
short range order in its mesoporous structure, which is consistent
with its small angle XRD pattern, of which no peak can be found.

Shown in Fig. 3 are TEM images of mesoporous TiO2 micro-
spheres obtained after hydrothermal treatment and direct high
temperature calcination of the precursor microspheres shown in
Fig. 1. These images clearly reveal the necessity of a suitable
hydrothermal procedure to make the size tunable microspheres
well crystallized (see high magnification TEM images in Fig. S2
for single crystallinity of each particle) and at the same time
maintain appropriate porosity inside the microspheres. For the
precursor microspheres shown in Fig. 1a, b and d, after hydrother-
mal  treatment, their smooth surfaces became roughened due to
embedment of nanocrystals. The sizes of the nanocrystals are about
10–20 nm and the pore sizes resulting from the assembly of these
nanocrystals have comparable sizes to those of the building block
nanocrystals, also about 10–20 nm.  This size range just fits the
requirements for DSSC photoanode materials [31]. Although direct
calcination without hydrothermal treatment also yielded poly-
crystalline TiO2 microspheres (Fig. 3d), the pore channels shrank
evidently as revealed in its high magnification TEM image (the inset
in Fig. 3d), which is direct testimony to the necessity of hydrother-
mal  post treatment. Pore size distributions measured by the N2
adsorption–desorption method (Fig. S3)  also revealed the pore
channel shrinking from 16 nm for the three kinds of hydrothermally
treated microspheres to <3 nm for the directly calcined micro-
spheres. It follows that the measured BET surface areas of the
200 nm,  400 nm and 600 nm mesoporous microspheres are nearly
the same at around 120 m2 g−1, whereas that for the directly cal-
cined microspheres is only 15 m2 g−1. Such pore shrinking arising
from high temperature calcination commonly occurs in the surfac-
tant directed self-assembly of mesoporous materials [32], simply
because the surfactant micelles are too small (only 3 nm in our case
here) to construct sufficiently strong pore walls to survive the crys-
tallization process involving the rearrangement of Ti–O–Ti network
in amorphous TiO2 [33]. Powder XRD measurements confirmed
that the nanocrystals in the three hydrothermally treated samples
were all in anatase phase with sizes of 14–16 nm, with no causal
relationship with the size of microspheres (Fig. S4).

3.2. Film fabrication and characterization for QS-DSSC

In order to study the size effect of the TiO2 microspheres on
the performance of QS-DSSCs, we  used the three different sized
microspheres to fabricate photoanode films. Shown in Fig. 4 are
SEM images of the films made of 200 nm (Fig. 4a), 400 nm (Fig. 4b),
600 nm (Fig. 4c) mesoporous TiO2 microspheres and the commer-
cial nanoparticle film was used for reference (Fig. 4d). First of all, it
is clear that the bigger the building blocks are, in the sequence from
the nanoparticles, 200 nm microspheres, 400 nm microspheres to
600 nm microspheres, the larger cavities are formed in the films.
From the insets of the four images, the cavities appear to be com-
parable in size to the building blocks. For microspheres based films,
there is a second level of pores, viz., the interstitials between the
microspheres, in addition to the first level of mesopores inside

the microspheres themselves. Such a hierarchical pore structure
is thought to be of great benefit to electrolyte penetration. On the
other hand, the nanoparticles reference film contains only nano-
sized pore channels. This pore size/structure difference may hold
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ig. 3. TEM images of mesoporous TiO2 microspheres with average size of (a) 2
alcination (d). The insets are the corresponding high magnification images.

he key in explaining their DSSC performance differences, as will
e demonstrated in order below.

Besides their pore size difference, the ways in which the pores
re connected may  also be different between the nanoparticle-
nd microsphere-based films. For microsphere-based films, the
nter-microsphere connections at their junctions were built up in
he high temperature calcination procedure, while the connec-
ions between nanoparticles inside the microspheres were mostly
ormed in the hydrothermal procedure. On the other hand, the
nter-nanoparticle connections in nanoparticle-based films were

ade during the calcination process through mass diffusion. Con-
equently, the linkage between the TiO2 building blocks would be
ifferent. For example, the density of adhesive contacts between
he building blocks inside the films plays an important role to

aintain the morphological integrity against the accumulated
tress during the heating process. This explains why  increasing
icrometer-level cracks appeared in the films with the increas-

ng size of the building blocks, from the nanoparticles (Fig. 4d) to

he 200 nm (Fig. 4a), 400 nm (Fig. 4b) and 600 nm (Fig. 4c) micro-
pheres. This would influence the electron transport kinetics as will
e discussed below together with intensity modulated photocur-
ent spectroscopy (IMPS) results.
,  (b) 400 nm,  and (c) 600 nm synthesized by hydrothermal treatment and direct

Diffuse reflectance spectroscopy can reveal the light scatter-
ing capability of the photoanode films [2].  Strong light scattering
increases the effective optical length of the film, contributing to the
enhanced light harvesting in the 600–750 nm wavelength region
for high performance DSSCs. Only when the particle size in the film
is comparable to the visible light wavelength (>400 nm)  will the
light scattering be strong in the visible vision in accordance with
the Mie  theory [34,35].  Unfortunately, large particles inevitably fall
short of the surface area needed to adsorb a sufficient amount of
dye molecules. A way  out is to design a double-layered photoanode
film, namely, a small nanoparticle underlayer overlaid by a large-
particle light-scattering top layer [36]. Even simpler is the use of
mesoporous microspheres with an inherently hierarchical struc-
ture, for which a single layer film can fulfill the dual demands of
dye adsorption and light scattering.

Shown in Fig. 5 are diffuse reflectance spectra of size-tunable
microsphere-based films and the reference nanoparticle film. A
common feature is a steep increase in reflection in the wavelength

region ranging from 350 to 400 nm,  caused by the intrinsic band
gap absorption of TiO2. The light reflection in the visible wave-
length region is associated with the scattering events when photons
transfer through the films; a higher intensity reflects a higher light
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Fig. 4. SEM images of films made of mesoporous TiO2 microspheres with an average size o
with  nearly the same thickness of about 10 �m.  Insets are high magnification images of t

Fig. 5. Diffuse reflectance spectra of the TiO2 films prepared from microspheres
with different average sizes and the commercial nanoparticles. The film thicknesses
are  kept nearly the same at 10 �m.
f (a) 200 nm,  (b) 400 nm,  (c) 600 nm and made of (d) commercial TiO2 nanoparticles,
he corresponding films with scale bars of (a–c) 1 �m and (d) 100 nm.

scattering capability of the film material. Clearly, light scattering
in the reference nanoparticle film is lowest among all of the four
films in the spectral region of interest. Indeed, this film is opti-
cally transparent since closely-packed small nanoparticles make
the film uniform at the length scale of visible wavelengths. The
200 nm microsphere film, however, looks optically translucent due
to enhanced light scattering, giving rise to a reflectance ∼10–20%
higher than the nanoparticle film in the visible range. Increasing
the microsphere size to 400 nm and 600 nm made the correspond-
ing films opaque thanks to the even stronger light scattering of
these microspheres. In detail, these two  films made of the 400 nm
and 600 nm microspheres display little reflectance difference in
the relatively short wavelength range of 400–500 nm, while large
reflectance differences gradually develop at around 600–750 nm,
implying that further increase in the microsphere size to > 400 nm
is less effective for light scattering enhancement, other than just
extending the scattering peak towards a longer wavelength [35].

In short, we can conclude from the above: (1) the size increase
from 18 nm of the commercial nanoparticles to 200 nm and then
to 400 nm of the microspheres results in significant light scatter-
ing enhancement; and (2) further size increase from 400 nm to
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Fig. 6. J–V characteristic curves of the QS-DSSCs based on different mesoporous
m
p

6
t

3

a
l
s
t
T
q
m
e
p
T
fi
l
(
t
o
h
t
n
t
d

o
e
2
p
t
t
o
p
t
b
t
w
a

h
i
m
o

icrospheres and commercial nanoparticles with their thicknesses optimized inde-
endently, as summarized in Table 1.

00 nm microspheres is less effective in enhancing the light scat-
ering enhancement.

.3. Performance test of the QS-DSSCs

The high surface areas of the mesoporous TiO2 microspheres
nd the excellent light scattering ability of their films estab-
ished above are desirable characteristics for QS-DSSCs. Fig. 6
hows photocurrent density–voltage (J–V) characteristic curves of
he representative cells composed of different sized mesoporous
iO2 microspheres and the reference nanoparticles, based on a
uasi-solid state electrolyte using PEO2000000 as the gelator and
easured at 1-sun equivalent light intensity. The measured param-

ters are listed in detail in Table 1. The cell performance for the
hotoanodes was optimized with respect to their film thicknesses.
he dependences of short-circuit photocurrent density (Jsc) on the
lm thickness for the corresponding four solar cells follow a simi-

ar trend: their Jsc firstly increase, then saturate and then decrease
Fig. S5).  The saturated Jsc was reached at different thicknesses for
he four cells, mostly determined by different packing densities
f TiO2 nanoparticles in them. A higher packing density means a
igher roughness factor per thickness and a shorter light extinc-
ion length of a given photoanode film. It follows that the reference
anoparticle film should have the highest packing density, while for
he microspheres, the smaller their size, the higher their packing
ensity in the films, in reference to their SEM images in Fig. 4.

The best performing cell with 6.78% efficiency is found to be the
ne made of the 400 nm microspheres owing primarily to its high-
st Jsc among all the four cells tested. This record efficiency is about
0% higher than that of the TiO2 nanoparticles based DSSC reported
reviously [37], using an optimized PEO2000000 based gel elec-
rolyte. In this comparative study under the same test conditions,
he measured cell performance of the microsphere-based photoan-
des is all significantly higher than that of the nanoparticles based
hotoanode, underscoring the superiority of the microspheres over
he nanoparticles, especially in the highly viscous gel-electrolyte-
ased DSSC system. Among the three different sized microspheres,
he best performing was found to be the intermediate-sized, which
ill be further discussed below together with the results of IPCE

nd IMPS/IMVS measurements.
It is encouraging that the efficiencies of our tested cells are in the
igh end among the QS-DSSCs reported to date [38–40].  In compar-
son to the recently reported liquid DSSC (efficiency > 10%) made of

esoporous TiO2 microspheres [6],  the biggest performance loss
f our cells is in the relatively low fill factor (FF,  ∼0.60 versus 0.76)
Fig. 7. IPCE spectra of the QS-DSSCs based on the mesoporous TiO2 microspheres
and commercial nanoparticles with their film thicknesses optimized independently,
corresponding to the best performing cells listed in Table 1.

and low Jsc (15.3 mA  cm−2 versus 18.2 mA  cm−2). Considering that
much of the low FF and low Jsc of our QS-DSSCs can be attributed to
the large sheet resistance and low transmittance of the FTO glass
we used, the performance of our QS-DSSCs is indeed outstanding.
Especially, the stability of our gel-electrolyte-based DSSCs is quite
good: even without sealing, the cell performance only degrades by
less than 15% after 6 days (Fig. S6). This is due to the gelation effect
of PEO2000000 on the liquid electrolyte precursor, leading to a sig-
nificant viscosity increase of the electrolyte so that the evaporation
of volatile solvent (methoxypropionitrile) in it is minimized.

3.4. Mechanistic studies of the QS-DSSCs

We have shown above that the better cell performance with
the 400 nm microspheres than with others is dominated by the
maximum Jsc contribution. To sort out the contributions to the
Jsc enhancement, we  recorded IPCE spectra of the corresponding
photoanode films [41], which are presented in Fig. 7. In sum, the
400 nm microsphere film appears to make the most of the photons
absorbed by the N719 dye, in keeping with the highest Jsc obtained
with this cell among all the four cells tested. The IPCE reaches a
maximum of 76.6% at 520 nm,  pointing to a nearly quantitative
conversion of the incident photons to electric current when the
light loss due to the FTO glass (∼84% transmittance at 520 nm)  is
taken into account. This indicates that charge collection is not a
limiting factor for the 400 nm microsphere-based cell with the gel
electrolyte. The 200 nm microsphere film shares a similar situation
in terms of charge collection (Table 1), but due to its less effective
light harvesting and thus a lower IPCE in the 600–750 nm regions,
the Jsc is lower. For the nanoparticle film and the 600 nm micro-
sphere film, the maximum IPCE values (Table 1) are evidently lower
than those of the other two  films, alluding to the charge collection
limitation. If so, the similar IPCE for the 600 nm microsphere film to
that for the 400 nm microsphere film in the 600–750 nm region can
only be ascribed to the higher light harvesting ability of the 600 nm
microspheres arising from their strongest light scattering [41]. This
is consistent with their diffuse reflection spectra shown in Fig. 5.

More direct information on charge collection of the cells under
study was  obtained from IMPS/IMVS measurements. For these
measurements, the thicknesses of the film samples were similarly
set at about 5 �m,  which is shorter than the full extinction depth

of light at 525 nm.  The results are shown in Fig. 8. The observed
power law dependence of electron transport time (�t) and recombi-
nation time (�r) on short-circuit photocurrent (Jsc) is in accordance
with the well-known trapping–detrapping model describing elec-
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Table 1
Cell parameters of the best performing QS-DSSCs with photoanodes made of different building blocks.

Samples Light scattering Thickness (�m) IPCEmax (%) �cc Voc (mV) Jsc (mA  cm−2) FF � (%)

200 nm MS  Moderate 7.2 75.4 0.87–0.88 746 14.2 0.60 6.32
400  nm MS Strong 10.6 76.6 0.88–0.90 735 15.3 0.60 6.78
600  nm MS Strongest 12.3 71.3 0.78–0.80 734 14.0 0.63 6.45
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S,  microspheres; �cc, charge collection efficiency of films with thickness of ∼5 �m

ron diffusion in a DSSC [42,43]. The small variations of the slopes
f the curves for the cells can be ascribed to different average coor-
ination numbers of the TiO2 nanoparticles in the four photoanode
lms as revealed by Frank et al. [42,43]:  a higher coordination num-
er corresponds to less sensitive dependence of �t (also �r) on light

ntensity I0 (notice that Jsc ∝ I0). Indeed, the reference nanoparti-
le film has the highest packing density of nanoparticles (see SEM
mages in Fig. 4), and therefore possesses the highest coordina-
ion number, which explains why it has the smallest slope (the
bsolute value) of �t dependence on Jsc. The large-microsphere-
ased films, however, due to the submicrometer pores between the
icrospheres, clearly have a lower coordination number, hence a

arger slope (the absolute value) of �t dependence on Jsc. On the
asis of the above analysis, we believe that the tested IMPS/IMVS
esults are sound.

Several remarks need be made about Fig. 8. Firstly, according
o the expression for charge collection efficiency, �cc = 1 − �t/�r

41–43],  the largest gap between �t and �r observed for the 400 nm
icrosphere film reflects the best charge collection property of this

lm (�cc = ∼0.88–0.90 at different Jsc values). Similarly, �cc for the
00 nm microsphere film is between 0.87and 0.88, confirming the

nference above from the IPCE data. Due to the apparently shorter
r, �cc for the 600 nm microsphere film is decreased to between
.78 and 0.80 and that for the reference nanoparticle film to even
maller values of 0.68–0.73. The trend of varying charge collection
epending on the building blocks for the four test films is consis-
ent with their IPCE maxima: a larger �cc corresponds to a higher
PCEmax (see Table 1).

Secondly, it is interesting to find that �t appears to be less sensi-
ive to the film morphologies than �r. The insensitivity of �t to film

orphology is counter to the result of Kim et al. [8],  who  found
hat a commercial nanoparticle film possess similar �t to that of a

istorted mesoporous TiO2 microspheres film but much shorter �t

han that of a well-defined mesoporous TiO2 microspheres film.
im et al. explained their result in terms of electron transport

ig. 8. Dependence of electron transport and recombination time on Jsc for QS-DSSCs
ased on the mesoporous TiO2 microspheres and commercial nanoparticles under
he  illumination with a 525 nm diode.
0.68–0.73 730 13.0 0.59 5.62

hindrance at the inter-microsphere junctions. The electron trans-
port hindrance would be high in well-defined microsphere films
but low in distorted microsphere films owing to the larger neck-
ing area at the inter-microspheres junctions of the latter which
can facilitate electron transport. Conceivably, the surface rough-
ness of their microspheres and ours might be different due to
the different hydrothermal treatment conditions: we  used ammo-
nia to promote crystallization instead of the neutral solution they
used. Consequently, the surface of our microspheres contained
many rod-like nanoparticles (i.e., it was  rougher, see Figs. 3 and 4)
whereas the microspheres of Kim et al. mostly consist of only
small cube-like nanoparticles, giving a smooth surface. This may
explain why our microspheres tended to attach to each other. It
follows that the problem of inter-microspheres electron transport
hindrance is much less serious in our films. In fact, Sauvage et al.
also showed by impedance measurement that their microspheres
synthesized under similar hydrothermal conditions to ours exhib-
ited a comparable electron diffusion coefficient (associated with
electron transport rate) to that of a P25 nanoparticle film [6].

With reference to the best electron transport property for the
400 nm microsphere film, we  suggest two  possible explanations:
(1) close packing of grains and crystal intergrowth within the
microspheres may  facilitate fast electron transport, a salient feature
not shared by the reference nanoparticle film, as partially reflected
in the low temperature treatment case [14]; (2) the pore structure
of the 400 nm microsphere film may  be best suited for the gel elec-
trolyte penetration, which would enhance the Li+ cations’ specific
adsorption on TiO2 surface and diffusion. As suggested by Shi et al.
[37], the well known ambipolar diffusion model [20], which was
introduced to interpret the effect of cations on electron transport,
is also valid in PEO2000000 gel-electrolyte-based DSSCs. Since fast
Li+ diffusion is a key ingredient in this model for assisting electron
transport, we  suggest that the pore structure plays an important
role here to tune the electron transport rate in our four films tested.

For the sharply different �r caused by varied film morpholo-
gies, we  have a special case for highly viscous gel-electrolyte-based
DSSCs, which is not likely to happen for liquid electrolyte, but is very
common for solid electrolytes, such as OMeTAD [17], or CuI, CuSCN
[16]. Namely, it is associated with the pore filling problem depend-
ing on the pore structure in photoanode films. Sauvage et al. [6]
once found a longer recombination time for a microsphere-based
film than for a P25 nanoparticle film with liquid electrolyte, which
was  ascribed to the close packing of grains and crystal intergrowth
within the microspheres. While this reasoning could apply to our
QS-DSSCs as well, other possible reasons also need be considered
because of the following. First, the reference nanoparticles paste
we employed has been sufficiently optimized by the producer, as
reflected from the high film quality (see SEM image in Fig. 4d). The
as-produced film has achieved good Jsc record in liquid electrolyte
based DSSCs, generally much better than P25 nanoparticle film [8].
So, its charge collection property is considered to be much better
than that of P25 nanoparticle film. While Sauvage et al. [6] ascribed

the shortening of recombination time in the P25 nanoparticle film
in a liquid electrolyte to the insufficient inter-nanoparticles con-
nection, we believe that the inter-nanoparticles connection in our
reference film should be reasonably good. It is thus surprising to
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Scheme 2. Schematic illustration of pore structures and electrolyte penetration into these structures. Left, a mesoporous microsphere film; right, a nanoparticle film. The
bold  red lines highlight the highway for gel electrolyte penetration through the submicrometer pores between the microspheres, while the thin red lines from the surfaces
t cross 

e  reade

fi
a
fi
d
e
o
c
s
g
c

t
I
t
p
fi
t
a
z
a
l
s
e
t
d
b
[
w
s
s
t
8
fi
r
o
t
s

4

a
m
T

o  the core regions of the microspheres and from the top surface to the underlayer a
lectrolyte. (For interpretation of the references to color in this scheme legend, the

nd from Fig. 8 that �r for our reference nanoparticle film is also
bout two times shorter than that for the 400 nm microsphere
lm. This compelled us to propose a new model, which will be
iscussed below, for our special case with a highly viscous gel
lectrolyte instead of a liquid electrolyte. Second, the argument
f close-packing and crystal intergrowth by Sauvage et al. [6] also
annot explain why in our case, the 600 nm microsphere film pos-
esses an evidently shorter �r than the smaller microsphere films
iven that larger microspheres would give rise to more extensive
lose-packing and crystal intergrowth.

To reconcile these observations, we propose a new pore struc-
ure limited penetration mechanism as illustrated in Scheme 2.
n comparison to the densely packed nanoparticle film, in which
he gel electrolyte penetration is hindered by the narrow and long
ore channels across the film thickness of 5 �m,  the microspheres
lms possess much larger interstitial pores on the submicrome-
er scale. Such large pores can allow full electrolyte permeation
nd relatively free diffusion of ionic species, especially for imida-
olium cations with a large molecular radius, and thus essentially
ct as a short-cut highway for the gel electrolyte. Moreover, estab-
ishment of an electrostatic double layer associated with ionic
pecific absorption would be much easier at the semiconductor/gel
lectrolyte contacts in the microsphere films than in the tradi-
ional mesoscopic particulate films, due to the more facile ion
iffusion in the former. Such an electrostatic double layer has
een suggested previously for ionic liquids of 4-tert-butyl-pyridine
44] and imidazole [45], the adsorption of which on TiO2 surface
as found to prolong the recombination time. For microspheres

maller than 400 nm,  this positive effect of the hierarchical pores
eems to be at play to the fullest in prolonging the recombina-
ion time. Further increase of the microsphere size to 600 nm (even
00 nm for some microspheres), however, would increase the dif-
culty of electrolyte penetration from outer surface to the core
egion of the microspheres through its mesopore channels (16 nm
nly in size, Fig. S3)  and thus may  begin to perpetuate nega-
ive effects, leading to shorter recombination times than those for
maller microspheres.

. Conclusion
By using a kinetically controllable, surfactant-directed self-
ssembly strategy, alongside the subsequent hydrothermal treat-
ent, we have successfully achieved size control of mesoporous

iO2 microspheres in the range of 200–600 nm.  Key to the micro-
the nanoparticle film highlight the narrow pore channel limited diffusion of the gel
r is referred to the web version of this article.)

spheres synthesis is to control hydrolysis/condensation rates of
the Ti source by the formation of DA modified hybrid chains,
which allow the formation of hybrid micelles via kinetic control
and their subsequent self-assembly into the microspheres. Our
successful control over the microsphere size has allowed us to
conduct the comparative study on the use of these microspheres
in QS-DSSCs. Demonstrated are the high surface area provided
by the inherent pores, efficient light harvest by the microsphere-
enhanced light scattering, and efficient charge collection brought
about by the excellent in-microsphere contacts and facilitated gel
permeation in-between the microspheres. Photoanodes made from
size-tunable microspheres have been studied in a gel-electrolyte-
based DSSC system, with a commercial nanoparticle film as the
reference. The light scattering capability of the microspheres films
in the visible spectral region was found to increase significantly
when the microsphere size was increased from 200 nm to 400 nm,
but much less so from 400 nm to 600 nm.  Charge collection for
the 200 nm and 400 nm microsphere films turned out to be most
efficient of all the four tested photoanode films, due primarily
to their longest electron recombination times, facilitated by their
optimized pore structures. We  have proposed a new mechanism
which can explain the microsphere size dependent charge trans-
port properties. Specifically, long and narrow pore channels for
the 600 nm microspheres and the nanoparticle films are suggested
to hinder gel electrolyte penetration, leading to decrease in their
electron recombination times. By judiciously striking a balance
between strong light scattering and good charge collection, the
400 nm microsphere based QS-DSSC has achieved the highest effi-
ciency of 6.78%. This work has demonstrated the potential of the
mesoporous microspheres in QS-DSSCs and the importance of opti-
mizing the mesoporous microsphere size for attaining the best
cell performance. The optimization principle will be of great value
for the future development of QS-DSSCs, since the microspheres
can be easily produced in large-scale and their hierarchical pore
structure is distinct from traditional nanoparticle films, holding a
considerable promise to solve the common pore-filling problems
in quasi-solid state or solid state DSSCs.
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