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Monodisperse anatase hierarchical microspheres were produced via a simple sol-gel process. These
microspheres in the sub-wavelength diameter of 320-750 nm could scatter visible light efficiently
as whispering gallery modes (WGM) corresponding to the dye sensitized wavelength, and load a large
number of dye molecules with a large surface area (149.82 m? g~%). Dye-sensitized solar cells (DSCs)
based on the microsphere monolayer adsorbed light fully over the entire wavelength region and facilitated
electrolyte diffusion due to larger voids between the microspheres, compared to the conventional film.
Furthermore, the dynamics of electron transport and recombination was investigated systematically,
indicating the higher charge collection efficiency of the TiO, microsphere film. Overall, DSCs based on
the 7.5 um hierarchical microsphere monolayer exhibited more outstanding photovoltaic performances,
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yielding a high power conversion efficiency (PCE) of 11.43% under simulated AM 1.5 sunlight. Half of the
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1. Introduction

Mesoporous films composed of TiO, nanoparticles with a high
surface area for adsorbing a large number of dye molecules and
with tuneable continuous pores for electrolyte transport have
been assembled into dye-sensitized solar cells (DSCs), resulting in
a PCE of 12% in recent years." The semiconductor TiO, plays an
important role in dye adsorption, separation and transportation
of photo-generated carrier charges in DSCs. In order to achieve
high efficiency, appropriate film morphologies and textures it is
necessary to control the crystallinity, porosity and composition.
Three TiO, crystalline forms including rutile,>® anatase>* and
brookite® have been extensively used for investigation of DSCs,
and it was found that the anatase structure exhibits remarkably
excellent electrochemistry. The film microstructures, for example,
one dimensional structures,®'® inverse opal structures,'™?
and blocking layers,">'* are also attractive for promoting the
charge collection efficiency.

A typical photoelectrode structure of the double-layer includes
a ca. 10 pm dye loading layer (around 20 nm anatase particles)
and a ca. 4 pm light-scattering layer (300-500 nm particles).
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Since Rayleigh scattering caused by small nanoparticles is
too weak to scatter the visible light,"> the light is directly
transported through the small size particle film until it is
reflected backward by the large particles, leading to a short
optical path in the films. Additionally, this scattering
layer loads a few dye molecules due to its small surface area.
Therefore, it is highly desirable to develop a bifunctional film
to scatter visible light effectively and also have a large surface
area for dye molecule adsorption. Furthermore, Chen'®'’
introduced previously the mesoporous TiO, microspheres into
DSCs to improve the film structure. Dai developed the struc-
tures of microspheres by the Au plasma'® and modified the
synthesis process'>*° to improve the PCE of DSCs. Herein, we
have developed a close-packed bifunctional film composed of
anatase hierarchical microspheres with appropriate diameter
distribution. This structure reveals the improved visible light
scattering and dye adsorption properties.

In this paper, TiO, hierarchical microspheres were prepared by
a simple sol-gel method using ethanol and potassium chloride to
control the hydrolysis and condensation reaction of titanium
tetraisopropoxide, and their high crystalline frameworks were
formed by hydrothermal treatment. Firstly, the monodisperse
amorphous spheres with a diameter of 400-550 nm were prepared
by the hydrolysis of a titanate precursor. After hydrothermal
treatment with different ammonia concentrations, the hier-
archical microspheres were formed by anatase nanoparticles
with different sizes, and the diameter of microspheres ranged
from 320 nm to 750 nm. Compared to the nanoparticle film,
the TiO, hierarchical microsphere monolayer exhibited much
more excellent optical characteristics, in which the light was
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Scheme 1 Diagram of the light multiple diffractions and reflections
(yellow line) and the electrolyte diffusion (red line) in the TiO, hierarchical
microsphere monolayer.

scattered many times to extend the optical path until it was
adsorbed absolutely (Scheme 1). The films also had a large
surface area (149.82 m” g~ ") for dye adsorption and exhibited
the interstitial voids for easy electrolyte diffusion. Based on this
excellent monolayer, DSCs exhibited a high photovoltaic per-
formance, with a PCE of 11.43%. The electron transport and
recombination properties of the DSCs were also investigated
systematically by IMPS, IMVS and EIS.

2. Experimental
2.1 Materials and reagents

Titanium tetraisopropoxide, Lil, I, 4-tert-butylpyridine (TBP), and
acetonitrile (AN) were purchased from Sigma Aldrich. Ethanol,
KCl, titanium tetrachloride (TiCl,), ammonia (25%), triethyl-
amine, ethyl cellulose and terpineol were obtained from
Sinopharm Chemical Reagent Co. Ltd, China. 1,2-Dimethyl-3-
n-propylimidazolium iodide (DMPII) was synthesized from
1,2-dimethylimidazole and propyl iodide purchased from Sigma
Aldrich. Conducting glass (F-doped SnO,, 15 Q [~ resistances
and 90% transmittance) was obtained from Libbey-Owens-
Ford Co., USA. The dye was N719 and C106, respectively.*"
The electrolyte was composed of 0.5 M LiI, 0.1 M I,, 0.6 M
tetrabutylammonium iodide, and 0.5 M tertbutylpyridine in
acetonitrile.

2.2 Synthesis of TiO, hierarchical microspheres

A typical synthesis of amorphous TiO, microspheres was per-
formed as follows."®**> A 200 ml ethanol solution was mixed
with 0.8 ml of KCI (0.1 M) aqueous solution, dropwise adding
4 ml of titanium tetraisopropoxide at ambient temperature
under a N, gas atmosphere under vigorous stirring for 10 min.
The mixture solution was reacted statically for 3 h and a white
precipitate was collected using a Millipore filter followed by
washing with ethanol several times. Hydrothermal treatment
was carried out in order to obtain TiO, hierarchical nanoporous
spheres with a high crystalline framework. 2 g of the white
amorphous precipitates were dispersed in a mixture solution of
60 ml ethanol and 30 ml distilled water, and then different
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amounts of ammonia were added (0.0, 0.4 and 0.8 ml ammonia
for samples S1, S2 and S3, respectively) under vigorous stirring.
After stirring for 30 min the mixtures were placed in a Teflon-
lined autoclave and treated at 160 °C for 20 h. The final
products were collected by filtration and washed with ethanol
and distilled water several times, respectively. The resultant
powders were dispersed in ethanol for paste preparation.

2.3 Synthesis of TiO, nanoparticles

TiO, nanoparticles (NP) were prepared by the typical sol-gel
procedure.”® Titanium tetraisopropoxide (30 ml) was rapidly
added to distilled water (60 ml) under vigorous stirring and
then stirred for 30 min. A white precipitate formed immediately
after addition of titanium tetraisopropoxide. The colloid was
filtered and washed with distilled water and ethanol, and then
placed in a closed vessel containing 30 ml of 0.6 M triethylamine
aqueous solution and stirred at 90 °C until the slurry became a
translucent blue-white liquid. The solution was moved to a
Teflon-lined autoclave and treated hydrothermally at 220 °C for
5 h. After growth, the anatase nanoparticles were formed. The
final powders were collected by centrifugation and washed with
ethanol and distilled water several times, respectively.

2.4 Fabrication of DSCs

A series of pastes containing TiO, hierarchical spheres and
nanoparticles were prepared as shown in our previous work.°
Ethyl cellulose (15.0 g) and terpineol (15.0 g) were added into
the ethanol suspension including 3.0 g TiO,. The ethanol in
solution was then removed by rotary evaporation to form
viscous pastes. The colloidal paste was coated on conducting
glass substrates®* by screen-printing. The films (0.25 cm?) were
dried at room temperature for 10 min, and then sintered at
450 °C for 30 min in air, which were about 7.5 + 0.3 pm thick.
For obtaining a high performance, the freshly sintered films
were immersed in the TiCl, (0.05 M) aqueous solution and
placed in a closed vessel at 60 °C for 30 min. After washing with
ethanol, the films were sintered again at 450 °C for 30 min. After
cooling to 120 °C, these films were immersed in the dye solution
for the whole night. The dye-loaded working electrode was
assembled with a Pt-sputtered counter electrode and electrolyte
by a 60 pm thermal adhesive film (Surlyn, Dupont). The DSCs
fabricated from samples S1, S2, S3 and anatase nanoparticles
were labeled as DSC-S1, DSC-S2, DSC-S3 and DSC-NPs.

2.5 Characterization

Morphologies of the samples were observed using a field
emission scanning electron microscope (FE-SEM, Sirion 200,
FEI Corp, Holland) and a transmission electron miscroscope
(TEM, JEOL-2010, Japan). The crystallinity of TiO, hierarchical
microspheres was characterized by X-ray powder diffraction
(XRD, TTRAX3, CuKo/1.54 A radiation, Rigaku, Japan). BET
surface areas and the pore size of the sample powders were
characterized using a BELSORP surface area analyzer. Diffused
reflectance and transmittance spectra were recorded using a
UV-vis spectrophotometer (U-3900H, Hitachi, Japan). The thick-
nesses of the films were measured using a surface profilometer
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(XP-2, AMBIOS Technology Inc., USA). In order to analyze the
surface concentration of the adsorbed dye in the films, the dye-
loaded films were immersed in 0.1 M NaOH solution to desorb
the dye, and then the absorption spectra of the desorbed-dye
solution were recorded using a UV-vis spectrophotometer.
The current density-voltage (J-V) characteristics of the solar
cells were recorded using a Keithley 2400 digital source meter
(Keithley, USA) under simulated sunlight (100 mW cm?)
illumination provided by a xenon lamp (Oriel, USA) with an
AM 1.5 filter. The incident monochromatic photon-to-current
conversion efficiency (IPCE) was measured on the basis of the
QE/IPCE Measurement Kit (Newport, USA). The electrochemical
impedance spectra (EIS) were recorded using a computer con-
trolled potentiostat (IM6ex, Zahner, Germany) in the frequency
region from 20 mHz to 1000 kHz. The electron transport and
recombination properties were measured by intensity-modulated
photocurrent/photovoltage spectroscopy (IMPS/IMVS). For
these measurements, a potentiostat controlled by a computer
supplied the bias potential (IM6ex, Zahner, Germany) and
light emitting diodes (Expot, Zahner, Germany) supplied the
modulated light.

3. Results and discussion

The monodisperse amorphous microspheres were prepared by a
sol-gel process, during which the concentrations of all reactants
influenced the size distribution. Fig. 1 shows FE-SEM images of
the as-prepared precursor and TiO, hierarchical microspheres
after hydrothermal treatment with different ammonia concen-
trations. The precursors were monodisperse submicron spheres
with a diameter of 400-550 nm, displaying a rather smooth
surface and a firm body without crystalline features (Fig. 1la
and b). The amorphous spheres were treated in a mixture of
ethanol and water with different amounts of ammonia at 160 °C
for 20 h in order to get the TiO, hierarchical porous spheres
with a high surface area. After hydrothermal reaction, samples
retained their spherical shape. Cheng'® and Yang”® previously
reported that the size of spheres would shrunk to some extent.
But in our experiment we found the growth of microspheres in
the solution corresponding to the Ostwald ripening model. The
big spheres grew larger from 550 nm to 750 nm in diameter,
while small ones shrunk from 400 nm to 320 nm (Fig. 1c-h).
Furthermore, a few spheres broke up into irregular clusters or
nanoparticles in the solution with a high ammonia concen-
tration. The wide diameter distribution of spheres was beneficial
to expand the wavelength scope of scattering light. The spheres
of the S1 sample were composed of the nanoparticles which were
11.7 + 0.5 nm in diameter and compacted together observed
over the surface of the spheres (Fig. 1c). The porous spheres of
samples S2 and S3 treated in the mixture solution with ammonia
had similar diameter distribution to sample S1. However, an
increase in the nanoparticle size and a change in the morphology
were observed in the presence of ammonia. The porous spheres
of samples S2 and S3 were consisted of elongated nanoparticles
with an average size of 16.0 £ 1.0 nm and 21.5 = 0.5 nm in
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Fig. 1 FE-SEM images of the as-prepared spherical precursor (a and b),
TiO, hierarchical microspheres after the hydrothermal treatment with
different amounts of ammonia: sample S1 without ammonia (c and d);
sample S2 with 0.4 ml ammonia (e and f) and sample S3 with 0.8 ml
ammonia (g and h).

width and 39.2 + 2.0 nm and 55.0 £ 3.0 nm in length,
respectively. Upon increasing the ammonia concentration in
the hydrothermal process, the size of the nanoparticles
increased and the pore of the spheres enlarged from 7.28 nm
to 12.39 nm. But the specific surface area decreased from
149.82 m”> g~ ' of S1 to 87.45 m> g~ of S3 (Table 1). In the
nanoparticle coarsening process, the solutions with ammonia
were alkaline to ensure the TiO, crystal to be anatase without
other phases. With increasing ammonia concentration, the Ti
solubility increased to promote the TiO, redissolution from the
amorphous phase and the nanoparticles grew larger, leaving
lots of nanopores, even some small microspheres cracked into
nanoparticles. Primarily due to Ostwald ripening, the anatase

Table 1 Physical properties of the TiO, hierarchical spheres (S1, S2 and
S3) and nanoparticles

BET surface area  Pore size  Porosity =~ Dye amount
Samples (m?>g ") (nm) (%) (mol g ")
S1 149.82 7.28 63.25 1.18 x 107*
S2 92.53 9.30 66.31 7.67 x 107°
S3 87.45 12.39 64.17 7.21 x 107>
NP 74.66 19.24 66.23 6.84 x 10°°
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Fig. 2 (aand b) TEM images of TiO, hierarchical microspheres, (c) HRTEM
image of the nanoparticles with a high crystalline structure in the micro-
sphere, (d) XRD patterns of the TiO, hierarchical microspheres.

crystals grew larger, with a wide particle size distribution. In the
ammonia solution, NH," was adsorbed on the nanoparticles’
surface to enhance the interfacial surface tension for helping in
crystal growth.

Fig. 2a displays that the TiO, hierarchical microsphere is
relatively porous, while the nanoparticles in spheres intercon-
nect tightly. Importantly, the connected nanopores emerged in
the TiO, hierarchical spheres in the crystallization process
(Fig. 2b). The pore size was feasibly tuned, depending on the
ammonia concentration. After the hydrothermal treatment, the
hierarchical microspheres grew into a highly crystalline anatase
framework, which exhibited 0.35 nm spacing between adjacent
layers, corresponding to the distance between (101) planes of the
anatase structure (Fig. 2c). Fig. 2d also shows the X-ray diffrac-
tion (XRD) patterns of the samples (S1, S2 and S3), indicating
that they have highly crystalline anatase structures without any
impurity phase. Ammonia played an important role in the
crystallization process of the TiO, hierarchical spheres, the
crystallization of which was higher in the mixture solution
with a higher ammonia concentration. The crystal sizes of the
samples (S1, S2 and S3) determined from the full width at half
maximum of the anatase (101) peak using the Scherrer equation
were 7.40 nm, 13.12 nm and 15.30 nm, respectively, corres-
ponding well to that measured from FE-SEM images.

In order to investigate the light characteristics of the TiO,
hierarchical microsphere monolayer, the films with comparable
thicknesses were prepared by the screen-printing technique.
Typical films were prepared using ca. 20 nm anatase nano-
particles for comparison. Fig. 3 shows UV-vis transmittance
and diffused reflectance spectra of films based on TiO, hier-
archical microspheres and nanoparticles with a similar thick-
ness (4 = 0.2 pm). The nanoparticle film had a higher
transmittance than 80% at the dye-sensitized wavelength range
from 400 nm to 800 nm (Fig. 3a). However, the light in the S1
film was almost completely suppressed to transport through, in
addition, the transmittance of the films based on samples S2
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Fig. 3 (a) Transmittance and (b) diffused reflectance spectra of films based
on samples S1-S3 and nanoparticles with a similar thickness (4 + 0.2 pm).

and S3 which were both less than 15%. Based on WGM,
wavelength-scale dielectric spheres could diffractively couple
light from free space as the photonic plasma to increase light
adsorption.”® The sub-wavelength diameters of the TiO, micro-
spheres in 320-750 nm just corresponded to the dye sensitized
light wavelength region so that the enhancement of light har-
vesting could lead to the increase of the charge injection
efficiency. The diffused reflectance of TiO, hierarchical sphere
films was much higher than that of nanoparticle films, indicat-
ing that TiO, hierarchical microspheres had a higher light
scattering ability to scatter light many times for prolonging the
optical path length in the films. The S1 film showed the
strongest reflectance which was about 50% in the 400-800 nm
range (Fig. 3b). The reflectance of S2 and S3 films was little lower
than that of the S1 film due to larger pores in the S2 and S3
spheres, leading to more light transport through the spheres. In
addition to enhancing the light harvesting, the films also had an
ability to load enough dye molecules for light adsorption. Hence
the adsorption capacity of the N719 dye was analysed by measur-
ing the eluted dye concentration from the porous TiO, films using
UV-vis absorption spectroscopy. Compared t0 6.84 x 10> mol g~
of the TiO, nanoparticles, the TiO, hierarchical microsphere films
(S1, S2 and S3) displayed higher dye adsorption capacity values
of 1.18 x 107% 7.67 x 107> and 7.21 x 10> mol g},
respectively. The more the dye adsorption of the films, the
larger the charge injection efficiency of DSCs. But the dye
surface concentrations of TiO, hierarchical spheres were lower
than 0.55 molecules per nm* of the nanoparticles, calculated
from the BET specific surface area of the samples, whose
concentrations were 0.47, 0.49 and 0.50 molecules per nm?*
for S1, S2 and S3 films. This result indicated that the surfaces
inside the TiO, hierarchical spheres could be successfully
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accessed to load by the dye molecules. The lower dye coverage
of TiO, films leads to a positive shift of the conduction band
and an increase of opportunities of charge recombination
reaction with I;7.%7

To quantify the light utilization efficiency, the incident mono-
chromatic photon-to-current conversion efficiencies (IPCEs) of
DSCs based on the different hierarchical microspheres were
measured, which were defined as the number of electrons
flowing through the external circuit by an incident photon at a
given wavelength. The IPCE can be rationalized using the
following equation:*®

IPCE(/) = LHE(A) X @inj X flc 1)

where LHE(A) is the light harvesting efficiency, @i, is the
quantum yield of the charge injection from the excited dyes
to the TiO, conduction band, and #. is the charge collection
efficiency. The IPCE spectra of DSCs consisting of TiO, films
sensitized with the N719 dye are shown in Fig. 4. The IPCE
values of the TiO, hierarchical spheres were higher than those
of the nanoparticles over the entire wavelength region, besides
the IPCE spectra of S2 attained the highest value for which the
maximum value was 68.3% at 520 nm (Fig. 4a). By contrast the
maximum IPCE of the nanoparticle film was only 52.2% at
the same wavelength. Such a significant enhancement was
likewise maintained in the red region of light (550-750 nm),
for example, 54% IPCE at 600 nm for S2 films compared
to 26.1% for nanoparticle films. Each IPCE maximum was
normalized to 100% (Fig. 4b). It was visualized that the TiO,
hierarchical sphere morphology had a strong impact on light
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Fig. 4 (a) IPCE spectra of DSCs based on the 7.5 um films composed of
TiO, hierarchical spheres (S1, S2 and S3) or anatase nanoparticles with
TiCl, post-treatment sensitized with the N719 dye, (b) the normalized IPCE
spectra of DSCs.
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conversion efficiency, especially the conversion of lower photo
energies at red light from 550 nm to 750 nm. We attributed the
main factor to the enhancement of LHE(4) which is related to
the dye uptake amount on the TiO, surface and light scattering.
Much more effective light scattering and a larger adsorption
amount of the N719 dye of TiO, hierarchical spheres would
yield a larger LHE(Z) value. This notable increase in IPCE would
lead to a significant advantage in terms of short circuit current
density (Jsc) for TiO, hierarchical sphere films. However, the
IPCE values of the S1 films with the highest diffused reflectance
and dye amount were lower than those of the S2 films. The S1
and S2 films had no difference in electron injection efficiency
@inj with similar crystallinity, structure and dye, which was
related to the energy discrepancy between the conduction band
of TiO, and the excited level of the dye. So 5. was a critical factor
affecting the light conversion efficiency of the TiO, hierarchical
microsphere films. Two factors determined the charge collec-
tion efficiency, which also affected charge recombination at the
TiO,/electrolyte/dye surfaces and electron transport in the
porous TiO, films.

The electron transport in mesoporous TiO, films of the DSCs
has been interpreted by the multiple-trapping model,***° which
is limited by both trapping and the film morphology. The longer
the charge transport pathway, the more the electrons undergo
trapping and detrapping events and the longer they spend in the
TiO, network before being collected by substrates. IMVS/IMPS
was used to study the dynamics of electron recombination
and transport in the films. IMPS and IMVS measurements
were analysed to obtain the electron transport time (rq) and
lifetime (t,) by fitting the frequency-dependent response using
the expressions:*'

Ta = 1/2nfdmin (2)

Tn = 1/27fimin (3)

where fymin is the characteristic frequency minimum of the
IMPS imaginary component and f,nin is the characteristic
frequency minimum of the IMVS imaginary component. As
shown in Fig. 5a, the electron transport times of DSCs as a
function of the short circuit photocurrent (Js) under the
610 nm simulated light illumination were not seen to display
a strong dependence relation. At the same photocurrent,
DSC-S1 showed the longest electron transport time, in which
14 values were about 2 times that of DSC-S2, whereas DSC-S3
and DCS-NP had the similar values. The electron transport time
depended on not only the interparticle necking and the net-
work topology of the TiO, films but also the light intensity and
the distribution of traps.** For S1 hierarchical spheres with a
well-defined structure, electron transport in the single sphere
would be highly efficient, since the nanoparticles were tightly
interconnected to one another with small pores. However, the
neck area between the spheres was too small, which limited the
electron transport resulting in the slow diffusion of electrons in
S1 films. Another reason for the slow electron transport could
be explained by the enlargement in the distribution of surface
trap states in S1. The electron transport time involves an
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Fig. 5 Comparison of (a) electron transport time and (b) electron lifetime
in the TiO; hierarchical spherical films and nanoparticle film as a function
of the short circuit photocurrent for 610 nm laser illumination.

exponential distribution of the localized trap states, the depen-
dence is expressed using the relation:**

Ta=Je ! (4)

where parameter « is related to the steepness of the exponential
trap-state distribution. The surface trap state is linearly propor-
tional to the surface area of the inner film.** At the same short
circuit photocurrent, the S1 film with a higher surface area had
lower electron transport than those of the other samples. The
spheres of S2 had a rather rough surface, and some amorphous
sphere broke down to nanoparticles which would be placed in
the voids between S2 hierarchical spheres to enlarge the neck
area of the spheres. The structure based on this situation was
beneficial for the electron diffusion, and especially the larger
neck area allowed the large number of electrons to transfer, so
the 74 value of DCS-S2 was the smallest. However, the electrons
did not transport fast in the single S3 sphere compared to the
nanoparticle film because the nanoparticles of the S3 sphere
with large size pores interconnect loosely. Furthermore, sample
S3 had more amorphous spheres broke up into nanoparticles
than sample S2 in the hydrothermal process so that the film
prepared from S3 was similar to the nanoparticle films with
large size pores and less coordination particles.

The electrons were dominantly captured by the surface-
adsorbed molecular iodine species at the surface defect traps
of the TiO, film. To account for recombination in the TiO,
hierarchical microsphere film, the 7, values of DSCs were
evaluated by IMVS analysis as in Fig. 5b. The defect trap density
of the TiO, hierarchical spheres with a larger surface area
should be higher than that of the nanoparticles if we assumed
that the surface defect trap density per unit area was the same,
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which would result in an increase of the electron lifetime.*”
Fig. 5b shows clearly that the electron lifetimes of the TiO,
hierarchical microspheres increase obviously with increasing
BET surface areas. The 1, value of DSC-S1 was observed to be
superior, by about two times, in comparison to that of DSC-NP,
indicating a slower electron recombination with the oxidized
electrolyte species. But the relatively high value of the slope of the
fitting line for DSC-S1 in Fig. 5b implies that the 7, value reduces
more rapidly with increasing short circuit photocurrent. The
rate of recombination was in direct proportion to the electron
concentration of the TiO, film, based on the transport-limited
recombination model.*®> With an increase in the incident photon
flux of 610 nm laser illumination, the electron injection efficiency
of DSCs increased. The net increase in the number of injected
charges of DSC-S1 with a larger amount of N719 dyes was larger
than those of other DSCs. However, a larger number of charges
were limited by the narrow neck between the individual spheres
of the S1 film and could not be collected promptly by the
substrate due to the slow electron transport in the S1 film. The
accumulation of charges in the S1 film enhanced the electron
concentration, more than those of other DSCs. So the rate of
recombination of DSC-S1 increased more rapidly and the electron
lifetime shortened more seriously.

The achievement of optimum 7. in the DSCs should require a
faster electron transport and slower recombination between these
two conflicting constraints. The charge collection efficiency of the
photo-injected electrons from sensitized dyes was estimated from
the respective time constants for the charge recombination
and transport process, which is described using the relation:*®
e =1 — 74/th. The calculation shows that the charge collection
efficiency of DSC-S2 was the highest, 91.80%, 5% improvement
compared to that of DSC-NP. There was no discrepancy over the
full range of the short circuit photocurrent for the 7. values in
DSC-S2, DSC-S3 and DSC-NP. But the 7. value of DSC-S1
decreased from 90% at 0.37 mA cm > of the short circuit
photocurrent to 84.15% at 2.46 mA cm 2. The low charge
collection efficiency led to a low IPCE value, which confirmed
the IPCE analysis results.

To further understand the dynamics of electron transport
and recombination in the DSCs, the EIS analysis of DSCs was
conducted under forward bias (—0.76 V) in the dark. I;~ was
generated at the counter electrode and penetrates the porous
TiO, film by diffusion, and then was reduced at the TiO,
surface traps by electrons transported through the TiO, film.
The charge transfer resistance (R) and chemical capacitance (C)
were obtained by fitting the semicircles in the Nyquist plots of
Fig. 6. In the semicircles these internal resistances were related
to the sheet resistance of substrates (R;), the charge transfer
processes at the Pt counter electrode (R,), the charge transpor-
tation at the TiO,/electrolyte/dye interfaces (R;), and iodine
Warburg diffusion in the electrolyte (Rgie), respectively. Here
we focused on internal resistances at the TiO,/electrolyte/dye
interfaces and Warburg diffusion, in which the TiO, hierarch-
ical microspheres played an important role in the long electron
lifetime and fast iodine diffusion. It was obvious that the R;
values of DSCs composed of TiO, hierarchical microspheres
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Fig. 6 Electrochemical impedance spectroscopy (Nyquist plots) of DSCs
based on TiO, hierarchical spheres (S1, S2 and S3) and nanoparticles. The
line in the figure shows the fitted results, the scattered dots are experi-
mental data. The inset is the equivalent circuit.

were higher than that of DSC-NP, whereas the R; value
decreased from 58.33 Q of DSC-S1 to 40.96 Q of DSC-S3
(Table 2). Strikingly, the electron recombination of DSC-S1 with
higher resistance was more remarkably retarded. The capaci-
tances increased linearly with the dye concentration of the
samples from 0.75 mF of DSC-S1 to 0.92 mF of DSC-NP. The
chemical capacitance was linearly dependent on the effective
surface area which was coated by the dye.*® The electron
lifetime of DSCs could be calculated by 7, = R; x C; from the
EIS fitting results. The calculation revealed that DSCs based on
TiO, hierarchical spheres had a longer electron lifetime com-
pared to DSC-NP, corresponding to the IMVS analysis results.
The diffusion of I"/I;~ redox couples in the TiO, film was
dependent on the pore size and interconnection between the
pores of the film. For the TiO, hierarchical microspheres,
electrolyte diffusion in the individual internal spherical struc-
ture would not be efficient, since an internal pore diameter was
rather small for highly efficient diffusion of electrolytes.?” But
the inefficient diffusion distance was very short in the spheres,
such as only 360 nm of the maximum diffusion length from the
surface to the core of the sphere with a diameter of 720 nm.
However, the large external pores among the spheres of the TiO,
film would provide a highway for electrolyte diffusion through
the TiO, hierarchical sphere film. The Warburg resistances of
DSCs based on the TiO, hierarchical spheres were much less
than that of DSC-NP (Table 2), whereas the Ryt values increased
from 1.29 Q of DSC-S1 to 6.46 Q of DSC-S2. The diffusion
constants (Dy,-) of I;~ ions were determined by fitting the
impedance values to be higher than 3.46 x 107® cm® s™' of

Table 2 The fitting data from the EIS measurements (Nyquist plots) of
DSCs at —0.76 V forward bias in the dark
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DCS-NP (Table 2). A well-defined spherical film with a large pore
structure between spheres was beneficial for electrolyte diffusion
with a large diffusion constant, which would provide a higher
short circuit photocurrent for DSCs.

The porous films were prepared from TiO, hierarchical
microspheres as the photoelectrodes (7.5 + 0.3 pm) to be
assembled into the DSCs, and their reference cell (DSC-NP)
was composed of 7.5 um nanoparticles (around 20 nm) and
4 pm scattering layers of particles (diameter, around 300 nm),
sensitized with the N719 dye. Fig. 7 shows the J-V character-
istics of DSCs under simulated AM 1.5 sunlight (100 mW cm™?).
Detailed photovoltaic parameters, such as the open-circuit
voltage (Voo), Jse, the fill factor (FF), and the photovoltaic
conversion efficiency (i), are summarized in Table 3. Compar-
ing the performance of devices with different TiO, hierarchical
microspheres, the V,. value of DSC-S1 was the highest, 751 mV,
whereas the V.. values of the DSCs were observed to be reduced
with decreasing BET surface areas of the samples. The Fermi
energy level of the TiO, hierarchical microsphere film shifted
negatively, originating from the enhancement of the electron
concentration in the conduction band of films with increasing
adsorbed dye amount. The fill factor was determined by the
internal resistance of the DSCs. The FF values of DSCs prepared
from the TiO, hierarchical spheres were higher than that
of DSC-NP, due to these DSCs had smaller iodine Warburg
resistances. Therefore, the major reason for the enhancement
of the photovoltaic conversion efficiency was higher Js. of DSCs
due to more effective light scattering and larger surface
areas for loading the dye molecules in the TiO, hierarchical
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Fig. 7 J-V curves of DSCs prepared from the TiO, hierarchical micro-
spheres and nanoparticle electrodes under simulated AM 1.5 sunlight
(100 mW cm™3).

Table 3 Photovoltaic properties of DSCs assembled by the electrodes of
the TiO, hierarchical microspheres and nanoparticles with similar
thicknesses

Samples R; (Ohm) C; (nF) Tygs (MS) Raigr (Ohm) Dy - (cm®s™!)  Samples Voe (mV) Jse (mA em™?) FF (%) 1 (%)

S1 58.33 0.75 43.75 1.29 6.13 x 10°° S1 751 16.19 76.04 9.24 £ 0.13
S2 52.80 0.79 41.71 2.98 5.50 x 107° S2 749 16.98 76.32 9.70 + 0.12
S3 40.96 0.88 36.04 6.46 4.44 x 10°° S3 738 15.69 76.63 8.86 + 0.22
NP 29.13 0.92 26.91 12.47 3.46 x 10°° NP 734 14.16 73.48 7.64 = 0.23
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Fig. 8 J-V curves of DSC based on the S2 hierarchical microsphere
electrodes sensitized by the C106 dye under simulated AM 1.5 sunlight
(100 mW cm™3).

microsphere films (Fig. 7). Notably, the DSCs composed of the
microspheres exhibited higher J., corresponding to the IPCE
measurement results. The J,. value of DSC-S2 showed 19.92%
improvement from 14.16 mA cm™~> of DSC-NP. The TiO, hier-
archical microspheres scattered the light many times in the film
and loaded more dye molecules to adsorb the light, which aimed
to take full advantage of light for DSCs. DSC-S2 exhibited the
highest PCE of 9.70% with a Vo of 749 mV, a . of 16.98 mA cm ™,
and a FF of 76.32%, an 26.96% enhancement compared to
7.64% PCE of DSC-NP.

Furthermore, for yielding more high photovoltaic conver-
sion efficiency, the S2 film was treated with TiCl, solution, and
then sensitized by C106 dye molecules. The front of the solar
cell was masked by an aperture, which was slightly larger than
the TiO, area. Fig. 8 displays the high photovoltaic performance
of DSCs based on the S2 film, exhibiting a PCE of 11.43%, with
a Vye of 720 mV, a J,. of 22.92 mA cm ™2, and a FF of 69%. Thus,
these results indicated that the DSCs fabricated using ultrathin
porous monolayers based on the hierarchical microspheres
exhibited a high efficiency, meanwhile, the lower amount of
TiO, used cuts the cost of device manufacture.

4. Conclusions

In summary, highly crystalline TiO, hierarchical microspheres
were prepared by hydrothermal treatment with various
amounts of ammonia. These microspheres consisted of nano-
particles of various sizes, revealing a large surface area for dye
adsorption and continuous pore distribution for electrolyte
diffusion. The visible light through the TiO, hierarchical sub-
wavelength microsphere film would be effectively scattered
many times to enhance the light harvesting for DSCs, leading
to higher IPCE values compared to that of DSC-NP in the
400-800 nm region. Strikingly, DSC-S2 collected electrons more
efficiently with faster electron transport and longer lifetime,
compared to DSC-NP. In addition, the electrolyte diffused easily
through the large pore among the spheres. The DSCs based on
the 7.5 pm TiO, hierarchical microspheres displayed excellent
photovoltaic performances, besides DSC-S2 exhibiting the

32300 | Phys. Chem. Chem. Phys., 2016, 18, 32293-32301
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highest conversion efficiency, 11.43%, significantly higher than
7.64% of DSC-NP. Therefore, the sub-wavelength microsphere
could take full advantage of visible light in the ultrathin mono-
layer and loaded a large number of dyes for light adsorption.
It was proven that the TiO, sub-wavelength microspheres were
an excellent alternative for high efficiency and low cost DSCs.
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