Journal of Alloys and Compounds 509 (2011) 10121-10126

Contents lists available at ScienceDirect

Journal of

ALLOYS
AND COMPOUNDS

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jallcom

Anatase TiO, sols derived from peroxotitanium acid and to form transparent TiO,
compact film for dye-sensitized solar cells

Difeng Qian?, Yaogang Li®, Qinghong Zhang®*, Guoying Shi¢, Hongzhi Wang?:*

a State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, Donghua University, Shanghai 201620, PR China
b Engineering Research Center of Advanced Glasses Manufacturing Technology, MOE, Donghua University, Shanghai 201620, PR China
¢ College of Chemistry, Chemical Engineering and Biotechnology, Donghua University, Shanghai 201620, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 4 April 2011

Received in revised form 9 August 2011
Accepted 9 August 2011

Available online 19 August 2011

Transparent and surfactant-free TiO, sols containing anatase nanocrystals were prepared by the
hydrothermal treatment of water-soluble peroxotitanium acid (PTA) at a temperature of 120 °C. The TiO,
nanocrystals were characterized by transmission electron microscopy (TEM). The TEM results indicated
that the TiO, nanocrystals were nanorod-like with diameters of less than 7 nm after the subsequently
hydrothermal treatment. A gradient layer between the transparent fluorine doped SnO, (FTO) layer and
the porous titanium dioxide nanocrystalline film for dye-sensitized solar cells (DSSCs) photoelectrodes,
was made with the as-prepared TiO, sols. The TiO, gradient layers were characterized by field-emission
scanning electron microscopy and UV-vis absorption spectrometry. After the gradient layer deposition on
the FTO coated glass, the composite multilayer film exhibited the visible light transmittance of 80% which
approached to that of bare FTO glass. The photo-to-electric energy conversion efficiency of the N719 dye-
sensitized solar cell had significantly improved from 4.2% to 5.6% in the presence of the compact layer
between FTO and the porous TiO, nanocrystalline film under of AM1.5 illumination (100 mW/cm?2). The
remarkable improvements in short-circuit current for the DSSCs was due to the effective gradient layer
at the FTO-TiO; interface which prevented direct contact of electrolytes with FTO and consequently
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reduced charge recombination losses.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Dye-sensitized porous nanocrystalline TiO, solar cells (also
known as Grdtzel cells) have received considerable attention
for their potential as a cost-effective alternative to silicon solar
cells [1-10]. Typical dye-sensitized solar cells (DSSCs) comprise
nanocrystalline TiO, photoelectrodes, dye molecules, redox shut-
tle electrolytes and counter electrodes. The photoelectrode is one
of main factor in determining the performance of DSSCs [11-15]. A
typical photoanode application for DSSCs commonly consists of a
porous TiO, layer coated on a conducting substrate (e.g. fluorine-
doped tin oxide, FTO) with the adsorbed sensitized dye at the
TiO, surface [11]. The porous TiO, layer essentially serves the pur-
pose of collecting and transporting photoelectrons injected by the
photoexcited dye via the TiO, conduction band to the conducting
substrate, and then to the external circuit. However, a nanocrys-
talline TiO, film can lead to the formation of some voids between
the TiO, nanoparticles and the FTO glass interface, decreasing the
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open circuit voltage (Vo) by the electron back-transport reaction,
also known as “electron leakage” [16-18]. The existence of holes
in the photoelectrode also makes it possible for the electrolyte to
contact directly with the conductive substrate. In solid-state cells,
it has been demonstrated that the FTO substrates must be covered
by a thin blocking layer of titanium dioxide in order to prevent effi-
ciency loss due to electron transfer to the hole-conducting medium
from the FTO [19]. Also, dye layers located at the FTO-electrolyte
interface can potentially increase recombination by acting as a
catalyst to promote the two-electron reduction step from triio-
dide (I3~) to iodide (I7) [20]. Therefore, controlling the interface
between the FTO and nanocrystalline TiO, layers is essential for
the formation of efficient DSSCs. Usually, a dilute TiCl, solution
is used to deposit a compact film on the surface of the conduc-
tive substrate prior to coating with the porous TiO, film [21]. The
compact layer physically blocks the reaction of the photo-injected
electrons and the I3~ ions at the FTO/electrolyte interface. Such a
compact film cannot only separate the electrolyte from the sub-
strate, but also improve the adhesion of the porous TiO; film. The
compact film also refers to the blocking film or the passivating layer
in the literatures [19,22], but the compact film is popularly used
due to it has a more dense structure compared to the porous TiO,
film.
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Recent studies showed an improvement in the cell’s efficiency
after the use of the blocking layer [23-32]. Blocking layers of Nb; 05
[25-28], ZnO [29-31], TiO, [31-34], Au [35], graphene oxide and
TiO, nanocomposites [36] were deposited by different methods
such as spray pyrolysis, dip-coating, spin-coating and layer-by-
layer [6]. For example, Yanagida and co-workers [25,26] studied
thin Nb,Os and TiOx blocking layers between FTO and a porous
TiO, layer. The improvement in performance of the DSSCs was
attributed to the effective reduction of the electron loss at the
FTO/porous TiO, interface. Cameron and Peter [33] studied the
properties of thin blocking layers of titanium dioxide through elec-
trochemical impedance spectroscopy, and showed that the ability
of the blocking layer to prevent the back reaction of electrons with
tri-iodide ions in the electrolyte is excellent under short circuit
conditions. Very recently, Liu et al. found the ZnO compact film
had some advantages over TiO; for improving of the short-circuit
current density for DSSCs [30,31] and obtained the photoelectric
conversion efficiency as high as of 7.76% in the presence of ZnO
compact film. Kim et al. [36] used a mixture of graphene oxide
and TiO, nanocomposites, which was reduced photocatalytically
by UV light irradiation and applied as an interfacial layer between
a FTO layer and a nanocrystalline TiO, film. It is believed that the
two-dimensional graphene sheets decrease the direct contact of
the electrolyte with the FTO substrate significantly. The photoelec-
tric conversion efficiency (7) increased from 4.89% to 5.26% after
introducing the graphene-TiO, interfacial layer. The improvement
of the DSSCs performance has drawn many attentions recently. For
example, the one-dimensional TiO, nanotubes and ZnO nanowires
were introduced into the photoanodes of DSSCs [35,37,38], and an
enhanced 7 was achieved respectively.

In this article, we describe a hydrothermal treatment of the
water-soluble peroxotitanium acid (PTA), from which we obtained
anatase TiO, nanorod sols with perfectly crystallized TiO,. Trans-
parent and surfactant-free TiO, anatase nanocrystalline sols were
deposited on FTO glass by a dip-coating method, serving as an
effective gradient layer in a photoanode. In contrast to the most
commonly used amorphous TiO; sols derived from titanium alkox-
ide or dilute TiCl4 solutions, the crystallites in this work were
already in the anatase phase and thus did not require the further
calcination ata high temperature to crystallize the amorphous TiO5.

2. Experimental
2.1. Materials

Titanium sulfate (Ti(SO4)2, AR), hydrogen peroxide (H,O,, 30%, AR) and
ammonia solution (NH3-H,0, 25-28 wt%, AR) were used to make the TiO, sol.
4-tert-butylpyridine (Aldrich) and acetonitrile (Fluka) were purified by vacuum
distillation. Guanidinium thiocyanate (Aldrich), iodine (99.999%, Aldrich), hydro-
gen hexachloroplatinate (IV) hydrate (H,PtClg ), 1,2-dimethyl-3-propylimidazolium
iodide (Aldrich) and lithium iodide were used as received. Sheet glass (Nippon Sheet
Glass, Hyogo, Japan) was coated with a fluorine-doped tin oxide (FTO) layer (sheet
resistance of 14 Q2/0). A hot melt polymer foil (Surlyn 1702, DuPont) was used as
a spacer frame between the electrode substrates. The dye N719, also known as
Ruthenium 535-bisTBA (RuL2(NCS)2:2TBA, L=2,2-bipyridyl-4,4-dicarboxylic acid,
TBA = tetrabutylammonium), was purchased from Solaronix. Degussa P25 powders
were provided by the Degussa Company (30% rutile and 70% anatase, mean crystal-
lite size of 30 nm and BET specific surface area of 50 m?/g).

2.2. Preparation of transparent TiO, sol and TiO, gradient layer

In a typical synthesis process, titanium sulfate was adjusted to 0.5 M as a stock
solution with deionized water. Ammonia (2.0 M) was slowly dropped into a vigor-
ously stirred titanium sulfate solution, which was heated in advance to 70°C, until
the solution pH value was 7. As we reported previously, the precipitates at 70 °C from
a titanium salt contained mainly anatase TiO; in the presence of sulfate ions [39,40].
A white precipitate was formed instantaneously, and a large amount of precipitate
was obtained after the ammonia solution was used up. The precipitate was collected
by filtration and then washed with deionized water for several times. Subsequently,
10 g of precipitates were peptized with 60 ml of aqueous hydrogen peroxide (30%);
continuous magnetic stirring was required to avoid immediate dense gel formation
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during dissolution and to keep the reactant mixed uniformly. The yellow, transpar-
ent and neutral PTA sol was formed after about 2 h. Finally, the PTA sol was put in an
autoclave, and after hydrothermal treatment and crystallization at 120°C for 24 h,
a transparent sol containing perfect anatase crystallized TiO, was synthesized.

TiO, gradient layers using the as-prepared sol were made as follows: first, FTO
glasses were cleaned by an ultrasonic treatment in ethanol and dried at 60 °C. The
FTO glasses were immersed in the TiO, sol for 1 min to ensure that the TiO; sol fully
covered the FTO surface. The sol modified FTO was dried in an oven at 80°C in an
air atmosphere for 10 min.

2.3. Preparation of a dye-sensitized thin film of porous TiO,

1.0g TiO, powder (Degussa P25) was first dispersed into a mixture of 5.0 ml
ethanol and 3.0 ml terpineol, and sonicated for 30 min to form slurry. The slurry
was coated on the compact TiO, layer by screen-printing, and keep same porous
TiO; thickness (average height are 15 wm measured by surface profiler) in all films.
Control samples were also produced without the compact layer. The films were
heated at 450 °C for 30 min and stored in desiccators until they were used in solar
cell construction.

2.4. Dye-sensitized solar cell assembly

The film was heated to 450°C for 30 min and then cooled to room tempera-
ture. The TiO; coating layer film after calcination was in thickness of 15 wm. Then,
the electrode was immersed for 48 h in a solution of ruthenium dye N719 at a
concentration of 3.0 x 10~4 M. The electrode was then rinsed with acetonitrile to
remove excess amounts of dye and dried. A hot melt polymer foil (Surlyn 1702,
DuPont) was used as a spacer frame between the electrode substrates. One drop of
an iodine-based electrolyte solution was deposited onto the surface of the electrode
and penetrated inside the TiO, film by capillary action. The electrolyte solution,
which was composed of 0.6 M of 1,2-di-methyl-3-propylimidazolium iodide, 0.05 M
of iodine, 0.1 M of lithium iodide, and 0.5 M of tert-butylpyridine, was dissolved in
acetonitrile. The components of the electrolyte were similar to those in the litera-
ture as reported by Grdtzel [4]. The counter electrode was platinized by applying a
drop of 0.005 M H,PtClg in 2-propanol to a FTO glass substrate, and calcined it in air
at 385°C for 15 min. Then the counter electrode was clamped on to the top of the
TiO, working electrode. Finally, a silver paste was added on clean areas of FTO glass
to enhance conductivity and ensure good contact during measurement.

2.5. Characterizations

The powder phase composition was identified by X-ray diffraction (XRD) equip-
ment (Model D/max 2550V, Rigaku Co. Tokyo, Japan), using Cu K( ((=1.5406A)
radiation. The broadening of the XRD peak at 2(=25.4° (d; 1) for anatase TiO, was
used to calculate the crystallite size according to the well-known Scherrer formula.
The morphology and size of the resultant titanium dioxide were observed using
transmission electron microscopy (TEM) (JEM-2100F, JEOL Co., Japan). The UV-vis
absorption spectra of the films were measured with a Lambda 35 spectrophotome-
ter. Film morphology and thickness were characterized by field-emission scanning
electron microscopy (FE-SEM) (Hitachi S-4800, Japan) and the film thickness mea-
sured by an optical profiler (Wyko NT9100, Veeco, USA). The photovoltaic properties
of the solar cells were measured with a source meter (Keithley, Model 2400) under
the illumination of simulated sunlight provided by an Oriel solar simulator (Model
91160) with an AM1.5 filter and a 300 W xenon lamp. The light intensity during the
1V characteristics measurement was 100 mW/cm? which monitored by a Newport
1918-C power meter with 818P-030-18 PWR detector head. The electrochemical
impedance spectra were collected using a Zennium electrochemical workstation
(Model CIMPS-1, Zahner-elecktrik GmbH & Co., Germany).

3. Results and discussion

As shown in Fig. 1(a), the dried sol contained well-crystallized
anatase TiO, with a mean crystallite size of about 7.4 nm on the
basis of the calculation with Scherrer formula. As reported in the
JCPDS No. 21-1272, the relative intensity of the (004) plane to
the (200) plane was 20/35. However, for the TiO, sols obtained
from the hydrothermal treatment of water-soluble peroxotitanium
acid (PTA), the relative intensity of (004) to (200) was changed
to 38/28. This result suggested that the oriented attachment in
anatase titania occurred occasionally on the (001) plane, which
resulted from the reduction of the overall surface energy by the
elimination of the surface area where the crystallites joined [41].

TEM micrographs of TiO, nanocrystals in the sol were given in
Fig. 1(b) and (c). Most of the nanoparticles had elongated rod-like
morphologies, and they were connected to each other to form a net-
work shape. Almost no spherical crystallites were observed, and the
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Fig. 1. (a) XRD pattern of the dried sol of TiO, sample, (b) TEM images of TiO, sol,
and (c) high-resolution TEM image of TiO, rod-like nanocrystals along the c axis
with the exposed (002) plane.

rod-like nanocrystals had a diameter of about 7 nm. It was noted
that these rod-like nanocrystals were not of uniform diameter,
but instead possessed a zigzag diameter. As shown in the high-
resolution TEM (HRTEM) image (Fig. 1(c)), which was typical for
the nanorods formed by the oriented attachment (OA) mechanism
[42].

The deposition of the TiO, sol compact layer on the FTO
substrate was monitored by UV-vis spectroscopy, and the trans-
mittance spectra of both bare FTO substrates and those with the
deposited compact film are presented in Fig. 2. After deposited
by the TiO, sol compact layer, the FTO remained the same trans-
mittance to that of the bare one in the visible light region. It was
necessary for the compact TiO, films on substrates to retain pri-
mary transparency in order to improve light harvesting efficiency.
Light passed through the titanium dioxide gradient layer and the
absorption of light by the dye was uninfluenced. The transmit-
tance of the compact films was more than 80% in the visible light
region and an onset of 380 nm was obtained due to the intrinsic
absorption of TiO, in the ultraviolet region. There was no signif-
icant difference in the UV-vis transmission spectra of the films
prepared by the TiO; sols in two concentrations, one of 2.718 g/1
and another of 1.359 g/1. This allowed the surfactant-free TiO, sols
to readily cover the FTO surface. The characteristics of low viscos-
ity and rapid solvent evaporation enabled the formation of a dense
and uniform thin film on the FTO surface. The thin coating layer
was therefore not expected to change the transmittance (or did
not affect the dye light harvesting efficiency) of the original FTO
surface.

The surface morphology and cross-sectional images of the
electrodes were observed by field-emission scanning electron
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Fig. 2. UV-vis transmittance spectra of (a) bare FTO substrate, and FTO glass coated
with TiO; sols with varying concentrations of (b) 2.718 g/l and (c) 1.359 g/I.

microscopy (FE-SEM). Fig. 3(a) showed images of the bare FTO sur-
face. It could be seen that the gradient layers were uniform and
dense, and that the particle size was about 30 nm from Fig. 3(b).
As-prepared TiO, sol with small nanoparticles could be more effi-
ciently packed on to the substrate surface, since voids among the
particles were reduced as their size decreases [24]. Fig. 3(c) showed
an image of the surface morphology of a porous TiO, layer. Fig. 3(d)
showed the cross-sectional image of the compact layer with a thick-
ness of 2 wm and a porous layer on the FTO substrate.

As mentioned earlier, a thick TiO, layer formed by the doctor
blade or screen-printing methods could not cover the rough FTO
surface uniformly. lodide (I7) ions in the electrolyte could migrate
from the counter electrode to the nanoporous layer of TiO, trans-
fer the electrons to the highest occupied molecular orbital level of
the dye adsorbed on TiO,, and then be converted to triiodide (I37)
ions. Some of the I3~ ions in the electrolyte penetrated the porous
TiO, and could directly contact the FTO surface, thereby collecting
electrons from the FTO surface through the back-transport reaction
[21]. As shown in Fig. 4, the presence of the TiO, compact layer
between FTO and the porous TiO, layer in the DSSCs might inhibit
the direct contact between I3~ ions and the FTO layer, effectively
prevent the back-transport of electrons from the FTO layer to the
I3~ ions [29], and cause the increase of the short-circuit current. It
could be stated that the back-transport of electrons from the FTO
electrode to the I3~ ions was suppressed by the introduction of the
gradient TiO, layer [26]. The uniform and dense gradient TiO, layer
acted as a barrier between the FTO layer and the electrolyte.

The electrochemical impedance spectroscopy was used to study
the interfacial layer electron recombination resistance. Fig. 5
showed the Nyquist plots of the DSSCs employing the bare
FTO and the sol treated FTO substrates. Two semicircles were
observed in the measured frequency rang of 10! to 10°Hz
for both two electrodes. According to previous analysis [25],
low frequency and high frequency regions were attributed to
impedance related to charge transfer processes occurring at the
FTO-TiO,/dye/electrolyte interface and Pt/electrolyte interface,
respectively. The second semicircle of the TiO, sol treated DSSC
was larger than that obtained from in the absence of TiO, sol com-
pact film one, which indicated that the charge transported at the
FTO/TiO, interface at the present was more difficult compared to
no compact layer electrode. Charge-transfer resistance in the elec-
trode with the presence of 1 um gradient layer appeared to be
bigger than that of electrode in the absence of gradient layer, as
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Fig. 3. FE-SEM surface images of (a) bare FTO and (b) TiO, sol with concentration of 2.718 g/1 coated on FTO, (c) porous TiO, layer, and (d) cross-sectional images of the final

TiO; electrode.

shown in Fig. 5. It was explained that the back-transport of elec-
trons from the FTO electrode to the I3~ ions was suppressed by the
introduction of TiO, compact film. During the deposition Pt as a
counter electrode, there were some slight differences such as the
Pt crystallites contacting and the thickness of Pt layer between the
counter electrodes. These differences caused that the resistance for
these two cells in the high frequency was inconsistent. However,
minor difference of the high frequency impedance had little effect
onoverall cell efficiency. In addition, the electrolyte diffusion coeffi-
cient of the sol treated DSSC in the region became smaller, and then
the corresponding resistance of Nernstian diffusion in electrolyte
became larger.

. pt
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The N719-sensitized TiO, solar cells were characterized by mea-
suring their current-voltage behavior using a black metal mask
with an aperture area of 0.64 cm?2 under standard AM1.5 simulated
sunlight (power density of 100 mW/cm?). Fig. 6 showed the typ-
ical current density versus voltage curves of the DSSCs with and
without the gradient layer. It was clear that the DSSC without the
gradient layer performed comparatively poorly, and there was a
significant increase in current density and open-circuit voltage for
the DSSCs with the gradient layer, as shown in Table 1. A light-
to-electricity conversion efficiency of 5.6% was obtained for the
DSSC with the incorporation of a blocking layer, whereas the DSSC
without a compact layer only attained efficiency of 4.2%.
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Fig. 4. Schematic representation and mechanism of applied transparent TiO, sol as efficient blocking layer to prevent the back-transport reaction of electrons.
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Fig. 5. Nyquist plots of the DSSCs employing the bare FTO and the sol treated FTO
substrates measured under an illumination of 100 mW/cm?. After the sol treatment,
the gradient layer in thickness of 1 wm was formed.
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Fig. 6. Illustration of the J-V characteristics curves of the DSSCs with and without
compact TiO, layers. A: TiO, nanocrystalline porous film without gradient layer, B,
C and D: TiO; nanocrystalline porous film with gradient layers in thickness of 1 um,
2.5 um, 4 wm, respectively.

The thickness of compact layer was depended on the concentra-
tion of TiO, sol and the number of dip-coating. Fig. 6 also showed
the current and voltage properties of the DSSCs with different
thickness of the compact films, the thickness had a great impact
on short-circuit current of DSSCs, but little effect on open-circuit
voltage and fill factor. When the thickness of the compact layer
was 1wm, the short-circuit current of the corresponding DSSC
was 13.68 mA/cm? and it also received the highest photoelectric
conversion efficiency of 5.6%. Short-circuit current was charac-

Table 1
Photovoltaic performance of DSSCs with four types of TiO; electrode.

Cell type Jsc (MAJcm?) Vo (V) FF n (%)

A 11.01 0.67 0.58 42 +0.1
B 13.68 0.69 0.60 5.6 +0.1
C 11.75 0.66 0.59 45 + 0.1
D 11.84 0.65 0.57 44 + 0.1

A: TiO, nanocrystalline porous film without gradient layer.
B, Cand D: TiO, nanocrystalline porous film with gradient layer in thickness of 1 um,
2.5 wm, 4 pm, respectively.
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terized by the number of electrons flowing through the external
circuit, with proportionally the number of the light generated elec-
tron arriving to photocathode. Therefore, introducing TiO, compact
layer in an optimized thickness reduced the electron leakage and
more electrons could be collected by the conductive substrate.
Increasing the thickness of the compact layers, the photoelectric
conversion efficiency of the DSSCs was slightly reduced. While too
thick compact layers with low porosity might affect the diffusion
of electrolyte, increase electron transmission path, and cause DSSC
photoelectric performance down. In our experimental conditions,
1 pm thickness of compact layer was the best. Fig. 6 also showed
the V,¢ increased by introducing compact TiO, gradient layer in the
DSSCs. The back-transport of electrons from the FTO electrode to
the I3~ ions was suppressed by the introduction of compact layer.
Compact TiO; acted a barrier between FTO and electrolyte and thus
resulted in the increase of the V.

The compact layer also was referred to gradient layer in this
paper, which was with a higher transparency in the visible light
region and a denser microstructure compared to the porous
nanocrystalline TiO; films. The photoelectric conversion efficiency
results of DSSCs shown in Table 1 were lower than the reported
data [43,44], which might be due to the following factors. Firstly,
we used P25 TiO, as a starting material to prepare the TiO, paste
for the porous layer, while P25 containing rutile phase TiO, was
not good at dye adsorption. Secondly, the porous TiO, layer was
the insufficient connectivity between the TiO, particles [45], and
we did not use any post treatment for the porous TiO, surface. As a
result, photoelectron transfer within the electrodes was slow, and
these aspects could be further optimized.

4. Conclusions

In summary, a dip-coating method for the formation of gradi-
ent layers consisting of crystalline TiO, at near room temperature
over FTO had been presented. Transparent and surfactant-free TiO,
sols were used to prepare the gradient layer between FTO and
the porous TiO, layer for dye-sensitized solar cell photoanodes.
In the presence of a 1 wm thick TiO, gradient layer, an increase of
2.67 mA/cm? for the short-circuit current density was achieved in
DSSCs. The TiO, gradient layer blocked the direct contact between
the electrolyte and the FTO substrate effectively, providing retar-
dation of the back-transport reaction in the FTO/TiO, interfaces.
The photoelectric conversion efficiency was increased from 4.2% to
5.6% in the presence of TiO, compact film in thickness of 1 wm.
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