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Abstract

Anatase TiO2 colloidal dispersions were obtained by hydrothermal synthesis at 200 8C from titanium isopropoxide gels modified with acetic

acid in the presence of a non-ionic surfactant. Absolute ethanol, anhydrous terpineol and ethyl cellulose were added to this anatase dispersion

resulting in a 23 wt% TiO2 paste. Mesoporous films for application as working electrodes in dye-sensitized solar cells were prepared by the screen-

printing method, yielding reproducible films with thicknesses about 10 mm and desired porosity levels in a single printing operation. An average

energy conversion efficiency of 5.2%, and a fill factor of 0.66 were achieved with anatase particle sizes ranging between 15 and 20 nm. The

reproducibility of the results was confirmed by electrochemical impedance spectroscopy analysis.
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1. Introduction

Among semiconducting oxides, the TiO2 has been the

subject of a great deal of research in virtue of its outstanding

physicochemical properties and the increasing demand for

functional devices with enhanced properties [1–6]. Current

interest is focused on the use of TiO2 nanoparticles for the

development of dye-sensitized solar cells (DSCs), which have

attracted much attention as a viable alternative for solar energy

conversion [7]. The physicochemical properties of TiO2 are

significantly dependent on the crystalline phase (anatase, rutile

or brookite), but anatase has proven to be superior in solar

energy conversion and catalytic applications.

In fact, nanostructured anatase TiO2 electrodes are believed

to be essential for achieving high conversion efficiencies and

good long-term stability in DSCs [8]. Although there is no

generally accepted explanation, this fact is commonly

attributed to the structure and chemical composition of the

TiO2-surface in this particular phase [9,10]. Furthermore, the
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control of film thickness and area are very important points in

order to obtain reproducible device performances. The

development of DSCs and photocatalysis are only two of the

many possible environmental applications of TiO2 [11–15]. It is

known that the synthesis method of the paste affects the

efficiency of solar cells. In fact, the influence of the

experimental parameters relevant to the synthesis of anatase

has been widely studied [16–27].

Recently, Huang et al. analyzed the effects of hydrothermal

temperature and TiO2 film thickness on the performance of

DSCs. The authors measured conversion efficiencies of 2.5 and

5.8% for films 5 and 10 mm thick, respectively [28]. According

to this work, the synthesis at 240 8C resulted in optimal surface

area, pore diameter and conversion efficiency for a 10 mm-thick

film. Some authors have reported on the synthesis of

mesoporous anatase by hydrothermal methods at 130 8C [29]

and others showed that the increase of pH (to 5) after the

hydrothermal treatment improves the performance of DSCs

[30]. On the other hand, Ito et al. suggested that water-based

pastes prepared by hydrolysis and hydrothermal treatment of

titanium isopropoxide lead to poor reproducibility and

developed a screen-printing procedure for TiO2 films

[31,32]. Their method is efficient and reproducible, but the
d.
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Fig. 1. Flow diagram showing the steps for synthesizing the anatase paste.
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process may involve many steps and several layers are needed

in order to obtain considerable thicknesses. Other authors also

reported on the sol–gel synthesis of titania colloids followed by

hydrothermal treatments at 150–250 8C in a strong acidic

media [33] or using laurylamine hydrochloride, metal alkoxide

and acetylacetone [34]. A different route for screen-printing

titania pastes proposed by Tsoukleris et al. led to efficiencies

between 0.38 and 1.87%, showing that this procedure still

needed optimization [35]. Alternatively, Kuo and Lu proposed

the synthesis of TiO2 inverse opal films using polystyrene

spheres (100 nm) as templating agents, which increase the

complexity and processing costs [36]. Ma et al. demonstrated

that PEG 20000 can be used as the binder and pore-forming

agent, and ethyl cellulose can efficiently control the viscosity

and rheology of the paste [37]. These are very important aspects

that must be considered for the synthesis of TiO2 pastes for

DSC applications. Besides, recent papers reported on the

synthesis of anatase fibers [38] and on the hydrothermal in situ

growth of anatase nanowire films used in DSCs with

considerable energy conversion efficiencies [39].

Parameters such as pore diameter, shape and particle size,

good connection between TiO2 particles, specific surface area

and amount of defects of the anatase film are essential for

applications in DSCs, because they determine the adsorption of

a sufficiently large number of dye molecules (needed for highly

efficient light harvesting) and mobility of the electrons through

the semiconductor. Moreover, the literature suggests that TiO2

films with thicknesses around 10 mm lead to the best energy

conversion performance [40] and, generally, this thickness can

only be achieved by the deposition of several TiO2 layers. On

the other hand, the geometry or architecture of the electrode

needs to be optimized in order to improve the performance of

the solar cell [15,28,41,42]. Different dyes and electrolytes are

also being tested with the purpose of maximizing light

absorption [43–45].

In this paper we propose a simple synthesis route of anatase

colloidal dispersions and nanostructured films deposited by the

screen-printing method. The hydrothermal synthesis of TiO2

was performed at 200 8C without the addition of concentrated

mineral acids such as HCl, because when HCl is used, for

example, as catalyst for hydrolysis, the surface of the resulting

TiO2 nanoparticles is inevitably contaminated with chlorine

ions. In this study, titanium dioxide mesoporous films with

reproducible thicknesses (�10 mm) appropriate for DSC

anodes were prepared by screen-printing in a single step. A

series of films was prepared and tested as working electrodes in

DSCs for which morphological and electrical characterizations

were carried out.

2. Experimental details

2.1. Synthesis of the TiO2 paste

Analytical grade reagents were used as supplied, without

further purification. Titanium isopropoxide (TIP, 97%, Aldrich)

was added at room temperature to a solution of anhydrous

acetic acid (HAc, Merck) and a non-ionic surfactant (NIS,
Triton X-100, Aldrich) in 2-propanol (PriOH, Qhemis). With

the purpose of slowing down condensation reactions and

immediate gelation or precipitation after water addition, TIP

was modified with acetic acid in a 1:1 TIP:HAc molar ratio

[46,47]. The surfactant was added in an approximate 100:1

TIP:NIS molar ratio. After 60 min a solution of water in PriOH

was added dropwise under vigorous stirring. The amount of

water incorporated into the solution was equivalent to a 1:2

TIP:H2O molar ratio. An opalescent homogeneous gel was

obtained which was aged for 24 h in order to maximize the

condensation of the modified precursor. Then, the gel was

peptized at 80 8C and the evaporated alcohol compensated with

water. Finally, the resulting dispersion was transferred into a

PTFE-lined stainless steel vessel for hydrothermal treatment at

200 8C (�15 bar) for 15 h inside an electric furnace. The

obtained dispersion of pH 1–2 was concentrated by evapora-

tion. Absolute ethanol, anhydrous terpineol (Sigma–Aldrich)

and ethyl cellulose (EC 5–15 mPa s, Sigma–Aldrich) were then

added to the anatase dispersion. After alcohol evaporation, a

23 wt% TiO2 paste was obtained. A flow diagram for the

synthesis route is shown in Fig. 1.

2.2. Electrode preparation and DSC assembly

The synthesized oxide paste was used for the deposition of

films onto conducting FTO-coated glass substrates (TCE

15 V cm�1) by the screen printing method. The films, having an

area of 0.25 cm2, were dried at room temperature and heat-

treated at 450 8C for 20 min in order to promote sintering. For

dye adsorption, the films were immersed for 12 h in a

0.5 mmol L�1 solution of cis-bis(isothiocyanato)bis(2,20-
bipyridyl-4,40-dicarboxylato)-Ru(II) (N3, Solaronix) in acet-



Fig. 2. Thermal behavior of the TiO2 anatase paste.

Fig. 3. XRD patterns of: (a) the as-synthesized colloidal dispersion and (b) the

same sample after heat-treatment at 450 8C.
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onitrile. For preparing the counter electrodes, Pt was deposited

on FTO-coated glass (TCE 8 V cm�1) via thermal decom-

position of H2PtCl6 at 450 8C for 30 min. The dye-covered

TiO2 electrode and Pt counter electrode were assembled into a

sandwich-type cell and sealed with a 50 mm thick thermoplastic

gasket made of Surlyn 1702. The electrolyte (Iodolyte AN-50,

Solaronix) was dripped between the FTO/TiO2/dye working

electrode and the Pt-coated FTO-glass counter-electrode.

2.3. Characterization

Thermogravimetric and differential thermal analyses (TG/

DTA) of the paste were performed using Shimadzu TG50 and

DT50 equipments, respectively, under synthetic air flow (50 ml/

min) with heating rates of 10 8C/min. The colloidal dispersion

was heat-treated at 450 8C with heating and cooling rates of

2 8C/min in order to characterize the resulting powder. X-ray

diffraction (XRD) patterns were collected using a Rigaku

RINT2000 diffractometer (42 kV � 120 mA) with Cu Ka

radiation (lka1 = 1.5405 Å, lka2 = 1.5443 Å, Ika1/Ika2 = 0.5),

2u range between 208 and 808, step size of 0.028 (2u), 0.3 s per

step, divergence slit = 0.5 mm, and receiving slit = 0.3 mm. For

high-resolution transmission electron microscopy (HRTEM,

Philips CM200), the powder was dispersed in ethanol in an

ultrasonic bath and deposited, by dipping, onto carbon-coated

copper grids. The specific surface area (BET) of the powder

was determined with a Micromeritics ASAP2010 instrument.

The diffuse reflectance was recorded in a Konika Minolta, CM-

2500d spectrometer colorimeter in the 360–740 nm range.

The morphology of the films was assessed by field-emission

scanning electron microscopy (JEOL JSM 6700F). Film

thicknesses and surface profiles were measured with a Taylor

Hobson Frontoy Lorsurf 50 profilometer. For the electrical

characterization of the DSCs, characteristic parameters were

obtained by illuminating the samples with an AM 1.5 solar

simulator (SolarLight XPS400) at 100 mW cm�2. The current–

voltage ( j–V) data were acquired with an Autolab PGSTAT-30

potentiostat–galvanostat. Electrochemical impedance spectro-

scopy (EIS) was carried out by using a Solartron impedance

meter (model SI 1287). The impedance spectra from the sealed

DSCs were measured in a two-electrode configuration in the

dark using a bias voltage of �0.8 V with a 20 mV AC

perturbation over a frequency range of 10 mHz to 1 MHz.

3. Results and discussion

3.1. Characterization of the TiO2 paste

The thermogravimetric (TGA) and differential thermal

analysis (DTA) of the TiO2 paste are shown in Fig. 2. The TGA

curve shows a 20% weight loss, associated to the volatilization

and decomposition of organic species such as ethanol, ethyl

cellulose and terpineol and residues of acetic acid and isopropyl

acetate. This significant weight loss in the 160–410 8C range is

attributed to combustion of the organic compounds, as observed

in the DTA curve (exothermic peak at 280 8C). It is worth

noting the absence of an exothermic peak that could be
associated to the crystallization of TiO2, confirming that the

material has crystallized into anatase TiO2 during the

hydrothermal treatment. The signal due to anatase formation

could be observed as a narrow peak near 400 8C in the DTA of

the gel obtained before the hydrothermal treatment (see

supplementary information). Based on these results, 450 8C
was the selected temperature for film sintering.

The XRD pattern of the colloidal dispersion dried at 100 8C
is shown in Fig. 3(a). It can be observed that the precursor has

crystallized into the anatase phase during the hydrothermal

treatment and that the reflections corresponding to the other

TiO2 polymorphs are absent. The diffractogram in Fig. 3(b)

reveals that the phase is preserved after a thermal treatment at

450 8C, as expected, because the phase transition from anatase

to rutile takes place near 650 8C. The Raman spectrum (see

supplementary information) confirmed the sole presence of

anatase in the heat-treated powder.

Fig. 4(a) shows a bright-field TEM image of the powder

obtained after the thermal treatment of the synthesized paste at

450 8C. It is a well dispersed powder with an average particle

size between 15 and 20 nm. The HR-TEM image (Fig. 4(b))



Fig. 4. (a) Low and (b) high magnification TEM images of the anatase powder

obtained after treating the colloidal dispersion at 450 8C. The inset in (b) shows

the SAED pattern typical of polycrystalline anatase TiO2.
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reveals the high degree of crystallinity of the titanium oxide

nanoparticles. The selected area electron diffraction (SAED)

pattern, shown as an inset in Fig. 4(b), is typical for anatase.

The specific BET surface area for the powder after the 450 8C
heat-treatment was 80 m2/g. This surface area is higher than the

ones reported in the literature for similar heat treatments

(69.9 m2/g [48] and 72 m2/g [49]) and is advantageous for the

adsorption of a large amount of light-harvesting dye and,

therefore, for light conversion efficiency improvement.
Fig. 5. (a) Diffuse reflectance curve of the TiO2 powder heat-treated at 45
Fig. 5(a) shows the UV–vis reflectance of the powder treated

at 450 8C. The TiO2 band-gap energy was determined by the

Kubelka–Munk model and the Tauc linearization (Fig. 5(b)).

The optical band-gap value determined (3.36 eV) was higher

than the ones usually found in the literature (around 3.2 eV)

[50]. This difference may be attributed to the small particle size

of the powder characterized in this work. Once more, it can be

said that the synthesized material is suitable for solar-cell

applications because the recombination processes are

decreased in semiconductors with wider band gaps.

3.2. Microstructural characterization of TiO2 films

The 23 wt% paste was used for the deposition of films onto

FTO-coated glass by the screen printing method. Fig. 6 shows

the surface profile of 3 TiO2 films heat-treated at 450 8C as

registered by profilometry. Notice the uniformity in film

thickness derived from the characteristics of the synthesized

paste and the reproducibility of the method employed for film

deposition.

Normally, in order to achieve high energy conversion,

thicknesses above 10 mm are only attained after the deposition

of several layers. However, by means of the procedure

described here, 10 mm-thick films with a highly reproducible

profile are achieved in a single operation.

As shown in the FE-SEM images (Fig. 7), the films are

highly homogeneous and porous, with a very narrow size

distribution of partially sintered nanoparticles of almost 20 nm.

These microstructural characteristics (porosity and particle

size) determine the degree of dye adsorption.

3.3. Electrical characterization of DSCs

The photocurrent–voltage characteristics of three DSCs

tested at room temperature are shown in Fig. 8 and Table 1

shows the main parameters derived from these curves.

The samples tested showed comparable curves and

performance parameters. The short circuit current density

ranges between 10.8 and 11.7 mA/cm2 and the open circuit

voltage ranges between 0.70 and 0.72 V, i.e., the variations are
0 8C and (b) determination of optical band-gap by Tauc linearization.



Fig. 6. (a) Profilometry curves of three TiO2 films after heat treatment and (b) FE-SEM image of thickness anatase film.

Fig. 7. FE-SEM image of a 10 mm-thick anatase film heat-treated at 450 8C.

The inset shows partial sintering between particles.

Fig. 8. Photocurrent–voltage characteristics of D
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within 3%. An average fill factor (FF) of 0.66 and overall

conversion efficiencies (h) between 4.9 and 5.2% were

measured for the three anatase films used as anodes for DSCs.

The small differences can be attributed to the nature of the

assembly procedure. Nonetheless, these results show the

reproducibility achieved in anode preparation and cell

assembly. For instance, the 3 cells showed almost the same

conversion efficiency. The important point is that the films were

made in a single step. Besides, the cell stability is another

relevant factor for DSC application, which strongly depends,

among other factors, on dye and electrolyte coupling [51–53].

In order to compare qualitatively the electron transport

properties in TiO2 film electrodes, EIS measurements were

carried out on samples with almost the same efficiency values

(samples T2 and T3). Figs. 9 and 10 show the Nyquist plots

measured in dark at �0.8 V and �0.7 V bias, respectively.

The Nyquist plots exhibit three semicircles including a large

semicircle at intermediate frequencies and two small arcs in the
SSCs based on 10 mm-thick anatase anodes.



Table 1

DSSC performance parameters: open-circuit voltage (Voc), short-circuit current

density ( jsc), fill factor (FF) and conversion efficiency (h).

Films Voc (V) jsc (mA/cm2) FF h (%)

T1 (&) 0.71 11.7 0.59 4.9

T2 (~) 0.72 10.8 0.66 5.1

T3 (�) 0.70 11.3 0.65 5.2
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low and high frequency regions. Basically, these two small arcs

correspond to the parallel combination of the charge-transfer

resistance and the double-layer capacitance at the counter

electrode (Pt–FTO), and to the diffusion impedance in the

electrolyte, respectively. The main arc at intermediate

frequencies can be associated with the contribution of the

dye-sensitized nanocrystalline TiO2 film; more precisely, to the
Fig. 10. Nyquist impedance diagrams of sealed DSCs based on TiO2 photo-

electrode (sample T2 and T3) at �0.70 V forward bias. The inset shows a

magnified view of the same spectra in the high frequency range.

Fig. 9. Nyquist impedance diagrams of sealed DSCs based on TiO2 photo-

electrode (sample T2 and T3) at �0.80 V forward bias. The inset shows a

magnified view of the same spectra in the high frequency range.
parallel combination of the charge-transfer resistance and

chemical capacitance of TiO2 film [54,55]. The charge-transfer

resistance is originated in the charge recombination process

between electrons in TiO2 films and I3
� in the electrolyte.

Fabregat-Santiago et al. showed the influence of the different

resistances over the DSCs characteristics. They showed that

when the series resistance is higher, the fill factor decreases,

decreasing the overall efficiency of the cell [55]. In the present

case, a qualitative assessment of the impedance results reveals

that the series resistance is relatively high in both samples. This

fact is responsible for the low FF (Table 1). However, it is worth

mentioning that a dense TiO2 thin layer usually deposited onto

the substrate, prior to the porous film, was not employed in this

work. This dense layer has a beneficial contribution towards the

light-to-electric power conversion [49,56]. The EIS results

show that the cells made from our TiO2 films have the same

chemical kinetics.

4. Conclusions

An anatase colloidal dispersion was synthesized by means of

a modified sol–gel method followed by a hydrothermal

treatment at 200 8C. Reproducible films (thickness around

10 mm) were prepared by screen-printing a single TiO2 layer

onto FTO-glass. The obtained films were porous, free of

agglomerates and cracks, having particle sizes between 15 and

20 nm. A light-to-electricity conversion efficiency up to 5%,

with a fill factor of 0.66, was achieved under AM1.5 simulated

sunlight. The qualitative analysis by EIS shows that the cells

made from the TiO2 films present a similar kinetic behavior.

The synthesized anatase paste showed good characteristics for

application in DSCs.
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Synthesis of anatase TiO2 nanoparticles with high temperature stability

and photocatalytic activity, Solid State Sci. 10 (2008) 602–606.

[15] S. Nakade, Y. Saito, W. Kubo, T. Kitamura, Y. Wada, S. Yanagida,

Influence of TiO2 nanoparticle size on electron diffusion and recombina-

tion in dye-sensitized TiO2 solar cells, J. Phys. Chem. B 107 (2003) 8607–

8611.

[16] E. Scolan, C. Sanchez, Synthesis and characterization of surface-protected

nanocrystalline titania particles, Chem. Mater. 10 (1998) 3217–3223.

[17] N. Steunou, F. Robert, K. Boubekeur, F. Ribot, C. Sanchez, Synthesis

through an in situ esterification process and characterization of oxo

isopropoxo titanium clusters, Inorg. Chim. Acta 279 (1998) 144–151.

[18] P.A. Venz, R.L. Frost, J.T. Kloprogge, Chemical properties of modified

titania hydrolysates, J. Non-Cryst. Solids 276 (2000) 95–112.

[19] C. Wang, Z.X. Deng, Y. Li, The synthesis of nanocrystalline anatase and

rutile titania in mixed organic media, Inorg. Chem. 40 (2001) 5210–5214.

[20] U. Schubert, Chemical modification of titanium alkoxides for sol–gel

processing, J. Mater. Chem. 15 (2005) 3701–3715.

[21] F. Bosc, P. Lacroix-Desmazes, A. Ayral, TiO2 anatase-based membranes

with hierarchical porosity and photocatalytic properties, J. Colloid Inter-

face Sci. 304 (2006) 545–548.

[22] M.C. Fuertes, G.J.A.A. Soler-Illia, Processing of macroporous titania thin

films: from multiscale functional porosity to nanocrystalline macroporous

TiO2, Chem. Mater. 18 (2006) 2109–2117.

[23] S. Cassaignon, M. Koelsch, J.-P. Jolivet, From TiCl3 to TiO2 nanoparticles

(anatase, brookite and rutile): thermohydrolysis and oxidation in aqueous

medium, J. Phys. Chem. Solids 68 (2007) 695–700.

[24] N.R. Neale, A.J. Frank, Size and shape control of nanocrystallites in

mesoporous TiO2 films, J. Mater. Chem. 17 (2007) 3216–3221.

[25] W. Zhang, S. Chen, S. Yu, Y. Yin, Experimental and theoretical investi-

gation of the pH effect on the titania phase transformation during the sol–

gel process, J. Cryst. Growth 308 (2007) 122–129.

[26] J.A. Chang, M. Vithal, I.C. Baek, S.I. Seok, Morphological and phase

evolution of TiO2 nanocrystals prepared from peroxotitanate complex

aqueous solution: influence of acetic acid, J. Solid State Chem. 182 (2009)

749–756.

[27] L.D. Marco, M. Manca, R. Giannuzzi, F. Malara, G. Melcarne, G. Ciccarella,

I. Zama, R. Cingolani, G. Gigli, Novel preparation method of TiO2-nanorod-

based photoelectrodes for dye-sensitized solar cells with improved light-

harvesting efficiency, J. Phys. Chem. C 114 (2010) 4228–4236.
[28] C.-Y. Huang, Y.-C. Hsu, J.-G. Chen, V. Suryanarayanan, K.-M. Lee, K.-C.

Ho, The effects of hydrothermal temperature and thickness of TiO2 film on

the performance of a dye-sensitized solar cell, Sol. Energy Mater. Sol.

Cells 90 (2006) 2391–2397.

[29] S. Pavasupree, J. Jitputti, S. Ngamsinlapasathian, S. Yoshikawa, Hydro-

thermal synthesis, characterization, photocatalytic activity and dye-sensi-

tized solar cell performance of mesoporous anatase TiO2 nanopowders,

Mater. Res. Bull. 43 (2008) 149–157.

[30] T.M. Paronyan, A.M. Kechiantz, M.C. Lin, Highly active nanocrystalline

TiO2 photoelectrodes, Nanotechnology 19 (2008) 115201–119801.

[31] S. Ito, P. Chen, P. Comte, M.K. Nazeeruddin, P. Liska, P. Péchy, M.
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