
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



 

 

  

Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx  
  

 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

High Surface Area TiO2 Nanoparticles by a Freeze-drying Approach for 

Dye-sensitized Solar Cells 

K. R Narendra Pai,
a  

G. S. Anjusree,
a
 T. G. Deepak,

a 
 Devika Subash,

a 
Shantikumar V Nair,

a
 and A. 

Sreekumaran Nair
a*

 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 5 

DOI: 10.1039/b000000x

We outline a simple protocol for fabricating high surface area 

(~ 86 m2/g) TiO2 nanoparticles via. freeze-drying of a 

composite of a TiO2 precursor ((Ti (IV) isopropoxide)) and a 

polymer (polyester) solution. The composite upon freeze-10 

drying results in a porous mass which on subsequent 

sintering results in degradation of the polymer and formation 

of TiO2 nanoparticles. The TiO2 particles when employed as a 

photoanode of dye-sensitized solar cells shown an efficiency 

() of ~ 7%.  15 

TiO2 is a wide band-gap metal oxide semiconductor which is best 

known for its photovoltaic (dye-sensitized solar cells, DSCs), 

photocatalytic, self-cleaning, environmental remediation, etc. 

properties.1-3 DSCs, because of the low cost of the components 

involved, their flexibility and environmental friendly nature, 20 

remain as one of the most promising photovoltaic technologies 

and continue to draw a great deal of research attention.4 TiO2 

serves as the backbone of DSC which does the dual role of  

supporting the sensitizers as well as facilitating electron transport 

back to the transparent conducting oxide.5-6 TiO2 with high 25 

surface area and high porosity is essential in DSC for efficient 

dye adsorption and fast movement of electrolyte ions in and out 

of the system.7-10  

  There are several routes available for the synthesis of TiO2 

nanoparticles, the prominent being sol-gel, hydrothermal, 30 

template-assisted, electrospinning, etc.2b,11 Commercially 

available TiO2 is P-25 (from Degussa) which possess a surface 

area of ~ 40 m2/g. There are high surface area TiO2 available in 

the market (such as Ishihara ST0112-13 and Hombikat UV10014-15) 

but are expensive. Electrospinning is a facile approach for 35 

making metal oxide nanofibers; however, the fibers usually have 

large diameter distributions (~ 100 nm to ~ 500 nm) and have low 

surface areas (~ 44 m2/g) and fewer yields.16-17 The surface areas 

of electrospun TiO2 could be enhanced further through post-

treatments,18 however, this is a two-step approach and expensive. 40 

In such a scenario, we thought of devising a simple protocol by 

which high surface area TiO2 could be produced for the above 

mentioned applications.     

 Thus, the present work outlines a simple protocol for getting 

high surface area mesoporous anatase TiO2 for DSC applications.  45 

Titanium (IV) isopropoxide (TIP) was dissolved in a solution of 

polyester (which is characterized by the presence of a large 

number of carboxylic acid and hydroxyl groups for bonding to 

the TiO2) and the polymeric solution was freeze-dried for getting 

a porous mass which upon sintering at high temperature results in 50 

polymer degradation and formation of TiO2. The TiO2 was 

characterized by spectroscopy, microscopy and surface area 

measurements. The material when used in DSC devices showed 

an efficiency of ~ 7% for cells of area 0.2 cm2 with a thickness of 

12 m.   55 

EXPERIMENTAL  

Materials 

Polyester (produced by the polycondensation of ethylene glycol 

(99.8% Min, Merck Chemicals) was produced in-house as per 

literature reports. Citric acid (L.R,99.5%, Nice chemicals)), 60 

titanium(IV) isopropoxide (TIP, 99.9%, Aldrich, Germany), 

ethanol (absolute, Fischer scientific, Leicestershire, UK), glacial 

acetic acid (99.9%, Fischer scientific, Leicestershire, UK), 

acetonitrile (99.9%, Sigma Aldrich, US), tertiary butyl alcohol 

(99%, Sigma Aldrich, US) and N719 dye (cisbis(4,4’-dicarboxy-65 

2,2’-bipyridine)dithiocyanato ruthenium(II), from Solaronix, 

Switzerland) were used as received. Fluorine-doped tin oxide 

(FTO) having size 2×2 cm2 and sheet resistance of 8-10 Ω/square 

was fabricated in-house using spray-pyrolysis deposition (SPD) 

technique.19 The precursors of the FTO were a 0.2 M solution of 70 

dibutyltin diacetate (DBTDA) in 2-propanol and 9 M solution of 

ammonium fluoride (NH4F) in water.  

 

Preparation of the FTO plates 

The glass substrate for depositing FTO was from Corning Eagle 75 

XG, USA. The DBTDA and NH4F solutions were mixed together 

and sprayed onto the hot glass substrates (heated and maintained 

at 450 0C) for an optimum number of cycles to get a thickness of 

about 800 nm for the FTO coating. The FTO-coated glass were 

washed and dried before used for the solar cell fabrication. The 80 

sheet-resistance of the FTO was measured to be in the range of 8-

10 Ω/square.         

Preparation of polyester 

The polymer used was synthesized as per the literature.10,20 It is 

prepared by the polycondensation of an alcohol and carboxylic 85 

acid.  8.15 g of ethylene glycol was taken in a round bottom flask 

and heated at 80 °C in an oil bath. When temperature reached 80  
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Fig. 1. A Schematic showing preparation steps for the mesoporous TiO2.

°C, 1.42 g of TIP was added and stirred well. Once the solution 

becomes clear, 6.3 g of citric acid was added and temperature was 5 

increased to 100 °C. The mole ratio of ethylene glycol to citric 

acid was 4.5 (mass ratio of 1.3). The mixture was kept at the 

same temperature and stirred well for 5 h. A clear viscous 

solution was obtained which was then cooled down to room 

temperature. The average molecular weight of the polymer was 10 

estimated by an LC-Q-TOF Mass Spectrometry (Xevo G2 Q-

ToF). About 20 L of the polymer was diluted to 1 mL using LC 

MS grade methanol and was analyzed in positive mode by direct 

infusion method with a flow rate of 5 L/min.    

Preparation of mesoporous TiO2 15 

18.5 mL of the polyester was dissolved in 50 mL of ethanol 

containing 5 mL of acetic acid. To the above mixture under 

stirring, 2.5 mL of TIP was added. This solution was kept under 

stirring for another 12 h. A homogenous mixture thus obtained 

was subjected to freeze-drying to remove the solvent from the 20 

sample. The resulting porous mass was kept for sintering at 450 

°C for 3 h to degrade the entire polymer present, which results in 

the formation of mesoporous TiO2. 

Characterization 

Thus mesoporous TiO2 resulted from the above method was 25 

characterized by HR-TEM (SEI Tecnai G230 operated at 300 kV) 

for morphology, crystallinity and structural details. Sample for 

HR-TEM was prepared by dispersing the sintered TiO2 sample in 

methanol under sonication and then allowing a drop of this 

suspension to dry on a carbon-coated copper grid. X-Ray 30 

Diffractometry (XRD, wavelength =1.54Å) was employed for 

phase and crystal structure analysis. Poly crystalline structure and 

pure anatase nature of TiO2 was confirmed with XRD.  The phase 

purity was confirmed using X-Ray Photoelectron Spectroscopy 

(XPS, Kratos analytical, Ultra axis), and Raman Spectroscopy 35 

(WITEC ALPHA 300 RA) analyses. BET (Micromeritics TriStar 

3000 V6.07A Instrument) was done for Surface area 

measurement and pore size analysis. The TiO2 sample was dried 

under flowing N2 at 350 0C overnight prior to BET measurements 

(under standard protocols at 77 K). DSCs were fabricated as 40 

explained below and the current-voltage (I-V) characteristics were 

measured under an illumination of 1 Sun (AM 1.5G) using a solar 

simulator (Newport, Oriel class A). Keithley 2400 digital source 

meter was used to measure the photocurrent (Isc) and open-

circuit voltage (Voc) under an applied external potential scan for 45 

an exposed area of 0.25 cm2. IPCE spectra were measured using 

an Oriel Newport (tracq basic, model 77890) equipment 

configured for dye-sensitized solar cells.   

Fabrication of photoanodes 

Fabrication of photoanodes starts with coating a thin layer (~ 100 50 

nm thick) of TiO2 by spray pyrolysis deposition on the fluorine-

doped tin oxide (FTO) glass. A paste of the mesoporous TiO2 was 

prepared by mixing and mechanical grinding of the powder with 

a binder solution (like the polyester).  

 The mixture was then sonicated for 12 h which helped in 55 

forming a uniform paste of appropriate rheology required for 

doctor-blading. The TiO2 paste was doctor-bladed to a suitable 

thicknesses (~15 µm) on TiCl4 treated FTO glass plate. The 

fabricated photoanodes were kept in an oven at 80 °C for 30 

minutes (for hardening of the mass) and then they were sintered 60 

at 450 °C for 3 h to remove the polymer. The TiO2 film was 

subsequently treated with TiCl4 (30 mM at 70 0C) and sintered 

again to 450 0C. As is well known, the TiCl4 treatment produces a 

small rutile TiO2 on the anatase particles in the TiO2 film (the 

photoanode). When the temperature of furnace gets lowered (to 65 

120 °C), the photoanodes were taken out and they were directly 

immersed in the N719 dye solution (0.5 mM in 1:1 acetonitrile-

tertiary butyl alcohol mixture) for 24 h for saturate-loading of the 

dye. The electrodes were washed in absolute ethanol and dried in 

vacuum. The photoanodes were sandwiched against the platinum 70 

counter electrodes using a parafilm spacer after adding the I3
-/I- 

electrolyte on the exposed area. The cells were sealed to prevent 

the electrolyte leaching. The active area of the cell was 0.2 cm2.      
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Fig.2. Schematic showing the chemical interaction between polyester and the TiO2.  

 

RESULTS AND DISSCUSSIONS 

Polyester was prepared by the polycondensation of ethylene 5 

glycol and citric acid (Fig. 2). It is highly soluble in aqueous as 

well as organic solvents such as ethanol. Polyester was chosen 

as the surfactant for the nanoparticle preparation because of the 

presence of a large number of surface hydroxyl and carboxylic 

acid groups in the polyester backbone which facilitate 10 

hydrogen bonding with the surface hydroxyl groups of the TiO2 

thus  facilitating the formation of a uniform compact mass. Fig. 

1 shows an overview of the synthesis process. The amount of 

TiO2 obtained from two typical syntheses is shown at the right 

end of the schematic showing that the process is scalable with 15 

high throughput. Considering the attributes like simplicity, time 

and cost-effectiveness, etc. this  method offers a simple 

protocol for large scale synthesis of mesoporous TiO2. The 

TiO2 was characterized by TEM measurements. Large area 

images are shown in Fig. 3(a&b) showing agglomerated 20 

nanoparticles. An HR-TEM image is shown in Fig. 3c showing 

the sizes of particles and the presence of mesopores. The pores 

observed between the nanoparticles were in the range of 2 - 10 

nm implying that the mesoporosity is due to the interparticle 

porosity. The average particle size was estimated to be 15 nm. 25 

A lattice-resolved image is shown in Fig. 3d showing the 

interplanar spacing of 0.35 nm corresponding to the prominent 

(101) lattice of anatase TiO2. Inset of Fig. 3d shows a spotty 

SAED pattern revealing its high crystallinity. The TiO2 was 

further characterized by powder XRD (Fig. 4a) and Raman 30 

(Fig. 4b) spectroscopy, respectively. Fig. 4a further confirms 

the pure anatase nature of the polycrystalline TiO2. The peaks 

are indexed in the spectrum itself (JCPDS No. 21-1272). The 

sharp peak at 2=25º corresponds to the diffraction peak of 

anatase TiO2 from the (101) plane.21 The average size of the 35 
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Fig. 3 a&b) TEM showing the TiO2 nanoparticles c) HRTEM showing 

the interplanar spacing in TiO2 d) SAED pattern showing the high 

crystallinity.  

particles estimated from Scherrer equation was 12 nm which 5 

correlates well with the TEM results. The phase analysis was 

confirmed using Raman spectroscopy as well (Fig. 4b). 

According to factor group analysis, anatase has six Raman 

active modes (A1g + 2B1g + 3Eg). The peaks in the Raman 

spectrum at 166 cm−1, 210 cm−1 and 652 cm−1 correspond to Eg 10 

modes and remaining two peaks at 409 cm−1 and 531 cm−1 

correspond to B1g and A1g, respectively.22,23 The XPS analysis 

was used to confirm the phase purity (Fig. 5).2b The binding 

energies of Ti 2p3/2 and Ti 2p1/2 were found at 459.39 eV and 

465.02 eV, respectively, which corresponds to a spin-orbit 15 

coupling of 5.63 eV. The high-resolution spectrum of O 

showed 2 peaks upon  de-convolution, the one at 530.1 eV 

corresponds to that of lattice O and that at 533 eV corresponds 

to the O atom from surface hydroxyl groups (chemisorbed 

water molecules).24 Fig. 6 gives the nitrogen adsorption 20 

isotherm (BET) and the pore-size distribution of the TiO2. The 

BET surface area was estimated to be 86 m2/g and the pore 

distribution was narrow with the average pore size of about 212 

Å. The average pore volume was found to be 0.46 cm3/g. It is 

to be noted that since the size of the N3 dye molecules is only ~ 25 

1 nm2,25 the pores in the TiO2 electrode should be fully 

accessible to the dye molecules. We have found that freeze 

drying did improve the BET surface area of the TiO2 as without 

the freeze drying process, the surface area was only 48 m2/g for 

the TiO2. This is understandable as the conventional drying 30 

process involves hard agglomeration of the composite which 

will create dense metal oxide particle during the cancination 

step. This is in contrast to the case of the freeze drying process 

where due to the slow evaporation of the solvent from the 

frozen homogenous mixture, the chemical interaction between 35 

the TiO2 and the polyester occurs at low temperatures resulting 

in soft agglomerates and hence a fine TiO2 powder of high 

porosity. 

 Low molecular weight polyester (Mn ~ 784 g/mol) was 

selected for the present investigation as we assumed that the 40 

ease of infiltration of TiO2 into the short polymer chains will be  

Fig. 4 a) XRD showing the pure anatase TiO2 b) Raman spectrum of 

the TiO2. The peaks are indexed in the spectra itself.  

 45 

Fig. 5. XPS of TiO2 a) wide spectra high resolution spectra of b) 

deconvoluted oxygen c) Ti.  

high (than the polymer with longer chains) for producing a 

homogenous composite for freeze drying. We anticipate that 

the porosity (and hence the density) and the size distribution of 50 

TiO2 could be modified by controlling the loading (infiltration) 

of TiO2 on the polymer and the polymer viscosity (molecular  

weight). However, this needs to be investigated separately in 

detail in future. 

 DSC performance 55 

The DSCs with different thicknesses for TiO2 were fabricated 

using the procedure described in the experimental section and  

tested at 1 Sun under AM 1.5G conditions. The respective 

photovoltaic parameters are summarized in the table (Table 1). 

From the Table 1, it is evident that maximum performance was 60 

obtained for the DSC with a 12 µm layer thickness for TiO2 

which is in accordance with literature reports.26 The I-V 

characteristics are shown in Fig. 7a. The DSC showed a short-

circuit current density (Jsc) of 14.83 mA/cm2 and an energy 

conversion efficiency () of 6.97%. In comparison, the DSC 65 

fabricated from the commercially available TiO2 (P-25) had Jsc 

and  values of 10.37 mA/cm2 and 5.39 %, respectively. A 

comparison of the I-V graphs of the two reveals that the major 

factor that contributed to the enhanced performance of the 

present TiO2 was the higher Jsc value. To have an idea as to 70 

what was responsible for the higher Jsc value, we have 

quantified the amount of dyes in the two electrodes by dye 

desorption (Fig. 7c). The dye loadings in the electrodes were 

found to be 5.73×10-7 moles/cm2 for the TiO2 vs. 2.89×10-7  
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Table 1. Photovoltaic parameters at different photoanode thicknesses. 

 

Thickness 

(µm) 

 

Voc (V) 

 

Jsc  (mA/cm2) 

 

Fill 

factor 
(%) 

 

Efficiency 

(%) 

 
10 

 
0.73 

 
11.03 

 
65.01 

 
5.28 

 

12 

 

0.73 

 

14.83 

 

65.11 

 

6.97 

 

14 

 

0.70 

 

14.52 

 

64.81 

 

6.63 

 

moles/cm2 for the P-25. One of the reasons for the increased 

dye loading in the TiO2 could be the higher surface area of the 

same (86 m2/g vs. 40 m2/g for the P-25) which increased the 5 

light harvesting capability and hence contributed to the higher 

Jsc value. This was additionally confirmed by the incident 

photon-to-electron conversion efficiency (IPCE) spectra of the  

devices (Fig. 7b). The IPCE was obtained from the relation, 

IPCE (%) = 1240 Jsc/Pin where Jsc is the short-circuit current 10 

density,  is the wavelength and Pin is the power of the incident 

light. The IPCE maximum of the TiO2 DSC was found to be 

56% compared to 45% for the P-25 and the wavelength of the 

IPCE maximum corresponds to the absorption maximum of the 

N719 dye. The main factors that contribute to the IPCE are the 15 

light harvesting efficiency, and the charge separation and 

collection yields.27 As evident from dye de-loading 

experiments (Fig. 7c), the major parameter that has contributed 

to the IPCE increase was the difference in the light harvesting 

efficiency of the two cells, primarily determined by the 20 

difference in the dye loadings. As is well-known, in a DSC, the 

dye is bound to the TiO2 surfaces through ester/cyclic ester 

bonds formed between the surface hydroxyl groups of the TiO2 

and the carboxylic groups of the dye.1b,27c Anatase TiO2 is the 

preferred form over rutile for DSCs as it is rich in hydroxyl 25 

density along the (101) lattice plane.27c Thus, the amount of 

dye loaded onto the TiO2 photoanode is a measure of both its 

surface area and phase purity. Since the TiO2 film in the 

present case (from the freeze-dried TiO2) is predominantly 

anatase and contribution from rutile phase (from the 30 mM 30 

TiCl4 treatment of the film) is just negligle (see Fig. 8), the 

photovoltaic performance due to the enhanced dye loading 

could mainly be attributed to the high surface area of the TiO2 

(86 m2/g vs. 40 m2/g for the P-25) due to the smaller size of the 

particles (~ 15 nm vs. ~ 25-30 nm for the P-25) and porosity 35 

and the difference in the relative amounts of the anatase and 

rutile forms in the TiO2 (~ 100% anatase in the freeze-dried 

TiO2 vs. a mixture of ~ 75% anatase and ~ 25% rutile in P-

2528a). Though there is a difference in opinion in scientific 

literature on the synergistic effects of anatase and rutile in the 40 

TiO2 for photocatalysis and photovoltaics,28-30 this needs to be 

investigated in the present case for DSCs through a systematic 

variation of the rutile and anatase phases by altering the 

synthetic protocol.        

 45 

Fig. 6. BET nitrogen adsorption isotherm pattern of the TiO2 showing 

the pore size distribution in the inset. 

 

. 

 50 

Fig.7. I-V characteristics of the synthesized TiO2 compared with P-25 b) IPCE spectra, and c) dye deloading data. 

 

 

 

 55 
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Fig. 8. XRD of the TiCl4 treated TiO2.  

Conclusions 

We have outlined a simple protocol for fabricating high surface 

area TiO2 by freeze drying of a composite of a TiO2 precursor 5 

and polyester, which acted as the surfactant. The porous mass 

obtained by the freeze drying process upon sintering resulted in 

TiO2 nanoparticles of ~ 12-15 nm sizes with a high BET 

surface area of 86 m2/g. The TiO2 when employed as a 

photoanode of the DSC resulted in an efficiency of 7% which 10 

was higher than that of commercially available TiO2 (5.4% for 

P-25). The high surface area and good phase purity of the 

former resulted in high dye loading and hence the better light 

harvesting efficiency contributed to the enhanced performance 

of the TiO2 DSC device.     15 
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