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Abstract High-temperature treatment steps in fabrication

process of dye sensitized solar cell (DSSC) significantly

contribute to the manufacturing costs and limit the use of

temperature sensitive substrates. Therefore our aim was to

develop a simple method for the preparation of water-based

TiO2 paste. The paste is based on peroxotitanic acid (PTA)

sol–gel matrix and commercial TiO2 nanoparticles (P25).

Two fabrication processes to decompose/transform the

PTA matrix in the printed TiO2 layer are explored and

combined: annealing at temperatures up to 250 �C and/or

oxygen plasma treatment. The results show that the PTA

matrix in the paste converts to anatase phase and to some

extent also attaches to the TiO2 nanoparticles P25 acting as

an interconnecting network within TiO2 layer. The trans-

formation of the PTA matrix occurs around 250 �C, but in

the presence of TiO2 nanoparticles P25 it starts already at

120 �C. In addition the results reveal that the crystalliza-

tion is achievable also solely with the oxygen plasma

treatment. The efficiency of the TiO2 layers, exposed to

different post-deposition treatments, is evaluated in

DSSCs. The results show that oxygen plasma treatment of

the TiO2 layers could efficiently replace temperature curing

at 250 �C. Within this study the DSSCs with the efficiency

up to 4.2 % measured under standard test conditions

(1,000 W/m2, AM1.5, 25 �C) were realized.

Keywords Peroxotitanic acid � Sol–gel � TiO2 paste �
Low-temperature treatment � Oxygen plasma

treatment � Dye-sensitized solar cell

1 Introduction

Dye-sensitized solar cells (DSSCs) [1], due to their

potential low-cost manufacturing process based on screen

printing technology and optical semi-transparency along

with decorative options, offer multiple opportunities for

the architectural solutions for envelope of modern build-

ings [2, 3]. In the last decade the research in the field of

DSSCs has been focusing on glass-substrate solar cells,

although flexible substrates (polymer foils) enable a wider

range of applications which could foster this technology

towards its industrialization [4, 5]. Recently a strong

emphasis has been given to the development of low-

temperature pastes for DSSCs fabrication in order to

avoid conventional high-temperature curing (above

400 �C). The main advantages are low-cost, light-weight,

flexible devices and roll-to-roll manufacturing [6–9].

However, one of the problems of using a polymer sub-

strate in DSSCs is that the solar cells exhibit a lower

conversion efficiency up to 7.6 % [10], while the record

efficiency of the glass-based DSSC exceeds 12.3 % [11].

One of the main reasons for this is the limitation of the

annealing temperature of the TiO2 layer up to 250 �C

which does not enable optimal interconnection of the

TiO2 nanoparticles within the layer necessary for good

electron transport within photoactive layer [12].

Several efforts have been made towards low-temperature

preparation of the active layer focusing on the preparation of

the binder-free TiO2 pastes [13, 14], using a mixture of

nanocrystalline TiO2 powder and titania precursor with the

UV irradiation treatment [15] or hydrothermal crystallization

at low temperature in the solid/gas interface [16]. Li et al. [17]

developed low temperature fabrication method for the

preparation of active layer by blending of poly(methyl

methacrylate) with TiO2 nanoparticles. The flexibility of
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photoelectrode has been improved, although the efficiency of

DSSC was decreased by the presence of polymer in TiO2

layer. Lindström et al. [18, 19] introduced the press method for

low-temperature preparation of the TiO2 electrodes. Using

electrodes prepared by this method, they achieved the effi-

ciency up to 3 % [19]. Dürr et al. [20] developed a lift-off

process. The TiO2 layer was deposited on gold-layered glass

substrate and sintered at high temperatures. Afterwards, the

TiO2 layer was removed from the glass by dissolving the gold

layer. The TiO2 layer was transferred onto a conductive plastic

substrate by pressing. By this process an efficiency of 5.8 %

has been achieved. The most promising research results were

published by Yamaguchi et al. [10]; they reported highly

efficient (7.6 %) DSSC based on plastic substrate using a press

method. The high conversion efficiency was achieved by

optimization of the press conditions, improving of the low-

temperature TiO2 paste and an additional UV–O3 treatment of

the TiO2 layer and the plastic substrate [10].

The procedures for the fabrication of TiO2 layer for the

plastic DSSCs are rather complex. Therefore, our aim was

to simplify the preparation of the TiO2 paste which allows

the formation of TiO2 layers at low temperatures

(B250 �C). To accomplish this goal, a TiO2 paste based on

the water-based sol–gel matrix and commercial TiO2

nanopowder has been successfully developed. The matrix

was synthesized by mixing Ti-isopropoxide (Ti(OiPr)4)

and hydrogen peroxide (H2O2) forming complexing gel

called peroxotitanic acid (PTA) [21]. The TiO2 paste was

achieved by mixing the sol–gel matrix and commercial

TiO2 nanopowder. The PTA crystallizes at rather low

temperature, therefore we assume that the PTA present in

the paste at low temperature converts to small TiO2 crystals

and to some extent also attaches to the basic TiO2 nano-

powder and acts as an interconnecting network within TiO2

layer. A similar approach has been reported by Yen et al.

[13], who introduced PTA and tert-butyl alcohol into the

paste based on a mixture of nanocrystalline powder P25,

P90 and PT501A. They prepared the TiO2 layers by tem-

perature curing at 120 �C for 4 h. Our aim was to simplify

the synthesis of TiO2 paste and at the same time efficiently

replace temperature curing with plasma treatment and

significantly shorten the processing time of TiO2 layer

preparation. Two routes have been explored and also

combined: annealing at low temperature (B250 �C) and/or

treating with the oxygen plasma to study the transformation

of the PTA in the printed TiO2 layer. Plasma treatment is

commonly used for cleaning, etching, activating and

functionalizing a variety of surfaces (polymeric materials,

metal, plastic, etc.) [22–26]. Plasma treatment has already

been used for the preparation of DSSC, mostly for the

cleaning and activating of the substrate before depositing

of TiO2 layer to improve adhesion. Recently some efforts

have been already made towards a surface-treatment of

photoactive electrodes (TiO2 layers) to increase the dye

absorption and improve the performance of DSSCs [27–

30]. Our aim was to replace or combine temperature curing

with oxygen plasma treatment.

Newly developed water-based TiO2 matrix/paste/layers

have been thoroughly studied. Ten different combinations

of post-deposition treatments of the TiO2 layers composed

of the water-based sol–gel matrix and TiO2 nanopowder

have been explored. The sol–gel matrix and the TiO2 paste

have been examined with the infrared spectroscopy (IR).

The differences in TiO2 layer structure and morphology

upon the different treatments of the as-deposited layers

have been described by the X-ray diffraction (XRD) and

scanning electron microscopy (SEM). The amount of the

dye molecules attached to the TiO2 layer has been deter-

mined with the UV–Vis spectroscopy. Additionally, the

TiO2 layers have been used to assemble a series of DSSCs.

The incident photon to current efficiency (IPCE) of DSSCs

employing TiO2 layers exposed to different treatments, as

well as the cells performance under standard test conditions

(STC; 1,000 W/m2, AM1.5, 25 �C) have been evaluated.

The efficiency of the ten different TiO2 layers in DSSC has

been compared using an ionic liquid based electrolyte.

Nevertheless in general the DSSCs based on this type of

electrolyte show diffusion limitation which is reflected in

lower efficiency of the solar cell [31]. Therefore the most

efficient TiO2 layer has been tested also in the DSSC based

on acetonitrile electrolyte.

2 Experimental

2.1 Preparation of the TiO2 paste

The first step in the preparation of TiO2 paste was the

synthesis of peroxotitanic acid (PTA) sol–gel matrix. The

matrix was achieved by mixing Ti(OiPr)4 (Fluka) and

H2O2 (30 % aqueous solution, Belinka). The optimal molar

ratio between Ti(OiPr)4 and H2O2 was found to be 1:30.

The H2O2 was added drop-wise to Ti(OiPr)4, meanwhile

the mixture generated heat, evolved oxygen bubbles and

transformed into red–yellow complex. Afterwards, the

remaining H2O2 was added to the mixture and a yellow gel

called peroxotitanic acid (PTA), denoted as matrix, was

formed.

The TiO2 paste was prepared by mixing the TiO2

nanopowder (P25, Degussa) and PTA gel in a mortar

grinder (Retsch, RM200). The molar ratio between TiO2

and Ti(OiPr)4 in the paste was 7:1, since our previous study

has shown that this is the most suitable molar ratio in the

paste concerning the optimal DSSC performance [32]. The

mixture was stirred and the distilled H2O was added slowly

till a homogeneous paste was obtained.
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2.2 Preparation of the TiO2 layer

The TiO2 paste was deposited on a transparent conductive

electrode (TCO) i.e. fluorine-doped SnO2 on glass substrate

(TEC8, Solaronix, 8 Ohm/square), using the ‘‘doctor

blade’’ technique. Afterwards, the printed TiO2 layers were

exposed to different conditions;

1. air drying at room temperature (marked as layer RT),

2. treating at different temperature–time combinations:

15 h at 120 �C (layer T120), 15 h at 180 �C (layer

T180), 1 h at 250 �C (layer T2500), 15 h at 250 �C

(layer T250) and 1 h at 450 �C (layer T4500),
3. treating with oxygen plasma (layer P-RT),

4. annealing followed by oxygen plasma treatment: 1 h at

120 �C (layer P1200), 1 h at 180 �C (layer P1800) and

1 h at 250 �C (layer P2500).

We used a cylindrical plasma reactor developed by and

in-operation at the Jožef Stefan Institute [33]. The plasma

process was carried out at a pressure of 30 Pa and power of

3.2 kW for 6 min in pure O2. More details about the

oxygen plasma treatment can be found in [33].

2.3 Fabrication of the DSSC

The cells were assembled in accordance with the standard

procedure as reported previously [32, 34]. The TiO2 layers

were immersed in an ethanol solution of the ruthenium

complex dye N719 (1 9 10-4 M, Ru (2,20 bipyridy l4,

40 dicarboxylate)2 (NCS)2, Solaronix). Two different

electrolytes were used; electrolyte A was based on a binary

ionic liquid mixture and electrolyte B was based on ace-

tonitrile. Electrolyte A consisted of 1-propyl-3-methyl-

imidazolium iodide (Merck) and 1-ethyl-3-methyl-imida-

zolium tetracyanoborate (Merck) mixed in volume ratio

13:7, 0.2 M iodine (Merck), 0.5 M 1-methylbenzimidazole

(Aldrich) and 0.1 M guanidine thiocyanate (Fluka). Elec-

trolyte B consisted of 0.6 M 1-propyl-3-methyl-imidazo-

lium iodide, 0.03 M iodine, 0.1 M guanidine thiocyanate,

0.5 M 4-tert-butylpiridine (Aldrich) in acetonitrile (Riedel-

de Haën). The active area of DSSCs was 0.3 cm2.

2.4 Instrumental and measuring techniques

The layer thickness was determined with surface profi-

lometer (Taylor-Hobson Ltd.).

The IR spectra of the PTA, TiO2 paste and TiO2 powder

were recorded using a FT-IR spectrometer Spectrum GX,

ATR technique.

The XRD measurements of dried PTA gel and TiO2

layers were done using a Phillips PW1710 (automated)

X-ray diffractometer. Before XRD characterisation the

PTA gel were annealed at different temperatures: air drying

at room temperature (G-RT), 15 h at 120 �C (G120), 15 h

at 180 �C (G180), 1 h at 250 �C (G2500), 15 h at 250 �C,

(G250) and 1 h at 450 �C (G4500). The XRD measure-

ments were also done for the layers RT, P-RT and T250

deposited on TCO substrates.

The surface morphology of the layers was analysed with

FEI Helios Nanolab 650 scanning electron microscope

(SEM).

The amount of the dye molecules adsorbed on the TiO2

layer, which correlates with the active surface area of the

TiO2 layer, was determined with UV–Vis spectroscopy.

Detailed procedures for the determination of amount of the

dye adsorbed on the TiO2 layers have been described

previously [35, 36].

Oriel Class ABA solar simulator (equipped with 1.5G

air mass filter) was used as the light source. Although it’s

spectrum closely matches required AM1.5 spectrum

according to the IEC 60904-3 standard, the spectral mis-

match parameter was calculated and used in conjunction

with a calibrated c-Si reference solar cell. To set the cell

temperature to the standard test conditions (25 �C), the

temperature was stabilized with a cooling/heating setup

based on Peltier element designed for solar cell charac-

terization. Current–voltage (I/V) characteristics were mea-

sured using a precise source meter by applying voltage and

measuring current.

The IPCE of the assembled DSSCs was analysed with a

Xenon lamp and a monochromator. The measurement were

scanned in increments of 5 nm from 300 to 800 nm, while

in order to obtain stable reading the 3 s delay was applied

after setting wavelength and before measurement of the

current.

3 Results and discussion

The layers are marked upon the different treatments of the

as-deposited layers (see experimental), while the solar cells

are marked as DSSClayer (e.g. DSSCRT) according to the

type of the TiO2 layer used.

3.1 Structure and morphology of PTA, TiO2 paste

and TiO2 layer

3.1.1 IR spectroscopy

Figure 1 shows the FT-IR spectra of the TiO2 paste and its

precursors; PTA gel (matrix) and TiO2 nanopowder (P25).

The spectrum of the PTA and TiO2 paste are characterised

with a wide absorption from 3,000 to 3,700 cm-1 related to

the stretching vibration of the hydrogen-bonded OH groups

of the adsorbed water. The absorption around 1,630 cm-1

can be assigned to the bending vibration of adsorbed H2O
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molecules. The stretching vibrations assigned to the peroxo

group (-Ti–O–O–H) bond of the peroxotitanic acid (PTA)

are typically present at 900 cm-1 [37, 38], however this

absorption peak is not present in the spectrum of the PTA

gel (Fig. 1). The Ti4
? ions and H2O2 interaction leading to

the formation of a Ti-peroxy compound is exothermic. We

assume that in our case the peroxo groups were decom-

posed, either because the synthesis was not performed

under ice-bath conditions and/or since the PTA gel was air-

dried at room temperature for 2 days before the FT-IR

measurements were taken. Nevertheless, Ge et al. also

observed completely decomposition of peroxo group in

PTA after treatment at 100 �C for 6 h [37]. It should be

mentioned that in their case other precursors (titanyl sul-

fate, ammonia) and different synthesis routes have been

used for the preparation of the PTA. For the TiO2 powder

(P25), the bands near 1,630 cm-1 and 3,000–3,700 cm-1

also show the presence of O–H bonds. This is probably due

to the fact that the TiO2 easily adsorbs water vapor from

the air, leading to the formation of hydroxyl groups on the

surface of the TiO2 [38]. In general, FT-IR analysis (Fig. 1)

revealed that there is no chemical interaction between PTA

gel and TiO2 powder P25, since the FT-IR spectrum of the

TiO2 paste is a sum of the IR spectrum of the PTA gel and

TiO2 powder.

3.1.2 XRD analysis

The XRD patterns of dried PTA gel annealed at different

temperatures are shown in Fig. 2. The crystallization of the

TiO2 from the PTA is influenced by many parameters, such

as annealing temperature, annealing time, heating rate and

atmosphere. We varied the annealing temperature and time.

No diffraction peaks have been observed for the PTA gel

dried at room temperature (G-RT), and the samples annealed

at 120 �C (G120) and 180 �C (G180), respectively. This

indicates that the samples annealed below 180 �C remain

amorphous. On the other hand the XRD patterns of the G2500,
G250 and G4500 give distinctive TiO2 peaks corresponding to

the anatase phase. These confirm that in our case the amor-

phous–anatase transformation occurred around 250 �C. As

shown in Fig. 2, with increasing annealing time (G250) or

annealing temperature (G4500), the peak intensity of TiO2

increases gradually and the width of the diffraction peak

becomes slightly narrower. The Scherrer equation was used to

determine the average crystal sizes of the TiO2 nanoparticles.

The average size of the crystallites for samples G2500, G250

and G4500 were determined to be 20, 22 and 30 nm,

respectively.

The XRD spectra of the TiO2 layers RT, P-RT and T250

deposited from the water-based TiO2 paste and post-treated

at different conditions are given in Fig. 3. The results

confirm the presence of the anatase TiO2 phase with small

amount of rutile TiO2 phase for all three layers. The ratio

between the anatase and rutile modifications of TiO2 in all

three layers remains similar to that found for TiO2 nano-

powder (P25, Degussa), which has been used as a precursor

for the preparation of the TiO2 paste. The average size of

the anatase particles present in layer RT, P-RT and T250

was determined to be around 25 nm, which is the same as

the average size of TiO2 nanopowder (P25, Degussa). The

addition of PTA gel (matrix) for the preparation of the

paste does not significantly influence the ratio between

different modifications of TiO2 neither the average size of

the crystallites in the layers, because the matrix represents

solely 12.5 mol %. The spectra show also the peaks around

26.5�, 34� and 51.5�, which are characteristic for the SnO2

based glass substrate.

Fig. 1 The FT-IR spectra of TiO2 paste, PTA gel and TiO2 powder

P25
Fig. 2 XRD patterns of PTA gel annealed at different temperatures
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3.1.3 SEM analysis

The insight views of the TiO2 layers RT, P-RT and T250

post-treated at different conditions showing the layers

morphology are presented in Fig. 4. The SEM micrograph

of the layer RT shows agglomerated TiO2 particles coated

with continues layer of PTA matrix. According to the XRD

measurement the PTA matrix remains amorphous when

dried at room temperature (Fig. 2, G-RT). The SEM

micrographs reveal that oxygen plasma-treated layer

(Fig. 4, P-RT) and layer annealed at 250 �C for 15 h

(Fig. 4, T250) consist of homogeneously distributed

spherical TiO2 grains (*25 nm), which is in agreement

with the average crystal size determined by XRD (Fig. 3,

P-RT, T250). It is evident that the continuous PTA matrix

noticed in layer RT decomposed in layer P-RT and T250.

These results are well in accordance with the XRD mea-

surement (Fig. 2), which proves that around 250 �C the

amorphous-crystals transformation occurs. The results of

the SEM analysis (Fig. 4, P-RT) show that the crystalli-

zation is achievable also with the oxygen plasma treatment.

3.2 Dye sensitized solar cell

The TiO2 layers exposed to different treatment conditions

were sensitized with N719 dye and evaluated in DSSCs

based on electrolyte A. The thickness (d) of the TiO2 layers

and the amount of the dye molecules attached to the sur-

face of TiO2 layer (ndye/Vlayer) are shown in Table 1. The

thickness of the layer dried at room temperature (layer RT)

is 7.1 lm, while the thicknesses of all other layers are

between 6.0 and 6.2 lm. The difference in thicknesses is

due to the removal of the water from the TiO2 paste during

annealing/plasma treatment. In addition, the PTA matrix

converts to the anatase crystals during thermal or plasma

treatment process (see Sect. 3.1.2).

In the first set of experiments the dye loading/chemi-

sorption for the TiO2 layers treated at different tempera-

ture-time combinations are compared (Table 1,

temperature treatment). For the layer RT the lowest amount

of attached dye molecules per volume of the layer ndye/

Vlayer i.e. 5.8 9 10-5 mol/cm3 was found. The reason is

that the continuous amorphous phase in the layer RT

decreases the surface area of the TiO2 layer. On the other

hand layers T120, T180, T2500, T250 show almost no

difference in dye loading (ndye/Vlayer), while the layer

T4500 possesses the highest value being 8.7 9 10-5 mol/

cm3. The results of the I–V characterization (Table 1,

temperature treatment) show that generally an increase in

the annealing temperatures of the layers results in an

increase in short-circuit density (JSC), open-circuit voltage

(VOC) and consequently in conversion efficiency (g). As

expected, the DSSCRT generates the lowest JSC (0.68 mA/

cm2). The TiO2 particles in the layer RT are coated with

continuous amorphous phase of the PTA gel (see Sect.

3.1.3), which is reflected in smaller amount of the dye

molecules attached to the layer and most likely also in a

decrease of the electron transport within TiO2 layer, both

limiting the JSC. Higher JSC, 3.5 and 4.5 mA/cm2, were

Fig. 3 The XRD patterns of layer dried at room temperature (RT),

oxygen plasma-treated layer (P-RT) and layer annealed at 250 �C for

15 h (T250)

Fig. 4 The SEM micrographs showing insight view of layer dried at room temperature (RT), oxygen plasma-treated layer (P-RT) and layer

annealed at 250 �C for 15 h (T250)
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obtained for the DSSCT120 and DSSCT180, respectively.

According to the XRD measurement (Fig. 2) showing the

crystallization of the amorphous phase to occur around

250 �C we expected that both cells (DSSCT120 and

DSSCT180) would achieve similar current density as

DSSCRT. The reason could be the catalytic nature of the

basic TiO2 nanoparticles (Degussa P25) in the paste. This

effect has been confirmed for the Pechini sol–gel based

TiO2 pastes by applying thermal analysis [35]. The pres-

ence of TiO2 nanoparticles in the sol–gel matrix lowered

the decomposition temperature of the matrix for more than

30 �C [35]. The best performance of DSSC based on

electrolyte A with the efficiency of 3.1 % was realized with

the layer T4500 exhibiting also the highest dye loading

(Table 1, temperature treatment). Nevertheless, the

DSSCT250 shows only 10 % relatively lower conversion

efficiency compared to the DSSCT4500, although the layer in

DSSCT250 was treated at 250 �C.

In the second set of measurements, the layers exposed to

the oxygen plasma treatment are compared (Table 1,

plasma treatment). The variation in dye loading for all the

layers exposed to the oxygen plasma treatment was within

6 %. This demonstrates that preconditioning of the TiO2

layer with the temperature prior oxygen plasma treatment

does not influence much the dye loading. The results are in

accordance with the expectations, since the oxygen plasma

treatment enhances the hydrophilicity on the TiO2 surface

[30, 39, 40] promoting the dye adsorption. The highest

enhancement of the dye adsorption, for around 30 %, was

noticed for the layer not being exposed previously to the

temperature treatment (layer P-RT vs. RT, Table 1). On the

other hand the results of the I/V characterization of the cells

assembled with layer P-RT, P1200, P1800 and P2500 show

significant difference in JSC, but almost no difference in

VOC (Table 1, plasma treatment). The DSSCP-RT, assem-

bled with a layer P-RT treated solely with oxygen plasma,

generates 5.7 mA/cm2 and achieves the efficiency of

2.2 %. While the DSSCP2500 compared to the DSSCP-RT

shows 8 % higher JSC, but the same efficiency due to the

differences in the fill factor (FF). However, a significantly

lower JSC, for more than 20 % and consequently also lower

g are noticed for DSSCP1200 and DSSCP1800, when com-

pared with the DSSCP-RT. The exact reason for this remains

unknown.

The IPCE measurements of the DSSCRT, DSSCP-RT and

DSSCT250 based on the electrolyte A are shown in Fig. 5.

The shapes of all IPCE responses are typical for DSSC

using N719 dye and iodide/triiodide based electrolyte [34].

The DSSCRT shows significantly smaller IPCE compared

Table 1 The layer thickness (d), the amount of the dye molecules

attached to the surface of TiO2 layers (ndye/Vlayer), short-circuit

current density (JSC), open-circuit voltage (VOC), fill factor (FF) and

conversion efficiency (g) under STC of the DSSCs assembled with the

TiO2 layers treated at different conditions. The DSSCs are based on

electrolyte A

TiO2 layer d (lm) ndye/Vlayer (mol/cm3) JSC (mA/cm2) VOC (V) FF (%) g (%)

Temperature treatment

RT 7.1 5.8 9 10-5 0.68 0.51 60 0.2

T120 6.2 8.5 9 10-5 3.52 0.58 66 1.4

T180 6.2 8.4 9 10-5 4.53 0.58 63 1.7

T2500 6.1 8.4 9 10-5 5.41 0.58 63 2.0

T250 6.1 8.5 9 10-5 7.12 0.62 64 2.8

T4500 6.0 8.7 9 10-5 8.51 0.63 58 3.1

Plasma treatment

P-RT 6.2 8.0 9 10-5 5.73 0.59 64 2.2

P1200 6.1 7.7 9 10-5 4.13 0.58 64 1.5

P1800 6.2 7.8 9 10-5 4.64 0.59 62 1.7

P2500 6.1 8.2 9 10-5 6.21 0.59 61 2.2

Fig. 5 The incident photon to current efficiency of DSSCRT, DSSCP-PR

and DSSCT250 based on electrolyte A
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to the DSSCP-PR and DSSCT250, which is well in agreement

with the measured values of JSC. The AM1.5 weighted

integral of the IPCE response of the DSSCT250 is for 17 %

larger compared to the DSSCP-RT, which is in accordance

with the differences in JSC of the DSSCT250 and DSSCP-RT

being 20 %.

Figure 6 shows the I–V curves obtained for DSSC

assembled with the layer T250 and electrolyte A and B.

The cell made with electrolyte B generates 9.3 mA/cm2,

0.71 V and consequently achieves the efficiency of 4.2 %.

The results indicate that the DSSC based on acetonitrile

electrolyte (Electrolyte B) generates for 23 % more JSC

when compared with the cell made with the electrolyte A.

Overall conversion efficiencies for layer T250 with elec-

trolytes A and B were 2.8 % and 4.2 %, respectively.

4 Conclusions

We report on the simple preparation of the water-based

TiO2 paste enabling temperature curing B250 �C or oxy-

gen plasma treatment. The paste is based on commercial

TiO2 nanopowder P25 and sol–gel matrix achieved by

mixing Ti(OiPr)4 and H2O2 forming a complexing gel

called peroxotitanic acid (PTA). The PTA matrix in the

paste converts to anatase TiO2 crystallites and attaches to

the basic TiO2 nanoparticles P25 upon annealing process or

oxygen plasma treatment. The results confirm that the PTA

gel transformation occurs around 250 �C, but in the pres-

ence of TiO2 nanoparticles P25 i.e. in the paste the crys-

tallization of the PTA matrix starts already at 120 �C.

On the other hand, the results indicate that oxygen

plasma treatment of TiO2 layers could efficiently replace

temperature curing and avoid time-consuming process.

In this study, the oxygen plasma treated layer P-RT in

DSSC shows comparable performances as the layer T2500

annealed at 250 �C for 1 h.

The highest efficiency of DSSCs was achieved with the

TiO2 layers T250 cured at 250 �C for 15 h. The efficiencies

of the DSSCsT250 assembled with ionic liquid-based elec-

trolyte (Electrolyte A) and acetonitrile based electrolyte

(Electrolyte B) were 2.8 % and 4.2 %, respectively.
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N, Topič M (2008) Development of TiO2 pastes modified with

Pechini sol-gel method for high efficiency dye-sensitized solar

cell. J Solgel Sci Technol 48:156–162

33. Zaplotnik R, Vesel A, Mozetic M (2013) A powerful remote

source of O atoms for the removal of hydrogenated carbon

deposits. J Fusion Energy 32:78–87
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Maček M, Topič M (2011) Pechini based titanium sol as a matrix

in TiO2 pastes for dye-sensitized solar cell application. J Solgel

Sci Technol 59:245–251
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