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Abstract. We prepared of electrodes that consist of TiO2 with addition of tin-doped indium 
oxide (ITO) or fluorine-doped tin oxide (FTO) nanoparticles and the application of such 
electrodes on dye-sensitized solar cell. As compared to TiO2 alone, the addition of ITO and 
FTO nanoparticles resulted in an efficiency improvement of ~ 20% up to ~ 54% for the TiO2-
ITO and TiO2-FTO systems, respectively. This improvement was partly attributed to a 
slightly enhanced dye-adsorption behavior and a change in the TiO2 surface chemistry due to 
the presence of ITO or FTO nanoparticles. 
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1 INTRODUCTION 
There have been many studies on dye-sensitized TiO2 solar cells with the addition of SnO2, 
ZnO, or Nb2O5 in combination with TiO2 to form heterostructure films in order to reduce 
recombination losses through surface recombination of electrons and holes [1-15]. In 
addition, heterojunction structures comprised of a semiconducting oxide in combination with 
an insulating oxide have been studied to modify the surface chemistry through pH changes to 
enhance the adsorption of the sensitizer dye [16, 17]. However, to this point, there have been 
no studies on the fabrication of TiO2-ITO (Indium-Tin-Oxide) or TiO2-FTO (Fluorine-Tin-
Oxide) film electrodes for the application of solar cells. By incorporating ITO or FTO 
nanoparticles into the TiO2 nanoparticle film, it is assumed that the charge transport 
properties, or the internal resistance, would improve through the use of materials with higher 
conductivity, resulting in higher short-circuit current density and overall efficiency. This 
assumption is based on ITO and FTO having much higher electron mobilities ~ 40-70 cm2/Vs 
[18] and ~ 19 cm2/Vs [19], as compared to the electron mobility of anatase TiO2 with a value 
~ 10-5 cm2/Vs [20]. 

Here, we describe solar cells with films combining the properties of TiO2 and ITO or FTO 
to enhance the overall light conversion efficiency of dye-sensitized TiO2 solar cells. Films 
consisting of 1) TiO2 nanoparticles, 2) TiO2 nanoparticles with the addition of ITO 
nanoparticles, and 3) TiO2 nanoparticles with the addition of FTO nanoparticles were 
fabricated and analyzed in order to compare the resultant overall light conversion efficiencies. 
These films were studied in an attempt to determine the effects of adding a higher conducting 
ITO or FTO material into the TiO2 system, either through the possible reduction of the 
internal resistance or the possible modification of the surface chemistry in the TiO2 
nanoparticle film. It was found that with the addition of ITO or FTO nanoparticles to the TiO2 
nanoparticle film electrode, the overall light conversion efficiency increased in both cases. 
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2 EXPERIMENTS 
From previously published work [21-23], TiO2 nanoparticles in the anatase phase were 
obtained from TiO2 sol by hydrothermal treatment at 250 °C for 20 minutes with diameters of 
~ 18 nm. After that, the sol became a paste-like substance, which was then allowed to dry at 
100 °C for 24 hours. The resultant pieces were ground into a fine powder for use. 

ITO nanoparticles were prepared from precursor materials also by way of sol-gel 
processing, as previously reported [21-24], by combining ethylene glycol (HOCH2CH2OH, JT 
Baker, Phillipsburg, NJ), ethanol (C2H5OH, 200 proof, AAPER, Shelbyville, KY), citric acid 
(HOC(CO2H)(CH2CO2H)2, monohydrate, JT Baker, Phillipsburg, NJ), tin (IV) chloride 
(SnCl4, 98%, anhydrous, Alfa Aesar, Ward Hill, MA), indium (III) chloride (InCl3, 99.99%, 
anhydrous, Alfa Aesar, Ward Hill, MA), and DI-H2O with a nominal molar ratio of 
1.00:1.42:6.67x10-2:3.34x10-3:3.06x10-2:3.61x10-2, respectively. In short, citric acid and SnCl4 
were added to a mixture of ethylene glycol and ethanol, and stirred at a rate of 500 RPM at 40 
°C for 60 minutes. An amount of InCl3 was then added and stirred for another 90 minutes at 
40 °C; DI-H2O was added 45 minutes into the stirring. The nanoparticle powder formed from 
ITO sol was obtained by first drying 20 mL of ITO sol in a crucible at 100 °C for 24 hours in 
air and then sintering at 700 °C for 1 hour at a heating rate of 2 °C/min. The resultant ITO 
powder obtained was then ground down to smaller particles using a mortar and pestle. 

FTO nanoparticles were prepared by way of solution methods, as previously reported 
[25,26]. In short, 10.5g of tin (IV) chloride pentahydrate (SnCl4•5H2O, 98%, Sigma-Aldrich, 
St. Louis, MO) was added to 150 mL ethanol (C2H5OH, 200 proof, AAPER, Shelbyville, KY) 
and mixed in a sealed glass vial for ~ 5 hours. In another sealed glass vial, 1.86 g ammonium 
fluoride (NH4F, 98%, Sigma-Aldrich, St. Louis, MO) was added to 5.04mL DI-H2O and 
mixed for ~ 5 hours. The fluoride solution was then added to the glass vial containing the tin 
chloride solution while in a water bath at 60°C temperature. A clear solution was obtained 
after a white precipitate formed and redissolved in solution. The FTO nanoparticles were 
obtained by slowly adding dropwise FTO solution into a crucible at 440 °C. A brownish crust 
could be observed on the bottom of the crucible. After enough FTO was obtained, a final 
sintering process was performed at 440 °C for ~ 1 hour. The resultant obtained FTO pieces 
was then ground to finer particles using a mortar and pestle. XRD data showed that ITO 
nanoparticles and FTO nanoparticles ranging from ~ 10 nm to ~ 15 nm diameters were 
obtained. 

For solar cell assembling, electrode films consisting of TiO2 nanoparticles and ITO or 
FTO nanoparticles were directly deposited onto conductive fluorine-tin-oxide (FTO, TCO10-
10, Rs ~ 10 ohm/sq, Solaronix SA, Switzerland) coated glass substrates using previously 
reported methods [11]. In summary, a dispersion of 20-30 wt% powder in a 1:1 ratio of DI-
H2O to ethanol solution was doctor-bladed on the surface of the FTO substrates after 
hydrolyzing at 90-100 °C in DI-H2O for 30-60 minutes. The films were then dried in air at 
100 °C for 1 hour, and sintered at 500 °C for 1 hour at a heating rate of 2 °C/min. The 
sintered films were all sensitized by heating to 70 °C and subsequently immersing in standard 
ruthenium-based red (N3), cis-bis-(isothiocyanato)-bis-(2,2'-bipyridyl-4,4'-dicarboxylato)-
ruthenium(II) (Solterra Fotovoltaico SA, Switzerland), with a concentration close to 5x10-4 M 
in ethanol for ~ 12 hours for dye adsorption. A Pt-coated silicon substrate with a Pt layer 
thickness of ~ 180 nm was used as the counter electrode. An iodide-based solution was used 
as the liquid electrolyte, consisting of 0.6 M tetra-butylammonium iodide (Sigma-Aldrich, St 
Louis, MO), 0.1 M lithium iodide (LiI, Sigma-Aldrich, St Louis, MO), 0.1 M iodine (I2, 
Sigma-Aldrich, St Louis, MO), and 0.5 M 4-tert-butyl pyridine (Sigma-Aldrich, St Louis, 
MO) in acetonitrile (Mallinckrodt Baker, Phillipsburg, NJ). 

Electrical characteristics and photovoltaic properties of each solar cell were measured and 
calculated using simulated AM1.5 sunlight illumination with 100 mW/cm2 light output. All 
the I-V curves of the solar cells were obtained in the dark and under illumination, where a 
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range from -0.3 V to 2 V was used during each measurement. The I-V characteristics as a 
function of the incident light intensity was used to obtain the open-circuit voltage (Voc), short-
circuit current density (Jsc), the maximum voltage point (Vmax), and the maximum current 
density point (Jmax). Multiple samples were tested for each type of film, resulting in 
reproducible results with slight deviations in the short-circuit current (~ ±0.05 mA), open-
circuit voltage (~ ±10 mV), and the light conversion efficiency (~ ±0.02%). 

The amount of dye adsorbed was determined for all the nanoparticle powders and films 
using the method of dye elution. For the TiO2, ITO, and FTO powders and films, 
approximately 0.02g of each was each immersed in 5 mL of N3 dye for ~ 24 hours. For the 
TiO2-ITO and TiO2-FTO powders and films, approximately 0.012 g of TiO2 was intermixed 
with 0.004 g of ITO or FTO and immersed in 5 mL of N3 dye for ~ 24 hours. The immersed 
powders were separated from the dye solution by centrifugation for ~ 2 minutes, and the 
immersed films were directly removed to analyze the resultant dye solution after dye 
adsorption. The intensity of the absorption peak of the resultant dye solution after dye 
adsorption was compared to the absorption peak of the initial N3 dye solution with a 
concentration of ~ 1.25x10-6 M in ethanol to determine the number of moles adsorbed. 

The zeta potential (ZetaPALS, Brookhaven Instruments Ltd, UK) of the nanoparticle 
powders were also analyzed to determine any changes to the surface chemistry of the TiO2 
nanoparticle powders with the addition of ITO or FTO nanoparticles. Each powder was 
dispersed in a solution of ethanol with a very low concentration so as the solution remained 
fairly clear even with a dispersion of particles. Each sample was analyzed for five 15-cycle 
runs under a current of 1.2 mA and an electric field of 14.31 V/cm, and the average particle 
mobility was used to calculate the average zeta potential with standard error. 

3 RESULTS AND DISCUSSION 
The TiO2 films containing additional ITO or FTO nanoparticles with different amount as 5 
wt%, 10 wt%, 15 wt%, 20 wt% and more were studied. The result showed a 20 wt% addition 
amount could offer the best effect on the enhancement of solar-to-electricity conversion 
efficiency. Fig. 1 compares the I-V behavior of each type of nanoparticle film worked as solar 
cell electrode. Table 1 summarizes the short-circuit current density, the open-circuit voltage, 
the fill factor, and the overall light conversion efficiency of all films. It can be seen that the 
solar cell consisting of the TiO2 nanoparticle film electrode resulted in a short-circuit current 
density of ~ 13 mA/cm2 and an overall efficiency of ~ 4.7%. With the addition of ITO 
nanoparticles into the TiO2 nanoparticle film electrode, it was found that the short-circuit 
current density increased from ~ 13 mA/cm2 to ~ 15 mA/cm2 and that the overall efficiency 
increased from ~ 4.7% to 5.6%, resulting in a ~ 20% improvement in both the short-circuit 
current density and the overall efficiency. A further increase in the short-circuit current 
density and the overall efficiency resulted from the addition of FTO nanoparticles into the 
TiO2 nanoparticle film electrode. The short-circuit current density and the overall efficiency 
increased from ~ 13 mA/cm2 to ~ 23 mA/cm2, and from ~ 4.7% to 7.2%, resulting in a much 
higher ~ 78% and ~ 54% improvement, respectively. 

There are a few possible factors for the improvement in the short-circuit current density 
and the overall light conversion efficiency with the addition of ITO or FTO nanoparticles to 
the TiO2 nanoparticle film. These possible factors include: 1) the presence of clustered ITO or 
FTO nanoparticles in the submicron range to promote light-scattering, 2) the reduction of the 
internal resistance with the presence of higher conducting ITO or FTO nanoparticles to 
improve the electron transport properties, 3) the enhancement of the dye adsorption behavior 
with the addition of ITO or FTO nanoparticles, and 4) the change in the surface chemistry 
with the addition of ITO or FTO nanoparticles to reduce the likelihood of charge 
recombination. 
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Fig. 1. Plot of the I-V behavior of TiO2 (●), TiO2-ITO (□), and TiO2-FTO (■) film 
electrodes in dye-sensitized solar cells under 100 mW/cm2 illumination. 

 
Table 1. Summary of values for TiO2, TiO2-ITO, and TiO2-FTO film electrodes 
found from solar cell analysis, as seen in Fig. 1. 

 
 

   
Fig. 2. SEM images of the a) TiO2 and b) TiO2-ITO film electrodes tested in dye-
sensitized solar cells. The SEM image of the TiO2-FTO film electrode is not shown, 
as it is similar to the SEM image of the TiO2-ITO film electrode. 

 
Film 
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FF 
(%) 

η 
(%) 

TiO2 700 12.8 450 10.4 52.2 4.7 

TiO2 + ITO 690 15.3 450 12.5 53.1 5.6 

TiO2+ FTO 670 22.8 400 18.0 47.2 7.2 
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Further analysis, however, did not verify some of the possible factors described above. 
Additional SEM analysis on the TiO2, TiO2-ITO, and TiO2-FTO films, as shown in Fig. 2, 
showed that large clusters were not visible as initially thought. The TiO2 film structures with 
and without the addition of ITO or FTO were only slightly different in that small clustering 
was found for the TiO2-ITO and TiO2-FTO films but was not present for the TiO2 films. 

Initially, it was thought that large clustering of the ITO or FTO nanoparticles may have 
occurred during the processing steps and these clusters may have been incorporated into the 
TiO2 film, which may have possibly promoted light-scattering events [27-30]. But from the 
SEM images, it can be seen that small clusters less than 100nm (the minimum size necessary 
to promote light-scattering) were formed that are not in the sub-micron range. The absence of 
large sub-micron clusters in the TiO2-ITO film indicate that light-scattering was not a factor 
in the improvement in the short-circuit current density and the overall conversion efficiency, 
and that other factors may have played a role. 

Based on the fill factor values, it can also be assumed that the reduction in the internal 
resistance was not a factor for the improvement in the short-circuit current density and the 
overall conversion efficiency. The fill factor slightly varied within a ~ 6% range from ~ 52% 
to ~ 53% to ~ 47% for the TiO2, TiO2-ITO, and TiO2-FTO film electrodes, respectively. Since 
this difference is very small, the addition of ITO or FTO nanoparticles to the TiO2 
nanoparticle film did not affect the internal resistance, which was initially thought to be 
influenced by the use of higher conducting ITO or FTO nanoparticles to improve the electron 
transport properties. The similarity in the fill factor for the three types of film electrodes can 
also be depicted by the similarity found from the curvature of the I-V plots in Fig. 1. 

One aspect that may have influenced the short-circuit current density and the overall 
conversion efficiency is the difference in the dye adsorption behavior of the TiO2 nanoparticle 
film with and without the addition of ITO or FTO nanoparticles, similar to the report 
previously mentioned by Jung et al. [16] and Bandaranayake et al. [17] A higher amount of 
dye adsorbed on the surface would generate a greater number of electron-hole pairs by 
absorbing more of the incident light, resulting in a higher short-circuit current density and 
thus a higher overall light conversion efficiency. This concept was studied by measuring the 
amount of dye adsorbed on each type of nanoparticle film and comparing the amount of dye 
adsorbed to the resultant short-circuit current density and overall conversion efficiency. 
Figure 3 compares the adsorption behavior, the short-circuit current density, and the overall 
efficiency for the TiO2, TiO2-ITO, and TiO2-FTO nanoparticle films. 

It can be seen that the amount of dye adsorbed increased with the addition of ITO or FTO 
nanoparticles. The TiO2-FTO nanoparticle film electrode had the highest amount of dye 
adsorption, followed by the TiO2-ITO and the TiO2 nanoparticle film electrodes, respectively. 
The short-circuit current density and the overall efficiency also followed the same trend. The 
amount of dye adsorbed for the TiO2, TiO2-ITO, and TiO2-FTO nanoparticle films were 
estimated to be ~ 44 mmol/kg, ~ 48 mmol/kg, and ~ 49 mmol/kg, respectively. The 
improvement in the dye adsorption behavior was much lower than the improvement in the 
short-circuit current density and in the overall efficiency.  

With the addition of ITO nanoparticles, the dye adsorption improved by ~ 9%, but the 
short-circuit current density and the overall conversion efficiency both improved by a larger 
margin of ~ 20%. With the addition of FTO, the dye adsorption behavior improved by ~ 11%, 
but the short-circuit current density and the overall efficiency improved by a much larger 
margin of ~ 78% and ~ 54%, respectively. The disproportioned improvement in the dye 
adsorption in comparison with the short-circuit current density and the overall conversion 
efficiency indicates that the improved dye adsorption behavior has partial contribution to the 
enhanced short-circuit current density and the overall efficiency, and that other factors may 
have also influenced these results. 

Furthermore, with the slight change in the dye adsorption behavior, as well as the slight 
deviation in the open-circuit voltage within a ~ 30 mV range, a slight change in the surface 
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chemistry may have occurred with the addition of ITO or FTO nanoparticles to the TiO2 
nanoparticle film. Figure 3 shows the dye adsorption and zeta potential of the TiO2, TiO2-
ITO, and TiO2-FTO nanoparticle systems. Table 2 summarizes the dye adsorption and the 
zeta potential values for the TiO2, TiO2-ITO, and TiO2-FTO, ITO, and FTO nanoparticle 
systems. The dye adsorption was tested for each nanoparticle system in powder form to 
correlate with each powder dispersion used to determine the zeta potential for better 
comparison. It should also be noted that the dye adsorption values are lower in film form than 
in powder form due to possible weight loss from nanoparticle removal during film processing 
and preparation. 

The plot in Fig. 4 shows a similar trend in the increase in the dye adsorption behavior as 
that shown in Fig. 3, where the TiO2-FTO nanoparticle system had the highest amount of dye 
adsorption, followed by the TiO2-ITO and the TiO2 nanoparticle systems, respectively. The 
amount of dye adsorbed for the TiO2, TiO2-ITO, and TiO2-FTO nanoparticle systems were 
estimated to be ~ 56 mmol/kg with a standard deviation of ~ 0.2 mmol/kg, ~ 57 mmol/kg with 
a standard deviation of ~ 0.4 mmol/kg, and ~ 58 mmol/kg with a standard deviation of ~ 0.3 
mmol/kg, respectively. The addition of ITO or FTO nanoparticles to the TiO2 nanoparticle 
system only slightly improved the dye adsorption by ~ 2% and ~ 4%, respectively. A possible 
reason is from the increase in the surface roughness due to the addition of ITO or FTO 
nanoparticles and therefore the available surface for dye adsorption. 
It can also be seen that the trend for the zeta potential is reversed, as compared to that for the 
dye adsorption. The TiO2 nanoparticle system had the highest zeta potential, followed by the 
TiO2-ITO and the TiO2-FTO nanoparticle systems, respectively. The zeta potential of the 
TiO2 nanoparticle system was determined to be ~ 40 mV with a standard error of ~ 1 mV. 
With the addition of ITO nanoparticles to the TiO2 nanoparticle system, the zeta potential 
decreased to ~ 34 mV with a standard error of ~ 2 mV. A further decrease to ~ 27 mV with a 
standard error of ~ 2 mV in the zeta potential was found with the addition of FTO 
nanoparticles to the TiO2 nanoparticle system. 
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Fig. 4. Comparison of the amount of dye adsorbed (●) to the zeta potential (○) for 
the TiO2, TiO2-ITO, and TiO2-FTO nanoparticle systems. The vertical bars denote 
the error of measured data. The dye adsorption was determined for each mixture of 
nanoparticle powder, and the zeta potential was determined for each nanoparticle 
dispersion in ethanol. 

Table 2. Summary of dye adsorption and zeta potential values for the TiO2, TiO2-ITO, 
TiO2-FTO, ITO, and FTO nanoparticle systems. 

 

Nanoparticle Systems Dye Adsorption 
(mmol/kg) 

Average Zeta 
Potential (mV) 

TiO2 56.0 ± 0.2 40.1 ± 1.1 

TiO2 + ITO 57.2 ± 0.4 33.7 ± 2.4 

TiO2 + FTO 58.3 ± 0.3 27.3 ± 2.5 

ITO 1.6 ± 0.2 31.5 ± 1.6 

FTO 7.2 ± 0.2 22.3 ± 3.9 
 
 

Table 2 summaries of the dye adsorption and zeta potential values for the TiO2, TiO2-ITO, 
TiO2-FTO, ITO, and FTO nanoparticle systems. It should be noted that the much lower 
estimated dye adsorption values of ~ 1.6 mmol/kg with a standard deviation of ~ 0.2 mmol/kg 
and ~ 7.2 mmol/kg with a standard deviation of ~ 0.2 mmol/kg associated with the ITO and 
FTO nanoparticle systems alone, respectively, show that the amount of dye adsorbed on the 
ITO and FTO nanoparticles was not a factor in the increase in the amount of dye adsorbed for 
the TiO2-ITO and TiO2-FTO nanoparticle systems. The ITO nanoparticle film also showed 
much lower dye adsorption; however, the dye adsorption was not obtained for the FTO 
nanoparticle film since this film could not be prepared in the same manner for comparison. 

The addition of ITO or FTO nanoparticles, with their lower individual zeta potentials, 
may have had an influence on the surface chemistry or the ionic character of the TiO2 
nanoparticle system. The lowering of the zeta potential may indicate the change in the surface 
chemistry, or ionic character, and may be a cause in the enhancement of the short-circuit 
current density and overall conversion efficiency through the reduction of charge 
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recombination losses. However, it is inconclusive as to the mechanism of surface chemistry 
changes by the addition of ITO or FTO nanoparticles, and its affect on the short-circuit 
current density and overall conversion efficiency. 

Furthermore, it is unknown exactly what influence the addition of ITO or FTO 
nanoparticles has on the TiO2 nanoparticle system, beyond the dye adsorption behavior and 
the zeta potential. Therefore, further examination on the changes in the surface chemistry or 
the ionic characteristic of the TiO2 nanoparticles with the addition of ITO or FTO 
nanoparticles are needed to further understand the effect of the zeta potential on the dye 
adsorption and the overall efficiency. Additional studies on the effect of the addition of ITO 
or FTO nanoparticles on the electron transport properties of TiO2 nanoparticles are also 
needed to fully contemplate whether the differences in the short-circuit current density and 
the overall light conversion efficiency are also partly affected by the internal resistance and 
the efficiency of electron transport, even though differences in the fill factor were not seen. 

3 CONCLUSIONS 
In conclusion, it was found that the addition of ITO or FTO nanoparticles to the TiO2 
nanoparticle system in the fabrication of film electrodes for dye-sensitized solar cells resulted 
in an improvement in the short-circuit current density and in the overall conversion 
efficiency. The short-circuit current density improved by ~ 20% and ~ 78% with the addition 
of ITO and FTO, respectively; the overall conversion efficiency also improved by ~ 20% and 
~ 54% with the addition of ITO and FTO, respectively. This increase was assumed to be 
possibly due to four factors: 1) light-scattering, 2) reduced internal resistance, 3) enhanced 
dye adsorption, and 4) surface chemistry changes. Further analysis showed that light-
scattering and reduced internal resistance were not factors based on the presence of small 
clusters and similar fill factors for all three nanoparticle systems, respectively. However, it 
was found that the increase in the short-circuit current density and the overall efficiency were 
partly caused by the change in the dye adsorption behavior and the change in the surface 
chemistry with the addition of ITO or FTO nanoparticles, as evidenced by the change in the 
zeta potential values. The TiO2-FTO, TiO2-ITO, and TiO2 nanoparticle systems with a low to 
high zeta potential showed a high to low amount of dye adsorption, respectively. 
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