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Abstract : Many semiconductor oxide layers were coated over TiO, which acts as the
photoanodic materials in Dye Sensitized Solar Cells (DSSCs). A suitable dye sensitizer coated
over the suitable photoanodic material could be used in DSSC to increase the efficiency to a
higher rate. This paper deals with the photoconductivity and electrical studies of the cadmium
doped TiO, and SnO, nanocrystals coated with the [Ru(bipy),(CcHsNHNH,)|Cl, as the dye
sensitizer which could be used in DSSC in future.
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1. Introduction

The rapidly increasing fossil fuel consumption and excessive greenhouse gas emissions have put
significant pressure on exhaustive global energy demand. Photoelectrochemical cells have led to the
development of efficient and low-cost dye sensitized solar cells (DSSCs) at the laboratory level. DSSCs have
emerged as an attractive choice for solar energy harvesting since their invention'”. Many efforts had been
carried out to improve the cell performance by (a) increasing the cell conductivity, (b) minimizing the electron
recombination at TiO,-dye interface, (c) enhancing the regeneration kinetics at the cathode, (d) enhancing the
photovoltage by changing the redox mediator electrolyte, (e) improving the light harvesting efficiency by using
reflection/scattering layers, plasmonic materials, or new dyes. Recently, improving the conversion efficiency of
DSSCs by doping one kind of metal ion in TiO, which act as the photoanode had been mostly investigated".
The role of cadmium ions in the DSSC is of particular interest. The incorporation of cadmium into the host
TiO, and SnO, lattices increases the conductivity. Among the sensitizers which could be used in DSSCs, the
Ruthenium complexes and organic dyes have the best photovoltaic performances both in terms of conversion

yield and long term stability’ .

In the present study, 5 mole % Cd*" doped TiO, (CTO) and 5 mole % Cd*" doped SnO, (CSO) were
identified as the better semiconductor oxide layer and was coated with phenyl hydrazine substituted Ruthenium
(Bi-pyridine);]Cl, complex (PHRBP) which could be used in DSSCs in future.

2. Materials and Methods:

Cadmium doped TiO, and SnO, (CTO and CSO) nanocrystals was synthesized by microwave
solvothermal method'”'® and phenyl hydrazine substituted Ruthenium (Bi-pyridine);]Cl, complex (PHRBP)
was synthesized by refluxing method'®. Also, in the present study, [Ru(bipy),(CsHsNHNH,)]CL, complex was
coated as the dye sensitizer over the Cadmium doped TiO, and SnO, (CTO and CSO) nanocrystals compacted
as disc shaped pellet. In the present study dark & photo current were recorded for [Ru(bipy).(CsHsNHNH,)]|Cl,
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as the dye sensitizer coated over the cadmium doped TiO, and SnO, nanocrystals and the time-resolved rise
and decay of photocurrent spectra was also recorded.

DC electrical conductivity measurements were carried out to an accuracy of + 1% for all the
synthesized nanocrystals and photosensitizer materials using the conventional two-probe technique in a way
similar to that followed by Mahadevan and his co-workers®***. The measurements were made at various
temperatures ranging from 30-150 °C. The capacitance (C) and dielectric loss factor (tand) measurements were
carried out to an accuracy of = 1 % with Agilant 4284A LCR meter in the temperature range of 30 - 150°C and
with fixed 1 kHz frequency.

3. Results and Discussions
3.1 Photoconductivity Studies

The variation of field dependence dark current (I4) and photocurrent (I,) with applied voltage (V) for
PHTCO and PHCSO samples were shown in Figures 3.1.1 - 3.1.2. It was observed that both dark and photo
currents of dye sensitized cadmium doped TiO, and SnO, nanocrystals increased linearly with the applied
voltage. The photocurrent of both PHTCO and PHCSO nanocrystals was more than the dark current, which was
termed as positive photoconductivity.

The variation of dark and photocurrent for PHCTO and PHCSO nanocrystals in Ln - Ln scale were
shown in Figures 3.1.3 - 3.1.4. From the plots, Ln (Is) vs Ln(V) and Ln (I,) vs Ln (V) were found to be linear (r
~ 1) and super-linear (r >1) respectively. Super-linear behavior suggested that extra carriers were generated and
entered into the conduction band of the samples. The variation of dark and photocurrent for desensitized (CTO
and CSO) and PHRBP complex sensitized CTO and CSO (PHCTO and PHCSO) samples were shown in
Figures 3.1.5-3.1.6.
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Figure 3.1.1 & 3.1.2Variation of dark and photo current with applied voltage for PHCTO & PHCSO
nanocrystals
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Fig 3.1.3 &3.1.4 Variation of Ln (I;) vs Ln (V) & Ln (I,) vs Ln (V)of PHCTO and PHCSO nanocrystals
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Fig 3.1.5 & 3.1.6 Variation of dark current & Photocurrent with applied voltage for desensitized and
PHRBP complex sensitized CTO and CSO nanocrystals

More interestingly the photo current of PHRBP complex sensitized CTO and CSO (PHTCO and
PHCSO) nanocrystals was highly enhanced (at 30 V field voltage) when compared to CTO and CSO samples
by more than 2 orders. This might be due to the coated dye (PHRBP complex) could be attributed to higher
electron injection yield to the nanocrystalline samples. Hence the PHRBP complexes could act as the sensitizer
and transferred the excited electrons to the conduction band of CTO and CSO. The dark current for the
sensitized samples were also slightly increased when compared to CTO and CSO samples.

In order to investigate the effect of intensity of illumination on the PHRBP complexes sensitized
CTO and CSO samples, the samples were subjected to illuminate low intensity (75 watt, 288 lumens intensity)
and high intensity light radiation (150 watt, 5600 lumens intensity). The recorded time-resolved rise and decay
of photocurrent spectra for PHCTO and PHCSO samples was shown in Figure 3.1.7. It revealed that, under
steady state illumination, the photocurrent for PHCTO sample increased rapidly and attained maximum value
within short interval of time (~ 340 s). This was due to fast process of generation of electron—hole pairs as a
result of absorption of photons. The maximum photocurrent generation in the sample was higher than that of
desensitized sample (CTO).

After attaining maximum value of photocurrent it started decaying even during steady illumination
irrespective with the intensity of illumination. This might be due to a few of the electron-hole pairs attracted by
the imperfection centers present in the forbidden energy gap to attain saturation and produced steady
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photocurrent. The PHRBP coated CTO and CSO samples attained the steady state much faster than that of
desensitized sample (CTO and CSO). When illumination was switched off irrespective with the intensity of
illumination the generation of electrons recombined with holes and was captured by re-adsorbed oxygen
molecules. Hence the current decreased suddenly and attained constant value within few hundred seconds (~
300 Sec Figure 6.7b).

However, as the intensity of the light increased from 75 W to 150 W, the electron recombined with
holes and re-adsorbed oxygen molecules took slightly higher time than that of low intensity illumination.
Recently, mesoporous TiO, nanoparticles showed a drastically enhanced photoelectrochemical response under
visible light irradiation after entrapping a photosensitizer molecule (dye) inside the mesopores.

In the present study, the dye sensitized samples (PHCTO, PHCSO) produced enhanced dark and
photocurrents roughly 3 times higher than that of dye sensitized mesoporous TiO, nanoparticles™. The efficient
synthesis strategy and enhanced photoresponse of these pure and doped TiO, and SnO, semiconducting
nanoparticles could make easier to design other semiconductor oxides as photoanodes and their applications in
photon-to-electron conversion processes.
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Fig 3.1.7 (a) Variation of time resolved rise and decay of photocurrent with different light intensity
spectra of PHCTO and PHCSO nanocrystals (b) the same spectra in expanded scale

3.2 Electrical Properties

The variation of DC conductivity (64.) of desensitized and PHRBP complexes sensitized CTO and CSO
(PHCTO and PHCSO) nanocrystals with temperature was shown in Figure 3.2.1. From this figure, it could be
seen that o4 increased with increase in temperature, indicating the semiconducting nature of the samples within
the studied range of temperature (30 °C to 150 °C). The o4 for PHCTO and PHCSO samples were higher than
by 2 orders when compared to CTO and CSO samples, respectively at room temperature (30°C). This variation
was almost same with all studied range of temperatures. The plot of 1000/T vs Ln 64, for PHCTO and PHCSO
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nanocrystals for different temperatures was shown in Figure 3.2.2. The activation energies (AE4) were
calculated from the slope of the straight line best fitted by least square analysis and the pre-exponential factor
(o,) was calculated by the intercept of the straight line on Y-axis. The calculated activation energy and pre-
exponential factor values were given in Table 3.2.1.

At low temperatures, most of the free carriers in a semiconductor did not have sufficient energy to jump
from one level to another level. The conductivity increased with increasing temperature, this was a physical
characteristic of semiconductors and it’s corresponding to the extrinsic conductivity mechanism?. The changes
of conductivity in this region depend on the impurity energy levels. At low temperature all the trapped electrons
exist in the deep traps and with increasing temperature some of the trapped electrons could be excited to
shallow traps or conduction band contributed to the conduction process. The increases of temperature did not
alter the value of space-charge, but increased its fraction in the conduction band and this led to an exponential
increase of o4, with the reciprocal of the absolute temperature. When CTO and CSO was sensitized with
PHRBP complexes, then the DC field applied to the samples Ti/Sn atoms could be easily ionized because of
generation of excess electron in parent lattices. These excess electrons increased the shallow traps below the
conduction band. Due to this, there was an increase in donor concentration and hence a consequent increase in
electrical conductivity for dye sensitized samples. Thus, there was a corresponding decrease in activation
energy. The high temperature conductivity was a thermally activated excitation of charge carriers from grain
boundaries to the region of the grains®>*,

80
| (s J
E 4 F [Emetionlyra i | ® CTO === Linear Fit
E -7 4 Value Standard Error| 2] Z
70 3 ] intercept 573966  ossoss | ™ PHCTO - Linear Fit
gy E CTO  Slope -2.00571 020738 | 4 ey |1 i
[3 3 3 Intercept  -5,00676 0,28529 | cso L!near F!t
£ g3 -84 PHCTO Slpe 188872 owis | @ PHCSO---- - Linear Fit
<] E ] Intercept -5.20231  0.57984 |
< E CSO  Slope  -2.29805 ozor1 |
E 3 3 Intercept  -5.43259 023673 |
x 50 3 -9 | PHCSO Slope 193236 008455 |
S 1 =
2 40 8 1 g W™
> CIETE T
E 1 R a A
= E = ] - po
= 3043 — e i K.
*6' E 1 T @ @ 3 x -
3 E 11 4 el @ e
° E 3 % " T e
204 . L] @ o kT A
< E ] 3 * 7 A
2 3 E e e
o . 3 12 5 R s
- 1073 3 i gk
E =13 T T T T T T T P T T AT O O T
35 3. 33 32 31 30 29 28 27 26 25 24 23 22

20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
-1
Temperature (°C) 1000/T (K")

Fig 3.2.1 Fig 3.2.2

Fig 3.2.1 DC conductivities for desensitized and sensitized CTO and CSO nanocrystals for different
temperatures

Figure 3.2.2 A plot of 1000/T vs Ln o4, for desensitized and sensitized CTO and CSO nanocrystals for
different temperature

Table 3.2.1 DC activation energy values for desensitized and PHRBP complexes sensitized CTO and
CSO nanocrystals

Sample name AEuc %o LA
+0.004 eV +£0.534 Q" m’

CTO 0.173 -5.739

PHCTO 0.160 -5.006

CSO 0.198 -5.202

PHCSO 0.167 -5.432




S. Chitra et al /International Journal of ChemTech Research, 2016,9(8),pp 319-327. 324

Figure 3.2.3 showed the variation of dielectric constant (g,;) with the temperature at 1 kHz for CTO,
PHCTO, CSO and PHCSO samples. It was observed that the g, increased with increase in temperature for all
the samples. The g for PHRBP complexes sensitized CTO and CSO samples were lesser than that of
corresponding desensitized samples at all temperatures studied in the range of 30 to 150 °C. Figure 3.2.4
showed the variation of dielectric loss (tan &) with the temperature at 1 kHz for CTO, PHCTO, CSO and
PHCSO samples. It was observed that the tangent loss increases with increase in temperature for all the
samples. The increase in tan 6 of PHCTO and PHCSO (PHRBP complexes sensitized) samples was very high
by 6 and 2 orders at room temperature when compared to CTO and CSO samples respectively. The rapid
increment in the value of tan  might be due to release of space charges by the dye sensitizer material®’.

The study of the temperature-dependent on AC conductivity was an important source of
information about the transport phenomenon in materials. The capacitance (C) and dielectric loss factor (tand)
measurements were carried out to an accuracy of + 1 % with Agilant 4284A LCR meter in the temperature
range of 30 - 150°C and with fixed 1 kHz frequency. Figure 3.2.5 showed the variation of AC conductivity (c,.)
with the temperature at 1 kHz for CTO, PHCTO, CSO and PHCSO samples. It was observed that the o,
increased with increase in temperature for all the samples also o,. for dye sensitized samples was higher than
that of desensitized samples. The Figure 3.2.6 showed that the conductivity curve Ln 6,. vs 1000/T increased
linearly by increasing the temperature. This indicated that the hopping conduction was currently the dominant
transport mechanism, originating from different localized states in the gap and was a thermally activated
process (28). The AC activation energy (AE,.) had been calculated for desensitized and sensitized CTO and
CSO samples and was listed in Table 3.2.2. It was clear that for PHRBP complexes sensitized CTO and CSO
samples, the AC activation energy was found to be lower than that of desensitized samples (CTO and CSO).
Moreover, the dye sensitized samples (PHCTO and PHCSO) enhanced the electron jumps between the
localized states; consequently, the activation energy AE,. decreased when compared with desensitized samples
(CTO and CSO).
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Fig 3.2.3 & Fig 3.2.4 The variation of dielectric constants & dielectric loss with temperature at 1 kHz
frequency for desensitized and sensitized CTO and CSO nanocrystals
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Fig 3.2.5 The variation of o,. with the temperature at 1 kHz frequency for desensitized and sensitized
CTO and CSO nanocrystals

Fig 3.2.6 A plot of 1000/T vs Ln o, for desensitized and sensitized CTO and CSO nanocrystals for
different temperatures at 1 kHz frequency

Table 3.2.2 AC activation energy values for desensitized and PHRBP complexes sensitized CTO and CSO
nanocrystals

Sample name Aqe %o 1
+0.007 eV +0.216 Q" m

CTO 0.196 -8.421

PHCTO 0.172 -4.419

CSO 0.356 -1.563

PHCSO 0.311 -2.565

Conclusions

The photoconductivity and electrical conductivity properties of phenyl hydrazine substituted
ruthenium(II) bipyridine dichloride complex (PHRBP) coated on the disc shaped pellets of Cd*" doped TiO,
(CTO) and Cd*" doped SnO, (CSO) samples were found to be nearly 2 times larger than that of uncoated
nanosamples. Recently, mesoporous TiO, nanoparticles showed a drastically enhanced photoelectrochemical
response under visible light irradiation after entrapping a photosensitizer molecule (dye) inside the mesopores.
In the present study, the dye sensitized samples (PHCTO, PHCSO) produces enhanced dark and photocurrents
roughly 3 times higher than that of dye sensitized mesoporous TiO, nanoparticles. The efficient synthesis
strategy and enhanced photoresponse of these pure and doped TiO, and SnO, semiconducting nanoparticles
could make easier to design other semiconductor oxides and their applications in photon-to-electron conversion
processes. Thus the present investigation concluded that Cadmium doped TiO,, SnO, semiconductor oxide
layer coated with phenyl hydrazine substituted ruthenium(II)bipyridine dichloride complexes act as the best
materials for DSSC to get higher efficiency when compared to other materials in the present study.
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