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EFFECT OF NITRATION ON PRESSED TIO, PHOTOELECTRODES
FORDYE-SENSITIZED SOLAR CELLS

H. B. Wafula, J. Simiyu, S. Waita, B.O. Aduda and J. M. Mwabora
Department of Physics, University of Nairobi, P.O. Box 30197, 00100, Nairobi, Kenya
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ABSTRACT:- TiO, films made by the pressing method and then nitrogen-doped by heat-treatment in
nitrogen, oxygen and argon gas mixture have been studied and the effects of structural characteristics,
optical and electrical properties on the efficiency of a cell reported. Nitrogen gas ratio (@ ) in the
doping procedure was varied from 0 to 0.024. Higher @ resulted in decrease in film porosity, and
XRD analysis of the TiO, films showed that nitrogen doping induced a rutile-to-anatase phase
transitions. SEM shows that the particle sizes of nitrogen doped films reduced with increase of @
from an average of 36nm to 18nm. Optical measurements revealed that film transmittance improved
and reflectance reduced in the visible light spectrum with nitrogen doping. Nitrogen doped TiO,
photoelectrodes have been found to be more sensitive to visible light spectrum and has a narrower
band gap. Photoelectrochemical measurements showed a large anodic shift of the onset potential for
the cathodic scans of the order of 0.24V. The overall energy conversion efficiency, short circuit
current and open circuit voltages of the solar cell fabricated with nitrogen doped TiO, photoelectrode
were found to depend on® . The cell fabricated with nitrogen doped TiO, photoelectrode had an

overall efficiency of 0.70 % while the undoped had efficiency of 0.96 %.

INTRODUCTION

Titanium dioxide (TiO,) has received attention as a
promising material for photochemical applications: as a
photocatalyst [1], gas sensor [2], in paints and anti-
reflective coatings [3] because of its long-term stability,
and nontoxicity. Despite the broad range of applications
for TiO, for which its photoresponse is critical, only about
4 — 8 % of the solar spectrum (ultra violet) can be utilized
due to its wide (3.2 eV) intrinsic band gap. Therefore,
considerable efforts have been made to extend the
photoresponse of the TiO,-based systems further into the
visible light region (~ 45% of the solar spectrum) using
dopants, for use in solar cells [4-6].

In previous studies, in order to improve the photo reactivity
of TiO, and extend its absorption edge into the visible
light region, doping with various transition metal cations
has been extensively attempted. Metal ion doping was
found to increase photoreactivity of TiO, for both oxidation
and reduction processes [5]. Except for a few cases [6]
however, the photoactivity of the cation-doped TiO,
decreased even in the UV region. This is because the doped

materials suffer from a thermal instability or an increase in
the carrier recombination centres [5].

Recently some groups have demonstrated the substitution
of a non-metal atom such as nitrogen (N) [7-10], fluorine
(F) [10] and sulphur (S) [6] for oxygen (O). F- doping in
TiO, was carried out by gas-phase HF treatment at high
temperatures [ 10], sol gel technique [3] and ion implantation
[5]. Sulphur was incorporated in TiO, by the oxidation of
titanium disulphide (TiS,) [6]. Asahi et al.[10, 11] showed
that N-doping shifted the absorption edge to a lower energy,
thereby increasing the spectral response into the visible
light region. Doping not only alters the charge transfer
properties but also affects the crystallinity and optical
characteristics of the material [9, 10].

In this study nitration of TiO, films prepared by the pressing
technique has been done with the aim of improving light
harvesting and hence better short circuit current densities
in the solar cell fabricated. We report on electrical, optical,
photoelectrochemical and structural properties of nitrogen-
doped TiO, thin films.
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EXPERIMENTALSECTION
Electrode preparation

TiO, films were prepared according to Lindstrom ez al. [12]
then coated on SnO,:F conducting glass substrate. The
substrates were covered on two parallel edges with scotch
tape as a spacer and to provide for non-coated areas for
electrical contact. To obtain a TiO, film, a TiO, blob was
spread on the glass substrate by use of a glass rod, and
then left to dry in air at ambient conditions for 5 minutes. A
mechanically operated pressing equipment, with the film
sandwiched between Teflon paper sheets, was used to
press the films. The pressure applied ranged between 7-
21.5MPa.

The film was nitrogen-doped by heat treatment (100 - 600°C)
in a nitrogen, argon and oxygen gas environment with
varying constant nitrogen gas flow ratio, @ (0 - 0.024) for
different durations (1-3 hours). The nitrogen gas flow ratio
(@® ) was determined from the expression:

) |
S(N)+ 1 (4r)+ £ (0:) “
where: f(N,), f(Ar) and f(O,) are the rates of flow of nitrogen,

argon and oxygen gases. Porosity (P) of the films was
estimated by the expression:

Porosity =| 1- L x100 @)

Po

where 0 is the bulk density and O, the theoretical density
of the film.

Sensitization of the film was made with 5x10-*M solution of
bis(isothiocyanato) ruthenium (II)-bis-2,2 -bipyridine-4, 4°-
dicarboxylate in ethanol, whereby the films were dipped
into the dye solution while still warm (~80°C) after nitration
and kept immersed for 1 day. The electrolytes selected in
the present work were 0.1M KI for the three electrode
photoelectrochemical measurements and 0.5M Lil and
0.05M I, in ethylene carbonate for I-V measurements.

Characterization of thin films

The microstructures of the films were analyzed by the use
of a Leo Gemini 1550 scanning electron microscope
operating at 20KV. Images were acquired using an in-lens
detector. The crystallographic features were obtained by
a siemens D5000 diffractometer operating with a Cu Ko
incident radiation and equipped with a G6ébel mirror in a

conventional 2@ arrangement. Data from standards [14]

for TiO, was used to identify the diffraction peaks. The
average grain size was estimated from Scherrer’s formula
[13].

kA

X

D=——"— 3
P cosO @)

where k is a dimensionless constant, 2@ is the

diffraction angle, lx is the wavelength of the X-ray and

[ the full width at half maximum of the diffraction peak.

The reflectance and transmittance data were measured
using a Perkin-Elmer Lambda 900 spectrophotometer fitted
with an integrating sphere. The samples were measured at
a grazing angle of incidence in both reflectance and
transmittance modes.

For electrochemical measurements the reference electrode
was an Ag/AgCl electrode in saturated KCI (Metrohm AG),
the electrode having a potential of +197mV vs. the normal
hydrogen electrode (NHE) at 25°C as calibrated by the
manufacturer. A platinum wire was used as a counter
electrode in the cell. A computer-controlled potentiostat
(Auto lab pll, Eco-chemie BV) was used for the three
electrode photoelectrochemical experiments.

Current-voltage measurements were performed, at a light
intensity of about 100mW/cm? using a manual I-V

measuring apparatus with a 500€ linear potentiometer
as a variable load.

RESULTS AND DISCUSSION
Crystal structure of TiO, N _thin films

Figure 1 Shows the X-ray diffractograms for TiO, films
prepared with different amounts of nitrogen. It is observed
that both rutile and anatase phases are present for all @ .
However, the presence of rutile phase appears to diminish
as @ increases, especially peak 29 =47°. At @ = 0.004,
@ =0.008 and P =0.024, pronounced extra anatase phase
at 2@ =44%was observed. This was not the case for @ =0

and @ =0.012. The diminishing rutile phase indicates that

the presence of nitrogen induces a rutile-to-anatase phase
transitions, in line with observations by other workers [9].

Mean grain sizes (D) using peak 2@ = 47° show that the

value of D decreased upon nitrogen incorporation, from
an average of about 36nm to 18nm for ¢ increasing from 0

AJST, Vol. 8, No. 2: December, 2007
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Figure 1: X-ray diffractograms of nitrogen-doped TiO, on SnO,:F coated glass substrates

prepared with varying nitrogen content ()

to 0.024. The observed magnitudes of D are in the same
range as those for other TiO, films prepared by sputtering
[15]. SEM micrographs of the same samples show similar
grain sizes obtained by linear stereology.

Surface morphology of TiO, films

Figure 2 shows scanning electron microscopy (SEM)
images of the surfaces for four samples with different
amounts of @ . Porous surfaces with non-uniform nodules
of mean grain size 36nm are apparent in the undoped film.
The nodules reduced in size from an average of 36nm to
18nm when @ was increased from 0 to 0.024. The
diminishing grain size was associated with the substitution
doping of nitrogen in the TiO, lattice [10].

Porosity of doped TiO, films

Figure 3 shows porosity of TiO, films with heat treatment
temperature for varying compaction pressure ( @ = 0.008).
Porosity increased to maximum at the heat treatment
temperature of 450 °C and then started decreasing
gradually. The highest achieved porosity for undoped film
(50%) is within the range reported by other workers [16].

Porosity decreased with increase in applied pressure; this
means that the film became more compact with increase in

applied pressure. This is in agreement with other workers
that showed that porosity of TiO, reduces for higher
compression pressure [17].

Figure 4 shows porosity of TiO, films with @ for different
heat treatment durations. Porosity of undoped films was
around 48.5% for all heat treatment times; the value
compares well with earlier studies that showed porosity of
49% [12]. Porosity of nitrogen-doped films decreased
gradually with increase in  for all heat treatment times.
Decreasing porosity points out that the films became
compactly packed with increasing nitrogen. The decreased
porosity could be due to the substitution doping of nitrogen
in the TiO, lattice as suggested by other workers [9, 10].

Transmittance and reflectance of TiO2 films

It is notable from figure 5 that transmittance improved with
increased amount of nitrogen in the TiO, photoelectrodes.
The transmittance is shifted into the visible region of the
spectrum for ¢ >0.008. Nitrogen-doped TiO, filmat @ =
0.008 transmits light from wavelength 350nm to 800nm while
the film that had ¢ < 0.008 transmittance commence at
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Figure 2: Scanning electron micrographs of doped TiO, films prepared with different (P
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Figure 3: Porosity of TiO, films with heat treatment
temperature for films pressed at different pressure, at

constant (P = 0.008

Figure 4: Porosity of TiO, films with ( at different
nitration times for heat treatment temperature 400 °C
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Figure 5: Transmittance of nitrogen doped TiO, film with wavelength (nm) for different (( ). The films were heat-

treated at 400 °C for 1.5 hours.
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Figure 6: Reflectance of nitrogen doped TiO, films with wavelength (nm) for different .
The films were heat-treated at 400 °C.
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light of wavelength 410nm. There exists a limit at P =
0.008beyond which the films transmit well in the visible
range which is consistent with other works [9].

Figure 6 shows reflectance of undoped and nitrogen doped
TiO, films. The reflectance of nitrogen doped films reduced
in the light of wavelength greater than 500nm in the visible
range. The low reflectance in the visible region gives a
possibility for better light harvesting suitable for
application in PEC solar cells [9].

Cyclic voltammetry studies

Figure 7 shows cyclic voltammograms of nitrated TiO,
photoelectrodes. The peak currents for the nitrated

electrodes increased with increase in ¢ , which could be
due to the decreased effective surface area in the films [18]
that is consistent with porosity results. The sharp increase
of the photocurrent above 0.75V potential is a sign of a
high electron-hole recombination rate in the nitrogen-doped
TiO, photoelectrode, which is consistent with reported
work [9].

The onset potential where the first cathodic peak appears
for the photocurrent for the film photoelectrode made at
® =0.008 is located around —0.34V vs. Ag/Agcl and for
® =0.012 it is located around —0.31V vs. Ag/Agcl. These
values are higher than the onset potential of undoped
anatase TiO, (-0.55V vs. Ag/Agcl at PH 6.0) as reported
[19]. The shift in onset potential of a photocurrent is a
consequence of the electron-hole recombination in the bulk

0.750x10° 1
0.500x10°® 1
0.250x10°® 2
3
1/4 0
-0.250x10°®
1 1 ®=0.012
s 1/ 2 ®=0.008
-0.500x107 - I 3 - 0.000
4
-0.750x1 0-5 T T T T T T T T T T T T T T
-1.000 -0.500 0 0.500 1.000

E/V

Figure 7: Cyclic voltammograms of nitrated TiO, photoelectrodes prepared at varying @ .

The photoelectrodes were heat-treated at 400°C

and at the surface of the nitrated photoelectrodes; this
could be due to the nitrogen states introduced in the TiO,
band gap acting as electron-hole traps.

I-V characterization of doped and undoped TiO, films

A summary of the I-V characteristics for solar cells
fabricated using doped and undoped TiO, photoelectrodes
is shown in figure 8. The efficiency (1] )of the solar cell
fabricated from photoelectrodes made by pressing
technique ranged from 0.33%-0.96%. Efficiencies for solar
cells fabricated using undoped TiO, photoelectrodes were

higher than those for nitrogen doped TiO, photoelectrodes.

The efficiencies decreased gradually from 0.96% for @ =0
t0 0.33% for @ = 0.024. The open circuit voltage (V) for
solar cells based on nitrated TiO, photoelectrodes
decreased gradually from 0.40V to 0.30V when ¢ increased
from 0 to 0.024.

The short circuit current density (J, ) ranged from 0.30 to
0.65mA/cm? at light intensity of 1000W/m? The current
density decreased from 0.65mA/cm? to 0.30mA/cm? as
@ was increased from 0 to 0.004 and then J  increased

AJST, Vol. 8, No. 2: December, 2007
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Figure 8: Efficiency (7] ), open-circuit voltage (V,), short

circuit current density (/) and fill factor (FF) with  for
PEC solar cells.

with @ . This may be due to a decrease in porosity with

increase of @ as shown in figure 10. This led to a reduction
in the amount of dye adsorbed in the TiO, film, as a result
the amount of light absorption in the film bulk reduced.

The fill factor of the nitrated photoelectrodes increased to
0.56 at @ =0.008 and then decreased gradually to 0.31 at
@ =0.024. This trend was attributed to the increase of the
dark current at the semiconductor electrolyte junction [20].
The dark current arose from the reduction of triiodide by
conduction band electrons, which exposed the TiO, film
to the redox electrolyte [21]. The change in the fill factor is
also due to ohmic losses in the conducting glass substrate
and the cell contacts [12].

The low short circuit current densities and efficiency
values could also be attributed to the losses associated to
hole transport mechanisms within the semiconductor and
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Figure 9: Efficiency (1] ), and porosity of Tio,

photoelectrodes PEC solar cells with ¢ . The TiO, were
heat-treated at 400 °C for 1.5 hours.

electrode/electrolyte interface that limit the performance
of nitrated TiO, photoelectrodes. The nitrogen induced
states in the band gap may act as recombination centres
for the light induced charge carriers limiting their lifetime
[10].

A summary of -V characteristics for films heat-treated for
different times is shown in figure 10. The films heat-treated
for 1 hour showed a higher J of 0.7mA/cm? and a
photovoltage of 0.46V. Generally films heat-treated for

longer hours showed lowerJ , V., FFand 7). These were

due to a decrease in porosity when P was increased
leading to a reduction in the dye adsorption and hence
lower light absorption.

I-V characteristic for films pressed at different pressures
and heat-treated at 400°C are shown in figure 11. The films
pressed at 1.50MPa showed a higher photocurrent density
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0f 0.425mA/cm?, and a photovoltage of 0.420V. Generally
J

This is due to the decrease in porosity upon increasing
the pressure, leading to a reduction in the dye percolation
and hence the light absorption in the film.

V' and 7] decreased with increase in applied pressure.

CONCLUSIONS

TiO, thin films have been fabricated by a mechanical
pressing technique and nitrogen- doped by heat treatment
in nitrogen, argon and oxygen environment. The films
exhibited both anatase and rutile phase for all @ with rutile

phase becoming less pronounced as ¢ increases. An extra

anatase phase was observed for ¢ = 0.024 at peak 29 =
44°. This was explained in terms of rutile to anatase phase
transition inducement in TiO, structure as nitrogen
incorporation is increased in agreement with other workers

[9].
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Figure 11: Efficiency (1] ), open-circuit voltage (V,,), short

circuit current density (J ) and fill factor (FF) with
compaction pressure for PEC solar cells. The TiO, were

heat-treated at 400°C. @ = 0.008

The microstructure of the undoped and nitrogen doped
TiO, films were investigated by SEM and XRD analysis.
TiO, films exhibited a porous network of interconnected
titanium dioxide spherical nodules, whose particle sizes
decreased from an average 36 nm to 18 nm with increase in
@® . The particles became more compact and uniform in
shape with an increase in ¢ , which resulted in the lowering
of the film porosity.

Cyclic voltammetry showed that the peak currents for the
nitrogen-doped TiO, photoelectrodes increased with
increase in (P and decreased with increase in heat treatment
temperature, which was attributed to the decreased
effective surface area in the films [18]. The reduction in the
surface area of the film is consistent with observations
made by SEM, XRD and in porosity measurements. The
sharp increase of the photocurrents above 0.75V potential
is a sign of a high electron-hole recombination rate in the
nitrogen-doped TiO, photoelectrodes, which is consistent
with other workers [9].
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The efficiency, short circuit current density and open
circuit voltage were dependent on ¢ and yielded the
following maximum values: 1] =0.70%, J = 0.30mA/cm’
and V= 0.38V respectively with nitrogen ratio
incorporated in the TiO, structure, undoped film recorded
slightly higher values of: : 11=0.96%, J = 0.65mA/cm’
and V= 0.4V respectively.

Pressing technique can be adapted for mass production
with the use of simple tools; therefore it is a promising
method for future solar cell fabrication that will in the long
run cut down the overall cost of solar cell production.
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