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Abstract

Carbon doped titanium dioxide (C-TiO:) is considered as a promising photocatalytic material due
to its optical absorption extended in the visible region compared to pure TiO.. However, in the
field of photovoltaic’s, use of C-doped nano-crystalline titanium dioxide (C-TiO;) electrodes for
light absorption has been considered to be unnecessary so far. In this context, we report here on
the use of C-TiO; nano-crystalline electrodes in photochemical solar cells devices (PCSC). Carbon
doping has reduced the band gap of TiO; to 2.41 eV and 2.25 eV with increase in the doping extent
for the 9 mM C-TiO; and 45 mM C-TiO; respectively. The C-TiO; electrodes were first used as photo
electrodes for solar cells, exhibiting Jsc of 1.34651 mA/cm?, Voc 0.683 V, FF 50.23% and n 0.46%.
for the 9 mM C-TiO; and exhibiting Jsc of 1.34651 mA/cm?, Voc 0.815 V, FF 54.3% and n 0.59% for
the 45 mM C-TiO.. The fabricated solar cell devices have shown an increase in Voc of up to 0.815V,
which is higher than that of 0.7 V for dye sensitized solar cells. The doping of carbon in TiO: lattice
was closely studied by SEM, XRD, RS and UV-Vis spectroscopy.
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1. Introduction

Titanium dioxide (TiO,) is a typical n-type semiconductor that is extensively used for many applications, such
as optical coating [1], gas sensing [2], photo catalysis [3] and more recently its playing a pivotal role in photo
chemical solar cells [4]-[7] due to its favorable physical chemical non toxicity, optical electrical properties, good
photo activity, as well as long term stability. Photo electrochemical solar cells (PCSC) are the most ambitious
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targets in the utilization of solar energy field [6]-[9]. Among the several contestants for photo-anode materials,
TiO, has been usually adapted as adequate material since it has established best performance compared to other
oxide materials. However, the wide spread utilization of TiO, is limited by its low absorption of the available
suns radiation in the visible region of the solar spectrum (about 3% - 5%) because of the wide band gap 3.2 eV
crystalline Anatase phase [9]-[12]. Thus efforts have been made to enhance solar radiation absorption of TiO, in
the visible region of the solar spectrum by doping with non-metal elements [13]. In dye sensitized solar cells
(DSSC), this is being implemented successfully by anchoring low band gap ruthenium dye on to the surface of
TiO, [14] [15]. But the ruthenium dyes are expensive and unstable in aqueous solutions. DSSCs have been rec-
ognized as the leading photovoltaic alternative to the currently dominant silicon-based solar cells [15]. DSSC
has drawn considerable interest as an ideal photovoltaic concept for the production of renewable, clean, and af-
fordable energy. High efficiency (up to 12%), low-cost and an eco-friendly fabrication process, transparency,
and simplicity are some of the significant advantages offered by DSSCs [15]. In general, manipulation of semi-
conductor oxides with different morphologies, transition metal doped nano-crystalline TiO, and the quest for
new dyes are two major strategies explored for enhancing the absorption of incident light and the collection of
photo-generated carriers to further improve the overall power conversion efficiency of DSSCs [16]-[18]. To date,
however, most efforts have not led to significantly improved photon conversion efficiency of DSSCs. Alterna-
tively visible light active nano-crystalline TiO, has been successfully used in photo catalysis [19] more particu-
larly the use of carbon modified TiO, nano-crystalline photo anodes has achieved great success with conversion
efficiencies of 23%. Carbon modified nano electrodes have been used because of its capability to absorb visible
light in the range 400 - 650 nm. In addition C-TiO, has been proven to show improved electron gathering trans-
porting behaviour and inhibiting charge recombination as compared to pure un doped TiO, nano-electrodes [19].

Use of these types of hybrid nano-crystalline titanium systems in DSSC to supplement light absorption has
been considered to be unnecessary so far. Mainly because organic dyes used as solar sensitizers which are
mainly Ru (I1) complexes have been used to harvest solar radiation [1]. This method increases the range of visi-
ble light response effectively. The incident photo current conversion efficiency (IPCE) for the dye absorbed
semiconductor is relatively low below 500 nm and above 650 nm. In addition, the use of pure un-doped titanium
dioxide nano-crystalline particles which has oxygen deficiency in the crystalline does not help the situation, as it
is known that oxygen deficiency can create electron-hole pairs. The oxidising holes are known to react with ei-
ther the dye and destroy it and or are scavenged by the iodide ions. It is believed that the back reaction and cor-
rosion of nanometals often take place at the nanometal/dye and nanometal/electrolyte interfaces, decreasing the
long-time stability of DSSCs [11] [14] [15]. Therefore it reduces the life span of the DSSC. To minimize spec-
tral losses and electron hole recombination we have fabricated a PCSC consisting of a photo anode of carbon
doped titanium dioxide (C-TiO,) to replace the pure undoped TiO, anode in the Gratzel type solar cell. A
number of PCSCs have been fabricated which have different concentrations of carbon in the photo anodes.
These types of photo anodes built with two or more nonmetals have attracted new attention with advantages
ranging from improved spectral response, reduced electron hole recombination and amplified electron trans-
port as compared to single type electrodes such pure anatase TiO, [5] [19] [20]. The synthesized PCSCs were
structurally, morphologically and optically characterized and its photovoltaic properties were evaluated in this
work.

2. Experimental

This section outlines the actual experimental procedures involved in the preparation of precursors solution and
deposition of nano porous titanium dioxide thin films using ultrasonic spray pyrolysis.

2.1. Synthesis of Pure Un-Doped TiO; and C-TiO; Nano-Particles

In a synthesis procedure 781.24 pl of titanium tetraisopropoxide (TTIP) were carefully added to a 100 ml beaker
containing 60 mls of pH adjusted double distilled water in an ice bath maintained at 0°C. The precursor solution
was added drop wise whilst simultaneously stirring to avoid the formation of white precipitates of titanium hy-
droxides. The prepared solution was then carefully transferred into 250 ml volumetric flask containing 60 mls.
of pH adjusted double distilled water in an ice bath. 0.8103 g of oxalic acid dihydrate (C,H,0-2H,0 Fluka) was
then added to the volumetric flask and topped up to the mark whilst simultaneously stirring in an ice bath. The
precursor solution was then sonicated for 360 minutes prior to ultrasonic spray. This resulted in preparation of a
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9 mM Oxalic acid doped titanium dioxide precursor solution which was coded 904 C-TiO,. Several other pre-
cursor solutions of oxalic acid doped solutions were prepared in much the same way, the only difference was the
level of dopant and type of dopant as illustrated here Table 1.

2.2. Ultrasonic Spray Pyrolysis Deposition

In the prepared precursor solution was then decanted into a spray pyrolysis reaction vessels housing a 1.7 MHz
ultrasonic nebulizer. Spray deposition begins when vapor of the precursor solution were carried by argon gas at
6 ml/minute into a split tube furnace. The pyrolysis if the precursor resulted in rapid growth of nano-particles
which were deposited on fluorine doped tin oxide (FTO) glass substrate. Spray deposition was carried out for
30 minutes and at 450°C. Figure 1 shows the actual set of the ultrasonic spray pyrolysis employed in the
study.

2.3. Characterization

Scanning electron microscopy morphology studies was done using a Jeol JSM-5600 scanning electron micro-
scopy (SEM) microscope which was equipped with an EDX attachement for elemental analysis. X-ray diffrac-
tion patterns were gathered using a Philips Xpert powder diffractometer equipped with a CuKa wavelength of
0.154184 nm and graphite crystal monochromator. Survey scans from 26 = 20° to 80° were performed with a
step size of 0.05°. Regional high-resolution XRD scans were also conducted to investigate C-doped TiO, lattice
parameters via the most prominent reflections, using a 0.002° step size. Region 1, from 26 = 24° - 30°, aimed to
capture the anatase (101) and rutile (110) reflections. Region 2, from 26 = 35° - 43°, examined the A(004),
A(112), R(101) and R(111) peaks. Raman spectroscopy was carried out using a Jobin-Yvon T6400 Raman
spectrograph operated in triple subtractive mode using, 514.5 nm line. Diffuse reflectance spectra of the result-
ing nano-powders was obtained using a double beam Lamda 25 Perkin Elemer UV-Vis spectrometer, which was
equipped with an intergrating sphere. A given amount of the nano-powder was uniformly pressed in a powder
holder (jasco) and placed in the sample holder an intergrated sphere for reflectance measurements. Incident was
swept from 100 - 1500 nm. |-V characteristics of the PEC devices were perfomed on a Keithely 2400 source
meter under simulated sunlight. 1-V and controlled by in house Labview applications. Lamp intestity data was

Table 1. Preperation of oxalic acid (OA) & tetra butyl amonium doped (TBA) TiO, precursor solutions.

Titanium (IV) isopropoxide (TIP) [1 x 1072 M]

Sample Code Mass of Oxalic Acid (OA) g Sample Code Tetra Butyl Ammonium (TBA) (ml) g
90a C-TIiO; 0.8103 91ga C-TiO, 5.58

180a C-TiO, 1.6205 181ga C-TiO; 11.17

270a C-TiO, 2.4308 27tga C-TiO, 22.07

360a C-TiO, 3.2411 3671ga C-TiO, 22.34

4504 C-TiO, 4.05142 45754 C-TIiO, 27.92

5404 C-TiO, 5.66147 54+1ga C-TiO, 56.60

Figure 1. It shows actual photo graph of the horizontal ultrasonic spray pyrolysis system utilized in the study.
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collected using a Molectron EPM 200 power meter with PM3 thermopile head. Scans were performed under
constant power conditions with a 150 W Xe lamp (Oriel). I-V characteristics were at room temperature and were
obtained under 1 sun intensity (100 mW/cm?). A glass filter cuvette filled with water was used as an IR Filter to
minimize heating and a UV Filter was used to filter UV bandgap irradiation. The cell was placed in the path of
the incident light and scanned from Isc (0 V) to Ve (720 mV) at 68 mV/s with 16 mV increments and 10 point
averaging at each increment.

2.4. Assembly of Photochemical Solar Cells

To fabricate the PCSCs, two holes were made within 1mm from the edges of FTO platinized electrodes prior to
the doctor blading of the pt paste. USP developed working electrodes of Coa-TiO,, Crga-TiO, and the platinized
counter electrodes were put together in a sandwich configuration using meltonix gasket and hot presser to fabri-
cate a PCSC device as shown here in Figure 2. In the sealed configuration the inter-electrode space was filled
with I;/I’ redox complex using commercial syringes. The holes created for filling up the electrolyte were
then sealed with the aid of small pieces of microscope cover glass slides and meltonix gasket using a soldering
gun. To complete the PCSC silver was coated on the edges of each electrode and allowed to dry. Conductive
copper was the tapped over the silver contacts. Thus a PCSC device thus fabricated.

3. Results & Discussions

The surface morphology of the as synthesized thin films has been analyzed by SEM. Clearly Figure 3 reveals
that the synthesized thin films for PCSC application have multiple porous network structure. This is prerequisite
for PCSC solar cell application. This porous network structure of the thin films allows the redox electrolyte to
percolate the entire nano-structure for efficient electron hole regeneration. Also a noteworthy feature in these thin
films is that as the carbon dopant level increases from 9 mM C-TiO, to 18 mM C-TiO, there shows a distinct
change in arrangement of nano-structure. Cauliflower nano-structures develop as illustrated here in Figure 3(b).
Inserts in Figure 3(a) and Figure 3(b) also shows elemental analysis by EDS of the nano-crystalline 9ga
C-TiO, thin film synthesized on F: SnO, glass substrates using USP technique has shown the presence titanium
(Ti), oxygen (O) and carbon (C). The EDS spectra of the as synthesized thin films also indicate the presence of
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Figure 2. It illustrates the assembly of PCSC starting with (a) drilling of hole on bare photocathode (b) development
of platinized photocathode (c) & (d) PCSC device in sealed configuration with redox electrolyte filled in between the

inter electrode space.
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Figure 3. SEM image of surface morphology of nano-crystalline and EDS spectra for (a)
918aC-TiOy; (b) 181gaC-TiO, thin film.

other elements (i.e.) gold (Au) from the gold coating in SEM sample preparation, aluminum (Al) from the alu-
minum reaction vessel or substrate holders used in the study. Sodium (Na) and magnesium (Mg) originate from
the FTO glass substrate. The EDS spectrum also reveals that the titanium atom has different oxidation states.
Titanium atom appears at 0.52 KeV, 2.75 KeV, 4.3 KeV and 4.9 KeV. This is due to different binging energies
of the core electrons. The first peak of titanium at 0.52 KeV overlapping with oxygen might be due to the high
oxidation state of Ti(IV) and other peaks at 4.2, 4.3 & 4.9 KeV are due to titanium in oxidation state of plus
three Ti(lI1). The decline in titanium oxidation state has been ascribed due to carbon doping.
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XRD was used to investigate the crystalline structure of TiO, samples as well as the structural effects of car-
bon doping. Figure 4 shows that the XRD spectra of the as synthesized nano-particles are very broad which in-
dicates large crystallite sizes and/or strain. The synthesized samples showed Anatase TiO, as the main poly-
morph present in the samples. The Anatase peaks are indexed as (101), (004), (200), (105), (211), (116), (220)
and (215) in order of increasing diffraction angles. These diffraction angles indicate a body centered tetragonal
crystalline structure of TiO,. The peaks of C-TiO, samples were shifted to higher diffraction angles as compared
to that of pure un-doped TiO, samples by ~0.06. This shift implies that an oxygen atom in the TiO, was substi-
tuted by a small atom carbon. The recorded XRD patterns were further analyzed with JADE software to deter-
mine average particle sizes by use of the Scherer’s formula .The analyses revealed that the particle size ranged
from 18 - 19 nm which was decreasing with increase in carbon concentration.

Raman spectroscopy was used to analyze the samples and complement XRD results for phase identification.
The Rutile phase of TiO, is tetragonal and exhibits symmetry characters of the space group D;; with two TiO,
formula per unit cell. Four active Raman modes with symmetry B1g (143 cm ), Eg (447 cm ), A, (612 cm™)
and B,y 826 cm L. Whilst the Anatase phase has a tetragonal DJJ, containing two units per unit cell. According
to group theory, there are 6 Raman Active modes with symmetry Eg (143 cm %), Eg (196 cm ), B1, (397 cm b,
doublet (Alg + B1g) 516 cm * and Eg (640 cm ™). The measured Raman spectrum Figure 5 shows that the as
synthesized nano-particles both for pure un-doped TiO, and C-TiO, are well crystallized in the Anatase phase of
TiO,. Such a conclusion is in good agreement with the XRD analysis.

It is well known that the photo sensitivity of semiconductors is related to its band gap [21] [22]. The UV-Vis
diffuse reflectance spectra of the as synthesized thin films are shown here in Figure 6, for comparison the spec-
trum for un-doped titanium dioxide is also shown.

The 9 mM oxalic acid doped titanium dioxide (90a) C-TiO,) showed a 6 nm shift absorption in visible spec-
trum with an absorption edge at 402 nm, whilst the 360a) C-TiO,, 4504y C-TiO, showed absorption edges at
404 nm and 403 nm respectively. The USP synthesized samples for oxalic acid doped samples for 275 C-TiO,
showed a band gap equal or lower than that of pure un-doped TiO, (spectra not shown). The blue shift of the
absorption edge observed with 27,y C-TiO, can be attributed to charge transfer transition between the metal
ion d electrons and the conduction or valence band of TiO; [4]. However the spectra for 18rga) C-TiO, showed
showed in Figure 7 an absorption edge that was red shifted to 495 nm, 36rga) C-TiO, at 512 nm and 45.ga)
C-TiO, had an absorption edge at 550 nm.
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Figure 4. XRD pattern for the as synthesized thin films

(1) un doped TiO,; (2) 9 mM C-TiO; (3) 36 mM C-TiO,,

(4) 45 mM C-TiO,.
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Figure 5. Depicts the Raman spectra for the as synthe-

sized thin films.
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Figure 6. It shows the DRS spectra of the OA doped thin films (a) Un doped TiO,; (b) 95.C-TiO,; (c)
360aC-TiO,; (d) 450AC-TiO,. Also it shows the extended DRS spectra in the range 350 - 500 nm.
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Figure 7. It shows the DRS spectra of the TBA doped thin films Un doped TiO,, 9:gaC-TiO,
367AC-TiO,, and 45135C-TiO,. Also shows the extended DRS spectra in the range 350 - 500 nm.

The samples doped with TBA doped TiO, showed an enhanced shift than those of OA. This is mainly because
TBA has a higher carbon composition than oxalic acid despite its lower diffusion mobility into the TiO, and
large molecular size as compared to OA. The enhanced absorption might also be due to the presence of ammo-
nium ion which contains the nitrogen atom in TBA. It is well known that nitrogen doping as compared to carbon
doping shows enhanced doping hence a massive shift in the absorption edge. Nitrogen doping has proven more
efficient at improving visible light activity. It is theorized that the carbon states are too deep within the band gap
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to significantly increase visible light activity, unlike nitrogen doping 1 s state, which successfully overlap with
the band O2p states [21]. To establish the type of band gap transition of the as synthesized thin films, the DRS
data were fitted to equations for both direct and indirect band gap transitions. The Profiles showed perfect fit for
direct band gap transition. The energy band gaps of the thin films were estimated by using Equation (1) in this
work. The calculated energy band gaps are presented here in Table 2 & Table 3.

_1239.y

Eg @

edge
where Jeqqe is the wavelength of the absorption edge.

During the J-V measurement, four parameters such as Jsc, Voc, FF and # were obtained of the fabricated
PCSCs. Figure 8 shows the J-V curves for several PCSCs fabricated. An oxalic acid doped photo-electrode (9o0a
C-TiO,) based in PCSC showed an V¢ of 0.682 V, Jsc of 1.33201 mA-cm 2, a fill factor of 50.2%, and an effi-
ciency of 0.456%, 9ga C-TiO, Voc of 0.683 V, Jsc of 1.33465 mA-cm 2, a fill factor of 50.3%, and an efficiency

Table 2. It shows the determined absorption edge 4 (nm) and the estimated
energy band gap for the OA doped thin films.

Sample Code Absorption Edge (1) nm Energy Band Gap (eV)
90a C-TiO, 346 3.12

1804 C-TiO, 404 3.06

270a C-TiO, 396 3.12

360a C-TiO, 403 3.06

450, C-TiO, 405 3.05

Table 3. It shows the determined absorption edge 4 (nm) and the estimated
energy band gap for the TBA doped thin films.

Sample Code Absorption Edge (A) nm Energy Band Gap (eV)
Un doped TiO, 346 3.12

91a C-TiO; 496 249

36784 C-TiO; 512 241

45754 C-TiO; 550 2.25

1.504

1.25

0.00 - . - . -
0.0 0.2 0.4 0.6 0.8

ViV)

Figure 8. J-V characteristics of the fabricated PCSCs.
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of 0.462%. 4555 C-TiO, 9 TBA doped photo-electrode showed photo electrode showed a maximum conversion
with an open circuit voltage of (Voc) of 0.817 V, photocurrent Jsc of 1.37639 mA/cm?, a fill factor of 54.5% and
an efficiency of 0.613%. The abrupt increase in Jsc by 49% was particularly notable. Light absorption as was
noted from the DRS spectra of 9o, C-TiO, showed an absorption edges around 404 as compared to the TBA
doped photo-electrodes which showed an absorption edges at around 551 nm. This increase in photo current
generation as the dopant type change might due to (1) increase in (2). The chemical structure of oxalic acid
(C,0;%) has 27% by mass ratio of carbon as compared to 59% ration of carbon in tetra butyl ammonium
(C16H36BrN) (3) it has been admitted that the incorporation of C in the nano-structure TiO, can help fill some
oxygen vacancies naturally present in pure un doped titanium leading to reduced trap state distributions and im-
proved charge mobilities [22].

In addition pure un-doped titanium dioxide contains oxygen defects which cause carrier trapping at the sur-
face of pure un-doped TiO, nano-particles leads to a low electron diffusion coefficient (7 x 10 °® ecm 2V s
[22]. A notable feature of the present results is that the open circuit voltage Voc of the carbon TBA doped elec-
trode (451sa C-TiO,) is relatively high (0.815 V) about 4% than that of conventional DSSC typically ~0.75 V
[8]. According to the kinetic model, the open circuit voltage is given by Eg-E,.40x Where EF is the Fermi level of
TiO, and E,q0x IS the redox potential of the electrolyte. The actual V¢ obtained in experiments is lower than the
theoretical upper limit due to the dark current in a solar cell. The dark current is mainly caused by carrier re-
combination between the photo injected electrons in the semiconductor and the positively charged electrolyte.
Our current studies have shown a higher V¢ which indicates that there is lower carrier recombination as com-
pared to conventional DSSC.

4. Conclusion

We have also demonstrated that C-TiO, nano-structured photo electrodes with optical band gaps in the visible
section of the solar spectrum can be obtained with oxalic acid and tetrabutyl ammonium bromide as the carbon
sources using spray pyrolysis technique. Our analysis has also shown that the TBA doped samples exhibit a
greater shift in absorbance as compared to OA doped sample. The results are evidenced by extended absorption
edges of 45+ C-TiO, photo electrode which were well above the 500 nm mark. Furthermore the respective so-
lar cells have shown higher conversion efficiencies as compared to the OA doped photo electrodes. The PCSC
device with a 4555 C-TiO, photo electrode showed the highest solar conversion with an open circuit voltage of
(Voc) of 0.817 V, photocurrent Jsc of 1.37639 mA/cm?, a fill factor of 54.5% and an efficiency of 0.613%. Ad-
mittedly the overall solar cell efficiency for the PCSC devices employing TBA doped titanium dioxide is still
very low ~0.6% as compared to the dye sensitized counterpart fabricated by Gratzel in 1991 with an efficiency
of ~11%. Therefore, C-doped TiO, nano-crystals prepared by our approach are ideal semiconductor materials
for DSSC and PCSC devices. This study has revealed that our method of fabricating PCSC devices using ultra-
sonic spray pyrolysis has low cost, simple processing, excellent reproducibility, easy to extend on a large scale
production and is applicable in the field of solar energy conversion.
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