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ABSTRACT

The present study is directed to clarify the influence of carbon doping on the degradation of methyl orange. TiO, nanotubes were prepared by anodizing
titanium foils in a two electrode configuration bath with titanium foil as the anode and platinum as the counter electrode. The electrochemical bath
consists of 1 M Na,SO4 with 0.7 g ammonium fluoride, NH4F. The nanotubes obtained were further doped with carbon via in-situ and ex-situ method.
Incorporation of carbon on TiO, via in-situ method is accomplished during the anodization process by introducing oxalic acid into electrolyte while the
ex-situ doping involves carbon incorporation into pre-fabricated TiO, nanotube via flame annealing using carbon blackN330. Characterization such as
Scanning Electron Microscope (SEM), Energy Dispersive X-ray Analysis (EDX), and X-Ray Diffraction (XRD) are used to determine the surface
morphology, composition of dopants, and phases exists. Well ordered nanotube with good adherence and smooth surface was obtained for both
methods. When the oxide was annealed, X-ray diffraction analysis revealed the presence of anatase and rutile phase. The photocatalytic properties of the
pure TiO, and carbon doped TiO, were tested for methyl orange degradation and the result indicated that the in-situ doped TiO, has much better
degradation than the ex-situ and pure TiO,. The percentage of methyl orange degradation for in-situ was 20% and 41% higher than ex-situ doped TiO,

and pure TiO,, respectively.
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1. INTRODUCTION

Among the new materials being developed for
photocatalytic activity, n-type semiconducting TiO, remains
as one of the most promising materials because of its high
efficiency, low cost, chemical inertness, ecofriendly nature
and photostability [1,2]. Because of these great properties,
TiO, would be the best candidate to be used for much
application such as photocatalyst [3], impant materials [4],
hydrogen sensing [5], solar cell [6] and many more. When
TiO, is exposed to UV light, it could be used to convert
photons into chemical or electrical energy by generating
electron and holes. The electron and holes then react with
surface species to produce highly oxidizing species which is
capable to convert pollutants to nontoxic or less harmful
substance. However, the widespread use of TiO, is hindered
by its low utilization of solar energy in the visible region
(about 3-5 %) because of the wide band gap. Efficient use
of solar radiation requires extending the photoresponse of
TiO, to visible wavelengths. Therefore, many efforts were
directed towards modifying the band gap of TiO, and thus
extending its photoresponse into the visible region by
doping process [7-19]. Various transition metal cationic
dopants have been studied [7-9] but it has been found to
inhibit the photocatalytic activity of TiO,.
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This is because the doped TiO, suffers from a thermal
instability or an increase in the recombination centres of the
charge carriers [10]. Therefore, many have suggested that
smaller band gap might also be achieved by incorporating
anionic dopants such as nitrogen [11-14], carbon [15 -17]
and sulphur [18-20] for the extension of photocataytic
activity into visible region. In particular, carbon-doped TiO,
was indicated as one of the best in terms of band gap
narrowing. It is therefore our intention to study on band gap
engineering of TiO, by carbon doping. In our previous
study, we observed that few parameters affect the
production of TiO, nanotubes [21-25].

Herein we report on two different methods for
preparing the doped TiO,. The first one involves in-situ
method whereby the carbon incorporation into titanium foil
was accomplished while fabricating TiO, nanotube whereas
the second one is ex-situ doping which involves carbon
incorporation directly on pre-fabricated TiO, nanotubes.
Both methods were done via anodization. The source of
dopant was oxalic acid (C,H,O4) for in-situ method and
carbon black N330 for ex-situ method.

2. EXPERIMENTAL
Anodization was done in a standard two-electrode bath

with titanium as the working electrode and platinum as the
counter electrode. High purity titanium foils (99.6 % purity)
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of thickness 0.2 mm that was used in this study were
purchased from STREM Chemicals. Prior to anodization, Ti
foils were degreased by sonicating in acetone for 15
minutes followed by rinsing in deionised water and then
dried in nitrogen stream. After drying, the foil was cut into
1 cm x 4 cm area and exposed to the electrolyte which
consisted of 100 ml 1 M Na,SO,4 with 0.7 g NH,F. The pH
of the electrolyte was measured using a digital pH meter.
H,SO4 was added to the solution to adjust the pH. The
electrochemical treatment consisted of a potential ramp
from open-circuit to a fixed value of 20 V. The sweep rate
was kept constant at 1 V/min. The bath was kept at room
temperature. For purposes of in-situ carbon doping, oxalic
acid (C,H,0,4) was included in the anodization bath for 30
minutes. After the anodization was completed, the carbon
doped TiO, sample was annealed at 500 °C for 2 hours in an
air atmosphere furnace. The condition is chosen based on
our preliminary studies which indicate that increasing the
annealing temperature to 300 °C shows the existence of
vaguely anatase peak and for 500 °C induce the formation
of anatase and rutile with better crystallinity [21,26]. It is
anticipated that the formation of crystalline phase in carbon
doped sample will lead to enhanced photodegradation
activity.

As for ex-situ doping, prior to carbon incorporation,
TiO, nanotubes were fabricated via anodization in Na,SO,
with 0.7 g NH,F at pH of 4 for 30 minutes. The doping
were done via flame annealing in a typical horizontal
furnace with heating and cooling rates of 10 °C/min and the
source of dopant being used is carbon black N330. Flame
annealing with carbon black were done at 500 °C for 2
hours in saturated argon gas.

The morphologies of the anodized titanium were
characterized using a Field Emission Scanning Electron
Microscope (FESEM SUPRA 35VP ZEISS) operating at
working distances down to 1 mm and extended accelerating
voltage range from 30 kV down to 100 V. The FESEM
SUPRA 35VP ZEISS was capable of energy dispersive X-
ray spectroscopy (EDX). The crystal phases of the TiO,
nanotubes were studied by X-ray diffraction using the
Bruker D8 powder diffractometer operating in the reflection
mode with Cu Ka radiation (40 KV, 30 mA) diffracted
beam monochromator, using a step scan mode with the step
size of 0.1 * in the range of 25-70 °. The step time was of 3
s, adequate to obtain a good signal-to-noise ratio in the main
reflections of the TiO, nanotube, (1 0 1) anatase (20 = 25.3
) and (1 0 1) rutile (26 = 36.1 °). The weight fractions of the
anatase and rutile phases of nanotube subjected to various
heat treatment were estimated from the relative intensities
of the strongest peaks corresponding to anatase and rutile
respective integrated XRD peak intensities using the

equation (1) [27]:

|
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where X, is a weight fraction of anatase in powder, and I
and Iy are the X-ray integrated intensities of the (1 0 1)
reflection of anatase and (1 0 1) reflection of rutile,
respectively.

The photocatalytic degradation studies was performed
by dipping 7 pieces of 1 cm? foils made up of carbon doped
TiO, nanotubes in 200 ml of 50 ppm methyl orange in self-
constructed photoreactor which consist of a quartz glass.
The sample was then left in the reactor for about 30 min in
dark environment to achieve the adsorption / desorption
equilibrium. It was then photoirradiated at room
temperature by using TUV 18 W UV-C Germicidal light. 5
ml solution was withdrawn for every 1 hour from the quartz
tube to monitor the degradation of methyle orange after
irradiation. The concentration of the degradated methyl
orange was determined using UV-Vis spectrometer.

3. RESULTS & DISCUSSION
3.1 Effect of different pH on TiO, nanotube
formation

For this set of experiment, 0.7 g of NH4F in 100 ml,
1 M Na,SO4 was used for anodization but the pH of the
solution was altered from 3, 4, and 5 using H,SO,. The bulk
electrolyte without the addition of H,SO4 has a pH of
around 6. For all experiments, anodization was conducted
at 20 V for 30 minutes. Different pH of the electrolyte leads
to different surface structure of TiO,. Representative cross
sections of the TiO, formed at different pH’s are shown in
Figure 1. For pH 3, the sample seemed to be inadequate for
formation of TiO, oxide layer (Figure 1la). In some portion
of the foil, a flake structure is observed and it was further
confirmed with EDX. EDX analysis (the insert in Figure 1a)
confirmed the absence of TiO, oxide layer in both area A
and B. The Ti foil probably was severely etched, revealing
the grain of the Ti.

Surface morphology of the TiO, formed at pH 4 and
5 are shown in Figure 1b and 1c. It clearly indicates that pH
plays an important role for the formation of the nanotubes.
It is also seen that the diameter of the tubes depends on the
pH of the bath. For higher pH, e.g. pH = 4 (Figure 1b), the
average diameter of the tubes was approximately 80 nm.
When the pH of the bath was further increased to 5, the
diameter of the tubes was smaller i.e. ~ 70 nm (Figure 1c).
Further observation indicates that the thickness of the
prepared nanotube influenced by pH of the bath. Higher pH,
i.e. pH 5 leads to the formation thicker wall approximately
15 nm while lower pH 4 results in thinner wall around 8
nm. The electrolyte pH may adjust TiO, dissolution rate at
the pore bottom by localized acidification has been reported
by Macak and co-worker [28]. Effects of migration and
diffusion generate lower pH value at the pore bottom while
higher pH value is obtained at the pore mouth. The smaller
diameter and thicker wall of the nanotube with increasing
pH is probably associated with chemical dissolubility of the
electrolyte. At high pH, the formation of [TiFe]* complex is
reduced and relatively result in weak chemical dissolubility.
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As a result, the diameter of the tube is small and the wall
thickness is wide.

0 kv
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Figure 1: FESEM images of the TiO, nanotubes obtained with different pH (a) pH 3, (b) pH 4 and (c) pH 5

3.2 Formation of carbon doped TiO, nanotube
via in-situ and ex-situ method

From the first part of experiment, production of TiO,
nanotubes were found to be very well defined over the
whole area of the foil (not shown) when the pH of the bath
is 4. Therefore, for the next set of experiment, the pH of the
solution was fixed to 4. Figure 2, shows FESEM image of a
carbon doped TiO, nanotubes with insets showing the
length of the tubes. The tubes were obtained by in-situ
doping technique using oxalic acid as a carbon source in 1
M Na,SO, at room temperature for 30 minutes. TiO,
nanotubes with diameter of 80 nm and length of 1.3 pum are
obtained. The wall thickness was approximately 20 nm.

3]

EDX analysis was performed to clarify the incorporation of
carbon on the prepared tubes. Representative EDX
spectrum of the in-situ carbon doped TiO, is shown in
Figure 3. Twenty measurements were performed on each
sample and average values were taken. The data
demonstrate that the amount of doped carbon into TiO,
tubes was in the range of 6.3-6.5 %, hence indicating that
the tubes possess uniform carbon content when anodized for
30 minutes. After the anodization was completed, the in-situ
carbon doped TiO, sample was annealed at 500 °C for 2
hours in an air atmosphere furnace. The morphology of the
tubes after heat treatment was analyzed by FESEM and the
result indicates no variation in the structure of the oxide
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(not shown) as compared to the structure formed before
subjected to annealing process.

Figure 4 shows an illustrative FESEM image of TiO,
nanotube that have been doped with carbon black N330 via
ex-situ method using flame annealing technique. Under this
condition, the nanotubes have a length of 1.2 ym with wall
thickness of 20 nm. The average nanotube diameter as
calculated from the FESEM image was 80 nm, similar to in-
situ doped sample. Representative EDX spectrum of the ex-
situ doped TiO, is shown in Figure 5 and it was found that
the average carbon content of the ex-situ doped TiO, was
slightly lower (5.14 %) as compared to in-situ doped TiO,.
This is probably attributed to easier diffusion of oxalic acid
due to its smaller size compared to carbon black.

3.3 XRD analysis

Figure 6 shows the crystal structure of pure TiO, and
carbon doped TiO, nanotube which was produced after
flame annealing. The result clearly shows the crystal

Figure 2: FESEM images of the carbon doped TiO, nanotubes
obtained via in-situ method

Figure 4: FESEM images of the carbon doped TiO, nanotubes
obtained via ex-situ method

structure of TiO, depends on the annealing treatment. XRD
of the as-anodized sample (without dopant and annealing
process) in Figure 6a indicated that the self-organized TiO,
nanotubes have amorphous structure as only Ti-peaks were
shown. Habazaki has reported the formation of crystalline
oxide in a film formed at 20 V [29]. In contrast to their
finding, amorphous phase has been observed in this study
and probably it is associated with the formation of localized
crystalline oxides and not a continuous one throughout the
oxide. However if the same sample heated at 500 °C, it
matches the reference pattern (ICDD card number 21-1272)
of anatase at 20 = 25.28 °, 48.05 °, 53.89 °, 55.06 ° and
62.69 ° and rutile phase (ICDD card number 21-1274) at
36.08 °, 41.23 ° and 54.32 °, indicating transformation form
amorphous structure to crystalline structure (Figure 6b).
The weight fractions of the anatase and rutile phase were
approximately 50.2 % and 49.8 %, respectively. Similar
phase structure was also found in in-situ carbon doped
nanotube (Figure 6¢) with 62.8 % of anatase and 37.2 %
rutile phases.
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Figure 3: EDX spectrum of the carbon doped TiO, nanotubes
obtained via in-situ method
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Figure 5: EDX spectrum of the carbon doped TiO, nanotubes
obtained via ex-situ method
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Figure 6: XRD pattern of (a) pure TiO, and not annealed (b) pure TiO, and annealed (c) in-situ carbon doped
and annealed (d) ex-situ carbon doped and annealed [ ¢ :Ti, e: rutile, *: anatase]

Figure 6d shows the XRD pattern of the ex-situ
doped TiO, after flame annealed for 2 hours in carbon
black. In addition to the observed prominent Ti peak, there
are small peak at 20 values of 25.28 °, 48.05 °, 53.89 °,
55.06 ° corresponding to the anatase phase (ICDD card
number 21-1272) and at 20 values of 36.08 °, 41.23 ° and
54.32 ° corresponding to rutile (ICDD card number 21-
1274) TiO,. The weight fractions of the anatase and rutile
phases of doped nanotube were 66.7 % and 33.3 %,

respectively. It is worth to note that the weight fraction of
anatase in carbon doped sample via in-situ and ex-situ is
higher by 12 % and 16 % respectively as compared to the
pure sample. The precious reason for the higher fraction of
anatase in carbon doped sample are currently unclear and
the subject of ongoing studies. However, based on our
preliminary studies it is possible that oxygen rich
atmospheric condition be an important factor in the
formation of rutile phase (Table 1).

Table 1: Anatase to rutile ratio and the oxygen content during the annealing process for doped and undoped TiO,

Undoped TiO, after
annealing

Samples

In-situ Carbon doped Ex-situ Carbon doped

XRD Analysis Anatase and Rutile

Anatase and Rutile Anatase and Rutile

Ratio of anatase: rutile 50.2:49.8

62.8:37.2 66.7:33.3

Atmospheric condition
during annealing process

Oxygen content are relatively
high as compared to insitu
and exsitu doped TiO,
because flame annealing was
done in air

Probably carbon incoparation during
anodization have influence on the
atmospheric condition during annealing
process. Therefore oxygen content is
lower as compared to pure TiO,

Oxygen content are the lowest
because flame annealing with
carbon black were done in
saturated argon gas

3.4 Photocatalytic activity

The photocatalytic activity of the pure TiO, and
doped (in-situ and ex-situ) TiO, nanotube was evaluated by
photodegrdation of methyl orange aqueous solution.
Figure7a and 7b show the changes in absorption spectra of
the methyl orange aqueous solution during its
photodegradation using in-situ and ex-situ doped TiO,
nanotube, respectively. It could be seen the absorption peak
gradually decreased with increasing UV irradiation time and
this is attributed to the generation of electron and holes
which is increasing with the irradiation time. After UV
irradiation for 5 hours, the absorption peak of methyl

5]

orange aqueous solution for doped sample was weak. For
comparison, the absorption spectrum of the pure TiO, was
also measured after 5 hours and it is shown in Figure 7c.
The experimental observation indicated that the colour of
the methyl orange aqueous solution changed from dark
orange to a pale orange or colourless one, depending on the
pure TiO, or doped TiO,. The colour changes actually
indicating the degradation of methyl orange. To quantify the
observed trends in Figure 8, the absorbance was converted
to concentration with the following equation ;
C,

(e

()

t
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Here C, is the initial dye concentration (at the end of
sorption period), while C;is the actual dye concentration. A,
is the initial absorption value while A; is the actual
absorption value, K is rate constant, t is the time after UV
irradiation.

Figure 8 shows the plots of methyl orange
concentration versus irradiation time for in-situ and ex-situ
doped sample. Illumination in the absence of photocatalyst
did not result in the photodegradation (not shown). It was
found that the in-situ doped TiO, showed the greatest
degradation whereby the concentration of methyl orange
decreased rapidly by 69 % after UV irradiation for 5 hours.
As for ex-situ doped TiO, nanotubes, the concentration
decrease by 49 %. Pure TiO, showed the lowest
photodegradation whereby the concentration of methyl
orange decreased by 28 %. Based on the results obtained, it
seems that crystal structure is one of the important factors
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affecting the photocatalytic activity. According to
Bakardjieva [17], TiO, nanotubes with 70 % anatase and 30
% rutile are the optimum ratio and showing great efficiency
for photocatalytic activity. The similar observation can be
seen in this work. In-situ and ex-situ carbon doped TiO,
with 62 % and 66 % of anatase, respectively showed better
performance in the photodegradation of methyl orange as
compared to pure TiO, with 50 % anatase. Less activity of
pure TiO, might be due to lack of anatase phase which can
assist to reduce the rapid rate of recombination in rutile
phase. Besides, pure TiO, has no absorption above 400 nm.
However, the carbon doped TiO, results in obvious
absorption up to 700 nm [30]. This absorption features
suggest that carbon doped TiO, can be activated by visible
light to enhance the electron transfer and thus improve the
photodegradation of methyl orange.
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Figure 7: Analysis of absorbance of methylene orange undergo photocatalytic testing with
(a) in-situ carbon doped TiO, (b) ex-situ carbon doped TiO, and (c) pure TiO,
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Figure 8: Plots of methyl orange concentration versus irradiation time for
(a) in-situ, (b) ex-situ doped sample and (c) pure TiO,

4, CONCLUSION

In summary, anodization of the Ti foil at pH 4
resulted in a well organized TiO, nanotube. Approximately
6.4 % and 5.1 % carbon was incorporated into TiO, by in-
situ and ex-situ method, respectively. This result indicates
in-situ method is more efficient than ex-situ method to
prepare carbon doped TiO,. XRD pattern of the sample
annealed at 500 °C indicated the presence of crystalline
anatase and rutile phase. It appears that crystal structure and
carbon content are an important factor affecting the
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