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HIGHLIGHTS

« Water content of 25 v&, annealing with 20% H; produced highest photocurrent of TNTAs.
« Vertically oriented, long with optimal wall thickness of TNTAs increase photocurrent.
« Annealing with Hz/Ar plays an effective role in reducing the band gap.
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The effect of water content in the electrolyte solution during annealing process in the synthesis and
modification of titania nanotube arrays (TNTAs) by anodic oxidation process has been investigated.
Variations in annealing technique that leading to some specific properties of the TNTAs produced have
been examined. Doped-TNTAs were obtained by the in-situ anodic oxidation method in glycerol con-
taining fluoride solution followed by annealing to induce crystallization. FESEM and SEM results indi-
cated that TNTAs with inner diameters of 49—80 nm, wall thicknesses from 28 to 42 nm and lengths from
1407 to 1570 nm were synthesized. At water content of 25 v in the electrolyte solution, self-organized

ﬁr:j;?:é with vertical, ordered of TNTAs with relatively uniform diameter was observed. Suitable morphology of
SEM TNTAs such as well developed tubes, vertically oriented, highly ordered, long with optimal diameter and
EDS wall thickness of TNTAs could suppress recombination of electrons—holes and, therefore, increase
FTIR photoelectrochemical properties. Annealing with Hz/Ar is found to be efficient for introducing dopant C

and N into the lattice of TNTAs to form Ti—0-C and N=Ti—O (FTIR analysis). Therefore, the reducing band
gap can be obtained (UV-Vis DRS analysis). Annealing under Hz/Ar of as-synt TNTAs with water content
of 25 v& in the electrolyte solution produced anatase phase (XRD analysis) and showed optimal condition
in producing the highest photocurrent density.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

TiOz is one of the most promising photocatalysts and has
attracted much attention due to its advantages such as non-toxicity,
stability, environmental harmlessness and low cost [1-6]. Activa-
tion of this photocatalyst needs photon energy, which can be pro-
vided by solar light at ambient condition instead of thermal energy.
This photocatalyst has many applications such as being a
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photocatalyst in Hz production |1,3], pollutant degradation [3—8],
dye-sensitized solar cells (DSSC) [3,9] and even in sanitation and
cancer therapy |10]|. However, TiOz has several drawbacks such as
photoinduced electron—hole recombination [1,2], visible light
inactivity (band gap of TiOz: 3.2 eV for anatase, 3.0 eV for rutile)
| 1-9] and limited surface area | 1,11,12]. Consequently, its utilization
efficiency especially in solar light is still poor as the UV portion
accounts for only about 5% while visible light accounts for about
45% in solar spectra [2,4,58,13]. Hence, some modification strate-
giesneed to be examined to reduce those drawbacks of TiOz such as
morphology modifications (to increase the surface area), addition
of non-metal doping (to extend the photo-responsiveness to the
visible light) or metal doping (to minimize recombination of
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electron—hole) and coupling with other semiconductors such as
Cds [11].

Many attempts to alleviate those drawbacks have been studied,
and one of them is synthesizing TiOz by anodic oxidation of tita-
nium metal in order to get morphology of TiOz nanotube arrays that
have larger surface area compared to the randomly distributes and
shape nanoparticles [3,11,12]. TiO, synthesized by the anodic
oxidation process (TNTAs) exhibit better properties than Ti0O; in a
randomly distributes and shape nanoparticles system as
morphology of TNTAs enhances photon absorption, effectively in-
creases the surface area and provides excellent electron—hole
separation properties [11,12]. Accordingly, the morphology of the
TNTAs can improve performance in its photoactivity. Formation of
TNTAs in organic electrolyte such as glycerol with high viscosity
resultin alow growth rate of nanotube since the tube growth rate is
a diffusion-controlled process [11,14]. However, extending anod-
ization time resulted in the increasing the tube length. Magnetically
stirring during the anodization process can be used to enhance the
mass transfer of the ions inside the solution and therefore increase
the growth rate. The smooth wall that improves properties of
TNTAs is another interesting result of anodization in glycerol
electrolyte solution [11]. Furthermore, decreasing the viscosity by
adding the various water content into glycerol electrolyte solution
plays an important role in determining the optimum growth rate,
dimension and the morphology of TNTAs. As a result, the specific
properties that improve the characteristics of TNTAs caused by
variation in water content during anodization can be obtained.

Doping TiOz with non-metal such as C [468], N [13-613], B
[2,8], 1[5] and co-doping with N+S [3], C+N [4,6], C+B [ 8] and N+I
| 5] has been demonstrated to reduce the band gap, thus improving
its photocatalytic activity under visible light. Mon-metal (for
example N} incorporated into TiOz lattice can create new valence
bands through the mixing of N 2p states with O 2p states without
affecting the conduction band level [4]. Many researchers per-
formed non-metal doped-TiO; in a two-step fabrication approach,
and the preparation process was relatively complex [1,3—62]. On
the other hand, when TNTAs synthesized in organic electrolyte
such as glycerol (14 vol% Hz0 + 0.14 M NH4F), may lead to the
adsorption of this organic molecules on the TNTAs during anodic
oxidation process. Annealing this as synthesized TNTAs at 450 °C
for 1 hresult in the incorporation of carbon element in the lattice of
TNTAs (as carbon doping), since the organic molecules possibly
decomposed thermally | 14]. The nitrogen doped TNTAs have also
been prepared by two-step in situ anodization process with
ethylene glycol containing NH,4F solution as reported by Wuand co-
worker [15]. They reported that nitrogen incorporation in the
TNTAs was supplied by the NH4F and it was retained by annealing
indry nitrogen environment at 450 °C for 1 h. Moreover, the simple
method by in-situ doping or one pot reaction resulted in better
quality nanotubes than the post-treatment method as reported by
Milad and co workers | 16]. They studied in situ carbon doping to
TNTAs with polyvinyl alcohol containing NaF as electrolyte solution
and followed by annealing in air at 500 °C for 3 h. To summarize,
annealing techniques were performed to produce crystalline phase
and may also lead to the incorporation of dopants that already
available in the electrolyte solution along the anodic oxidation
process (in-situ doping). Furthermore, variation of annealing at-
mosphere play important role in the incorporating dopants in the
lattice of TNTAs. In order to get TNTAs with specific properties (well
morphology with the longer tube length at precise thickness, low
band gap value with anatase crystal structure and high photo-
electrochemical properties) that enhance the photocatalytic activ-
ity of the TNTAs, arrangement of water content on the specific
technological variations in annealing technique is very crucial.
However, to the best of our knowledge, the studies on the roles of

water content and variation of annealing atmosphere in the syn-
thesis and modification of TNTAs by in-situ doping still remain
substantially missing.

In this study, we investigated the significance effects of water
content in the glycerol electrolyte solution and the variations in the
process annealing technique that improve the specific character-
istic and photoelectrochemical properties of doped-TNTAs via in-
situ anodization.

2. Materials and methods
2.1. Fabrication of TNTAs

Titanium foils (from Baoji Jinsheng Metal Material Co., 99.6%
purity, 0.3 mm thickness) were used as a substance for the growth
of TNTAs. Prior to anodization, the Ti sheets (3 cm = 2 cm) were first
mechanically polished with a 1500 cc sandpaper in order to obtain
an appropriate brittle and flat surface. Subsequently, Ti samples
were degreased in a mixture of HF, HNO3 and Hz0 with a volume
ratio of 1:3:6 for 2 min, rinsed in deionized water and dried under
air. TNTAs were obtained by the anodic oxidation process which
performed in a two electrode configuration with a Ti foil as an
anode and a platinum, Pt (3 cm = 15 cm, thickness 1 mm) as a
cathode at room temperature. The distance between the two
electrodes was kept at 3.5 cm in all experiments. This distance is
selected by considering the reactor size and morphology of TNTAs
to be produced [ 17]. A direct current power supply (Escord 60305D)
was utilized to control the voltage at 30 V for 2 h. This equipment
also measured the current generated as a function of time. A mixed
electrolyte solution (60 ml) of glycerol (from Brataco) containing
0.5 wt.% NH4F (Merck, 98%) with different water content (5, 10, 25
and 50 v%) were used as the electrolyte solutions and non-metal
doping source in the anodization process. The selection of con-
stant parameters such as annealing temperature |[158,19], voltage
[12,20-22], amount of NH4F [ 11,12,22,23 ] and time [11,12] is based
on the optimal condition as suggested by some previous studies. To
homogenize the electrolyte solution in order to get TNTAs with
uniform size | 24| and to enhance the mobility of the ions inside the
solution [19], magnetically stirring with acceleration of 150 rpm
was performed along with the anodization. As-synthesized TNTAs
were properly washed in distilled water and subsequently dried
under air atmosphere (denoted as as-synt TNTAs). To study the
effect of mode annealing, the as-synt TNTAs were then annealed in
a furnace to convert the amorphous phase to the anatase phase
using air (denoted as A-TNTAs) and using 20% hydrogen in an argon
atmosphere (denoted as Hz-TNTAs) at 500 °C with the rate of
150 ml s~ The temperature of the furnace was raised to 500 °C
with a heating rate of 9.2 °C min ", held for 3 h and cooled naturally
to room temperature. TNTAs produced by anodic oxidation with 10
and 25 v water content in the electrolyte solution were denoted as
TMTAs-10 and TNTAs-25, respectively.

2.2, Characterization

The morphology of TNTAs was characterized using scanning
electron microscopy (SEM) JEOL-6390A and field emission scan-
ning electron microscopy (FESEM) FEl-Inspect F50 with acceler-
ating voltage of 20 kV. The elemental analysis of the TNTAs was
determined by the energy-dispersive X-ray spectroscopy (EDS)
attached to the SEM (at 20 kV). FTIR analysis (Shimadzu IR Prastige-
21) was performed to determine the functional groups present in
the TNTAs. The FTIR spectra of the photocatalysts were taken over a
wavenumber range of 400—4000 cm~'. A UV—Vis Spectroscopy
(DRS) analysis was used to calculate the energy band gap of the
TMNTAs samples using spectrophotometer Shimadzu 2450 type. The
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spectra of the samples were recorded under ambient condition in
the wavelength range of 200—900 nm. To evaluate the crystalline
phase of the TNTAs, X-ray diffraction (XRD) analysis (Shimadzu
7000 X-ray diffractometer) was used. The source of the X-ray ra-
diation was Cu Ka (A = 0.154184 nm) over the 26 range of 10—80°.
The scan rate used for XRD analysis was set 2° min~! while the
accelerating voltage and the applied current were 40 kV and 30 mA,
respectively. The Scherrer equation is used to estimate the crys-
tallite sizes of the samples from FWHM (full-width at half-
maximum) of XRD.

2.3. Photoelectrochemical test

Photocurrent density measurements were performed in the
photoelectrocatalytic reactor consisting of a quartz cell 40 mm in
height, 25 mm in diameter, and effective volume of 20 ml with a
standard three-electrode configuration in with TNTAs (photo-
anode), a Pt wire and a saturated Ag/AgCl as working, counter and
reference electrodes, respectively. The experiment was done under
the conditions of UV (an 11 W UV lamp/black light, 365 nm) and
visible light (a 75 W tungsten lamp, 350—800 nm) irradiation, and
0.1 M NaMNOj as supporting electrolyte. All three electrodes in the
reactor were connected to a computer — controlled potentiostat
(Edag/e-corder 401) to record the photocurrent generated. The
potential was swept linearly at a scan rate of 100 mV s~! under
illumination.

3. Resulis and discussion
3.1. SEM/FESEM and EDS analysis

Fig. 1 shows SEM images of TNTAs produced from anodic
oxidation at 30 V for 2 h in the glycerol electrolyte solution con-
taining 0.5 wt.% NH4F (having 5, 10, 25 and 50 v¥% water content)
and annealed with air at 500 °C for 3 h. The currents and pH values
generated during anodization process as a function of water con-
tent can be seen in Figs. 2 and 3, respectively.

TNTAs with well tubular structure was seen in the electrolyte
solution with water contents of 10 and 25 vi% (Fig. 1band c). Because

T (a)5 vo%
100 (b) 10 v
(c) 25 v%
a0
(d) 50 vo%
=
E 70
g |
£ 50
E 40
= 30
(a
20 (=]
10 T Ady Y
“ (b - . = L

0 40 80 120 160 200 240 280 320

Time (s)

Fig. 2. The currents generated during anodization process at difference v water
content: {a) 5, (b) 10, (c) 25 and (d) 50.

of this, these two photocatalysts were selected to perform further
experiments as the samples with water content of 5 and 50 v&%
(Fig. 1a and d), the TNTAs obtained were not well developed and
relatively disordered with un-uniform diameter and thicknesses.
Water content in the glycerol electrolyte solution is a crucial factor
in the formation of TNTAs from titanium that can be represented in
the following reaction [11,14,25]:

Ti + 2H20 — TiOz + 4H" + 4e— (1)
and the formation of small pits or pores due to H" and F~ ions
(chemical dissolution of the nanotube layer if the formed metal
fluorides are water-soluble) given by the reaction [ 11,14,25]:

TiOy + 6F~ + 4H* — [TiFs> + 2H,0 (2)

At lower water content (5 v¥%), lack of H" in the formation of
TNTAs and high viscosity of the glycerol electrolyte solution

206V X20,000 Tpm 0000

11 40°'SER 20KV~ X20,000 - 1um 0000+ 11 40 SEI

Fig. 1 Top view SEM image of TNTAs with v water content: (a) 5, (b) 10, (c) 25 and (d) 50.
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Fig. 3. The pH values during anodization process at difference v water content: {a) 5,
(b} 10, (c) 25 and (d) 50.

occurred that lead to the TNTAs structure were not observed. The
presence of water in organic electrolyte was essential to form
nanotubular structure according to the Egs. (1) and (2. At higher
water content (50 v%) the chemical dissolution of TNTAs occurred
in a faster rate. Therefore, the TNTAs produced were disordered
with un-uniform diameter and thicknesses. This phenomenon is
consistent with the results reported by Yu Wang et al. [12]. They
reported that at 20 and 40 wt% water content, the nanotubular
structure of TNTAs were produced by anodization in glycerol
electrolyte at 30 V, 2 h, pH of 6 and 40 °C. They also found that the
high current generated at high water content (60, 80 and 90 wt#%),
resulted in the collapse of TNTAs. The higher the water content in
the electrolyte solution, the more electrons could be generated (Eq.
(1]}, and consequently, it resulted in a higher current (Fig. 2).
Moreover, as can be seen in Fig. 2, in the initial stage of anodization,
the current generated decreased sharply due to the formation of
dense of TiO3.

The formation of TNTAs was also influenced by the pH and Fig. 3
shows the pH observed during anodization process at different of
water content. The range pH values of TNTAs with 10 and 25 v
water content during anodization process are 6.7-7.4 (Fig. 3),
where in this condition it can still provide TNTAs with morphology
that its nanotube structure was self organized, well developed,
ordered and uniform in diameter and thicknesses. This result is
consistent with the study reported by previous researchers as at pH
6 or neutral, well-defined and highly ordered of TNTAs were
formed [12,18]. The chemical dissolution rate of TNTAs is increased
by lowering pH of the electrolyte solution. As a result, at lower pH
(1-2), few hundred nanometers of TNTAs length was obtained [11],
and flaky layer was formed | 12]. Whereas, at high pH caused a low
oxidation rate [ 12]. At pH around 5—6, longer TNTAs up to 6 pmwas
achieved [11]. This phenomenon is occurred since the oxidation

Table 1
The average of inner diameter, wall thickness and length of TNTAs for different water
content and mode of annealing.

Photocatalyst TNTAs-10 (p = 116 ") TNTAS-25 (p = 24 )

I {nm) t"(nm) L (nm) ID'(nm) t"(nm) L°{nm)
As-synt TNTAs 33 33 58 31
A-TNTAs 52 32 1407 78 42 1570
H;-TNTAs 49 28 80 33

* Average inner diameter.
b Average wall thickness.
© Average length of TNTAs.

and chemical dissolution rate reached an equilibrium and, there-
fore, promoted the formation of TNTAs.

The role of water content in the electrolyte solution and mode of
annealing on the morphology of TNTAs can be presented in Table 1.
According to Table 1, it can be seen that water content influences
the dimension of TNTAs. Lower water content in the organic elec-
trolyte decreases the availability of oxygen in the oxidation reaction
of Ti to TiO; and results in thinner oxide barrier layers beneath the
TMNTAs as demonstrated by Eq. (1). In addition, it also inhibits
chemical dissolution of TNTAs according to Eq. (2). Chemical
dissolution occurs at the bottom of the tube, entire tube wall and
the top of the tube. As a result, lower water content (Table 1)
provides shorter inner diameter and tube length. Similar result is
also suggested by Muhamed et al. [ 22 |. They reported that the tube
length and the diameter increased until water content reached
50 wt.% and then decreased when anodization was performed with
glycerol electrolyte at 20 V, pH 6 and 1.5 h anodization time.
Moreover, at low water content (TNTAs-10), the viscosity of glycerol
is relatively high (pn = 116 cP), therefore, the mobility/diffusion of
0> and F~ ions is inhibited [22]. As a consequence, the oxidation
rate (Eq. (1)) and chemical dissolution rate or pore deepening rate
by F~ ion inside tube according to Eq. (2) decreases, which results in
smaller diameters and shorter tube lengths.

Fig. 4 presents the role of mode annealing on the morphology of
TMNTAs with 25 v% water content. To obtain detailed morphology of
TMNTAs, the FESEM top view image at an angle of 45° and the cross
section image of H;-TNTAs with 25 v% water content (H;-TNTAs-
25) can be seenin Fig. 5. Magnetically stirring in this study is aimed
to homogenize the electrolyte solution and to get TNTAs with
uniform size [24|. Furthermore, this stirring can also be used to
enhance mass transfer, so that, the growth rate of TNTAs could be
faster [19].

Table 1 and Fig. 4 show that the mode of annealing has a less
significant effect on the morphology of TNTAs as it relatively re-
mains unchanged. However, in the form of as-synt TNTAs (amor-
phous phase) the inner diameter (ID) is shorter, and the tubes are
covered with glycerol residue. After annealing, the inner diameter
becomes larger, the tube-wall is relatively unchanged, and the
glycerol residue is decomposed because of heating. In the form of
amorphous phase, the TNTAs was porous and, therefore, after
annealing the TNTAs become dense. As a consequence, inner
diameter becomes larger. Annealing with air produced TNTAs with
the spherical shape, whereas annealing with H; produced TNTAs
with the oval shape. Fig. 5 indicates that the self-organized and
ordered TNTAs are perpendicular to the Ti substrate. The EDS
analysis of the as-synt TNTAs, A-TNTAs and Hz-TNTAs with 10 and
25 v water content in the electrolyte solution indicated that the
main elements present in the TNTAs were Ti and O, however, C, N
and F were also detected since they were adsorbed during the
anodization process and stayed on the surface of TNTAs. Carbon
could be supplied by glycerol | 14|, whereas N could be supplied by
MNH4F [15], and Fcould be supplied by NH4F. Annealing at 500 °C for
3 h leads to internal diffusion of carbon and nitrogen into TNTAs
lattice. These non-metals can substitute or only adsorbed and
bonded to oxygen atoms in TNTAs. To verify the incorporation of
these elements in the matrix of TNTAs, FTIR analysis was
performed.

3.2. FTIR analysis

The functional groups present in as-synt TNTAs, A-TNTAs and
H5-TNTAs photocatalysts (10 v water content) which are identified
by characteristic peaks in transmission spectra in the
4000-400 cm™' are depicted in Fig. 6. Similar results were also
obtained for other photocatalysts with 25 v% water content (figure
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Fig. 4. SEMimage of (a) as-synt TNTAs (b) A-TNTAs and (c) Ha-TNTAs with 25 v water
content in the electrolyte solution.

not presented). The transmission peaks at around 3700 cm! and
1550 cm ™! correspond to the O—H stretching of the hydroxyl group
to Ti atoms and O—H bending vibration (surface adsorbed water
molecules), respectively | 5,6,26]. The IR bands were observed to be
less than 1000 cm~' (840 and 420 cm~!) correspond to the Ti—0
and Ti—O-Ti stretching vibrations of crystalline TiO, [5627];
therefore, these peaks were not observed in the as-synt TNTA as it
has an amorphous phase. Annealing helps in the incorporating of
dopant in the lattice of TNTAs. As a result, the peaks at around
1050 cm ™! and a very weak peak at around 1200 cm ™! in A-TNTAs
and Hz-TNTAs are assigned for N—Ti—0O bond (substitutional N
doping in the lattice of TNTAs) |6]| and Ti—0—C bond (interstitial C
doping in the TNTAs) respectively [28,29]. Thus, these two peaks
were not found in the amorphous phase of TNTAs (Fig. Ga). The
weak absorption peaks at 2344-2349 cm™! (Fig. 6a—c) are the
character of N—H stretching wvibration [5]. In this study, the

presence of F is not clearly identified by the FTIR analysis as also
reported by Lee et al. [30] since the peak at around 889 cm~' that
attributed toTi—F vibration (substitutional F doping in the lattice of
TNTAs) was not observed [31].

In this work, when the as-synt TNTAs were annealed under
Hz/Ar, the color changed from gray to dark blue. This change is
associated with the reduction of Ti** to Ti** [18,32]. As a result,
05 liberated from TiO; and caused an O; vacancy which can be
substituted by Nitrogen to form an N—Ti—0 bond. The N-Ti—0
bond also was observed when as-synt TNTAs was annealed by
air. This may be attributed to the substitutional doping of N, and
it was retained when annealing with nitrogen environment in
air. The formation of Ti—0—C or N—Ti—0 bond characterized by
FTIR indicated that C and N already doped through either
adsorbed and bonded to oxygen atoms or through replacement
of the oxygen atoms in the matrix of TNTAs. A schematic sketch
of the model of carbon or nitrogen doping can be depicted in
Fig. 7 [33].

As C and N were doped in the TNTAs, UV—Vis DRS analysis was
performed to calculate the band gap energy.

3.3, UV—Vis DRS spectra analysis

The band gap energy (Eg) of photocatalyst is calculated by
applying Kubelka—Munk function FR) and Tauc plot. That formula
is:

[F(R)-hv]"/? = K(hv — Eg) (3)

where HR) = (1 — R)ZJZR, R = reflectance, hv = photon energy and
K = constant characteristic of TiOz.

For the semiconductor TiOz, a plot of [F{R)-hv]1112 vs. hv should
show a linear region just above the optical absorption edge |5 34|,
The extrapolation of the linear portion of a Tauc plot to the hv axis
results in the band gap energy of photocatalyst as can be depicted
in Fig. 8.

As shown in Fig. 8a—d, all of the photocatalysts undergo band
gap reduction and for TiOz—P25 film, the band gap is 3.3 eV that is
similar to that of TiOz anatase. Compared to the A-TNTAs (band gap
2.8 and 3 eV), the Hz-TNTAs (band gap 2.2 and 2.7 eV) show better
absorption in the visible region. This result is accordance with that
of Mohapatra et al. [ 19,23]. They reported that annealing under H;
on TNTAs at 625 °C for 60 min resulted by anodization process in
ethylene glycol electrolyte solution gave maximum absorbance in
the visible region as the band gap can be reduced to around 2.0 eV.
[t means that, annealing with the Hz/Ar can suppress the oxidation
reaction of elements C, N and F that present in the surface of
amorphous TNTAs and those elements were incorporated in the
lattice of TNTAs during annealing process. In other words, the
incorporated of those elements were possibly retained by Ha/Ar.
Furthermore, during inert-gas annealing (for example Ar) or
annealing with reducing conditions (for example H;), unsaturated
titanium (Ti®*) states or O vacancies could be generated on the
surface of TNTAs [18,32] that allowed substitutional doping of N.
Annealing N-doped TNTAs at high temperatures in an oxygen-rich
environment usually removes the nitrogen by oxidation [15],
therefore, the A-TNTAs have higher band gap than Hz-TNTAs.
Reducing the band gap may be attributed to the substitutional N
doping and interstitial C doping in A/Hz-TNTAs matrix to form
MN—Ti—0 and Ti—O0—C bonds, which are responsible for the red shift
in the absorption band [3-6,19,23]. However, substitutional doping
is more influential than interstitial doping | 19]. From this analysis,
the optimum condition for photocatalysis in this study is Hz-
TNTAs-10 with a band gap energy of 2.2 eV, since it can more
absorb the visible light.
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Fig. 5. FESEM (a) top view image with angle 45 and (b) cross section image of Hy-TNTAs-25.
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Fig. 6. The FTIR spectra of (a) as-synt TNTAs, (b) Ha-TNTAs, (c) A-TNTAs with 10 v water content in the electrolyte solution.

3.4, XRD patterns analysis

The XRD patterns of TiOz:—P25, as-synt TNTAs, Hz2-TNTAs-25, Ha-
TNTAs-10 and A-TNTAs-25 are summarized in Fig. 9. Fig. 9b illus-
trates XRD pattern of the as-synt TNTAs (before annealing) and
therefore no anatase or rutile crystalline phases were observed as it
has amorphous phase. Annealing as-synt TNTAs at 500 “Cfor 3 h
produced anatase (A) phase. Higher temperatures can cause the
anatase to transform into rutile (R) [18]. The H;-TNTAs-25, Hj-
TNTAs-10 and A-TNTAs-25 (Fig. 9¢, d and e) gave peaks in the 26 at
25.37, 37.9°, 48,047, 54.04°, 55.09° which are the diffraction of the

O=0,0=Ti, @=C orN

Fig. 7. A schematic sketch of the model for (a) substitutional and (b) interstitial Cor N
doping in TNTAs (Reprinted with permission from ref. [33] “2005 American Chemical
Society).

field (101), (004), (200}, (105), (221) of the anatase TNTAs (JCPDS
card MNo.21-1272), while the crystallite size calculated by the
Scherrer equation |7] are 22, 27 and 33 nm, respectively. With
annealing, the degree of crystalline and crystallite size increase
which is assigned with the increasing intensity and narrowing the
FWHM. Annealing with air (A-TNTAs-25) resulted in sharper, and

Photocatalyst Eg(eV)

(a) Hz-TNTAs-10 2.2

5 4 (b) H:-TNTAs-25 2.7
(e) A-TNTAs-10 2.8

(d) A-TNTAs-25 3.0

4 4 (&) TiO-P25Film

o]

1.0 15 20 25 30 35 40 45 5.0
Energi(eV)

0.0 05

Fig. 8 Tauc plot of transformed Kubelka—Munk function vs. hv for various
photocatalysts.
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Fig. 9. The XRD patterns of {a) TiO;—P25 film, b) As-synt TNTAs, (c) Ha-TNTAs-25, (d)
Hz-TNTAs-10 and (e) A-TNTAs-25.

higher the peak of anatase phase (in the 28 at 25.3°) compare to
other samples; therefore, it has bigger crystallite size (33 nm). Since
the crystallite size of H2-TNTAs-25 is smaller than the two others,
its photocatalyst activity and its stability in the anatase phase
would be better [15]. In this study, the change in d-spacing also was
observed since dopants (C and N) were incorporated in the TNTAs
lattice (inset Fig. 9). The diffraction peaks for the C/N or C/N con-
taining phases were not detected, indicating that those atoms were
highly dispersed on TiO; or possibly its content on the TiO; surface
is not enough to form crystalline [5,26]. It may imply that carbon
and nitrogen are incorporated into TNTAs. For the TiO;—P25,
79 wt.% of anatase was obtained with crystallite sizes of anatase
and rutile are 20 and 23 nm, respectively.

3.5. Photoelectrochemical test

The photocurrent density vs. applied potential curves of the
TMTAs photoanode in 0.1 M MNaNO; electrolyte in the UV light
illumination, are shown in Fig. 10. The observed dark current
density was found to be negligible as close to zero. The currents
resulted from various photocatalyst with an area of 2 cm? and
applied potential at 1 V are depicted in Table 2.

All photocatalysts (Fig. 10 and Table 2} show that A-TNTAs and

0.4 (@) Ho-TNTAs - 10
(b) H>-TNTAs - 25
‘E () A-TNTAS - 10
é 0.3 (d) A-TNTAs - 25 {b)
%" (@)
g s ______,..—--"'"--_ @)
E 7
E oa
(=]
(=]
°
£ o " . . ‘
0 0.25 0.5 075 1

Applied pontential, V (Ag/AgCl)

Fig. 10. Photocurrent density vs. applied potential of {a) H;-TNTAs-10, b) Hy-TNTAs-25
(€) A-TNTAs-10 and (d) A-TNTAs-25 in UV light illumination.

Hz-TNTAs are responsive to the UV and visible illumination. This
result is in accordance with that of UV—Vis DRS as all samples
underwent a lowering of the band gap energy. According to Table 2,
the currents produced by Hz-TNTAs-25 and Hz-TNTAs-10 under
visible light illumination (0.086 and 0.074 mA/cmz) are higher than
that of A-TNTAs-25 and A-TNTAs-10 (0.062 and 0.058 mA/cmz).
Theoretically, the H;-TNTAs-10, which has the lowest band gap
(2.2 eV), provided the highest photocurrent to visible light. How-
ever, the photocurrent generated is lower than that of H,-TNTAs-25
(2.7 eV) (Table 2). This is because, the photocurrent is influenced by
electrons—hole's recombination if the band gap is too small [35]. In
addition, it is also influenced by length and wall thickness of the
nanotube [36,37]. In this study, the tube length of TNTAs-25
(1570 nm) is longer than that of TNTAs-10 (1407 nm), therefore,
more photons can be absorbed by TNTAs-25. As a result, the
photocurrent of TNTAs-25 increases. Moreover, the wall thickness
of Hy-TNTAs-25 (33 nm) showed a higher photocatalyst activity
than A-TNTAs-25 (42 nm). It means that, the recombination of
electrons—holes in Hz-TNTAs-25 can be suppressed since the width
of space charge layer of H2-TNTAs-25 is near to its wall thickness. A-
TNTAs-25 with thicker wall thickness provides lower photocurrent
density as its wall thickness larger than the width of the space
charge layer. As a result, transfer electrons to the counter electrode
(Pt) and holes to the surface of TNTAs are restricted due to the
longer path to go through. Therefore, recombination occurs readily.
For the TNTAs, electrons and holes (e~ and h*) are produced at
entire inner tube wall and two side of outer tube wall, which
consists of space charge layers. With external bias, electrons move
to the bulk of TNTAs, and then transfer to the counter electrode (Pt),
whereas holes move to the surface of TNTAs (electrolyte solution).
Higher photocurrent or higher photoelectrocatalytic activity means
that the photo-induced electrons transfer from working electrodes
(TNTAs) to the counter electrode (Pt) is higher than the recombi-
nation of photogenerated electrons and holes | 3,37]. In the previous
study, the addition of NaBF, as electrolytes during TNTAs formation
process, resulting to an insitu doping, and eventually lead to pro-
duce a photocatalyst that was able to suppress recombination [38].
The optimum photocurrent response was observed for Hz-TNTAs-
25, which indicated that the band gap optimum for photocatalysis
(2.7 eV) was achieved. This phenomenon is occurred since Hz-
TNTAs-25 has longer the tube, lower recombination and smaller
crystallite size than other photocatalysts.

4. Conclusion

The morphology and dimensions of Ti0O; nanotube arrays
(TNTAs) is optimized by varying water content in the electrolyte
solution. Specific properties of the TNTAs such as well developed
tubes, vertically oriented, highly ordered, long with certain diam-
eter and wall thickness is optimized by varying water content. At
lower water content, the structure of TNTAs were not observed,
indicated that the morphology of TNTAs were not well developed.
In contrast, higher water content resulted in TNTAs with
morphology disorder as well as un-uniform in diameter and

Table 2
The photocurrent generated by H-TNTAs and A-TNTAs with deferent water content

at 1 Vs AgfagCl).

Photocatalysts

Current, mAfcm?®

Vis uv
H,-TNTAs-10 0074 0.213
H,-TNTAs-25 0.086 0.337
A-TNTAs-10 0058 0179
A-TNTAs-25 0062 0.218
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thicknesses. The technological variations in annealing technique
significantly affect the improvement of doped-TNTAs properties.
Annealing of as-synt TNTAs under air or Hz/Ar is not only con-
verting amorphous to anatase phase, but also helping in incorpo-
rating carbon/nitrogen to the lattice of TNTAs. Therefore, carbon/
nitrogen-doped TNTAs were obtained by in-situ anodic oxidation
with glycerol containing NH4F solution as the electrolyte solution.
Meanwhile, the possibility of dopant C or N incorporated in TNTAs
to form of Ti—0—C or N-Ti—0 bonds can be confirmed by FTIR
analysis. It was also demonstrated that H;-TNTAs have lower band
gaps compared to A-TNTAs since annealing with air could oxidize
the dopant that present in the TNTAs. Additionally, annealing with
Hz/Ar could cause the reduction of Ti** toTi3+,allowing nitrogen to
substitute oxygen in the matrix of TiOz. According to the current
density measurement, Hz-TNTAs-25 exhibited the optimum pho-
tocatalyst performance compared to the H;-TNTAs-10. This is
because, certained morphology of TNTAs with the specific
annealing could enhance the photoelectrochemical response of
TNTAs.
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