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Abstract. Effect of anodization time and temperature on the morphology of TiO; nanotube
arrays (TNTAs) photocatalyst and its application for H» production from glycerol-water
solution has been investigated. The TNTAs were synthesized by anodic oxidation of
titanium metal in glycerol electrolyte solution containing NH4F, at 30 V with magnetically
stirring. Annealing of the formatted TNTAs were performed at 500 °C for 3 hours under H»
in an argon atmosphere, to produce crystalline phase photocatalyst. FESEM analysis
showed that up to around 1.57 pm, self-organized and well ordered TNTAs have range of
inner diameters and wall thicknesses approximately 67-205 nm and 10-30 nm respectively.
Increasing the tube length (as a result of longer anodization time up to 6 hours), produced
TNTAs with morphology disintegration. TNTAs synthesized at 50 °C for 1-6 hours
anodization time produced TNTAs with length of the tube around 0.8-1 pm. It was found
that the inner diameter value of the TNTAs increasing as anodization time increase across
the range of 1-6 hours and the temperature increase from 28 to 50 °C. Photocatalytic H»
production indicated that accumulative H» generation was found to depend on the tube
dimension and the morphology of TNTAs as those factors would influence photon
absorption. For the TNTAs synthesized at 28 °C for 2 hours, FTIR analysis indicated that C
and N were incorporated into the TNTAs lattice. As a result, this TNTAs has the band gap
of 2.7 eV, with anatase phase. Photocatalytic H, production test indicated that this
photocatalyst showed higher H: production compare to other conditions and can be
considered as the optimum condition.

Key Words: Annealing; Anodization; Hydrogen; Magnetic stirring; Photocatalytic; TiO;
Nanotube Arrays.

1 Introduction

Sustainable energy and environmental issues are two concern factors in recent society.
Nowadays, the major source of energy is fossil fuels and its combustion cause pollution.
Hydrogen as renewable and clean energy is an important alternative due to increasing
global energy demand (especially in fuel cell), inevitable depletion of fossil fuels and
environmental problems [Haifeng et al, 2013]. Among various routes for hydrogen
production, the photocatalytic splitting of water over TiO, has been considered as a
promising alternative technology [Haifeng et al. 2013, Rajini et al, 2012]. Whereas. the
biomass-derived waste such as glycerol solution (by-product of the biodiesel industry that
now has limited demand in the market) [Vasileia and Demitris, 2009], presents a
particularly attractive renewable and sustainable source for Hi generation. Glycerol
solution gives some advantages since it serves as a hydrogen source, and as a sacrificial
agents/electron donor in water splitting, which can increase the H» produced from both
kinetic and thermodynamic points of view [Slamet et al, 2013]. Therefore, this would be
beneficial as a new renewable source for the Ha production and waste minimization. TiO»
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is the most promising candidate photocatalyst due to its photostability, environmental
harmlessness, non-toxicity, availability, relatively inexpensive and has powerful
oxidation properties [Haifeng et al, 2013]. Activation of TiO:needs photon energy, which
can be provided by solar light at ambient condition instead of thermal energy [Wang et al,
2009]. One of the TiO: applications is photocatalyst in H> generation [Slamet et al, 2013,
Ratnawati et al, 2014], and it is commonly used as a semiconductor in photo-spitting of
water. However, its application has several drawbacks due to rapid recombination of
photoinduced electron-hole [Haifeng et al, 2013, Rajini et al, 2012], limited surface area
and visible light inactive (its wide band gap i.e. 3.2 eV for the anatase and 3.0 eV for
rutile phase) [Xi et al, 2013]. Consequently, its utilization efficiency especially in solar
light is still poor as UV portion accounts for only about 5%, meanwhile visible light
accounts for about 45% in solar spectra [Susanta et al, 2007]. Therefore, some
modifications strategies need to be done to reduce those drawbacks such as morphology
modifications [Haifeng et al, 2013 , Rajini et al, 2012, Wang et al, 2009], non-metal (C,
N, B) and metal (Pt, Cu) doping [Haifeng et al, 2013 . Slamet et al, 2013, Wang et al,
2009, Na et al, 2008, Muhammed and Rohani, 2011].

Many strategies have been proposed to enhance photoactivity of TiO: is synthesizing it to
get morphology modifications in the forms of nanotubes. It was reported that TiO,
nanotube arrays (TNTAs) morphology, obtaining by anodic process of titanium metal,
has performed better properties as it provides a larger surface area compare to random
nanoparticle [Xi et al, 2013, Susanta et al, 2007]. In synthesizing TNTAs by anodization
process, anodization time and temperature affect the dimension and morphology of
TNTAs produced [Wen-Yu and Bo Ruei, 2013]. In this study, the investigation of those
effects on morphology of TNTAs and its activity under visible light illumination in
producing H, from photo-reforming of glycerol solution (10 vol% of glycerol) was
performed.

2 Methodology
2.1 Materials.

All chemicals were purchased from commercial source and used without further
purification: HF (Merk, 40%), HNO; (Merk 65%), NHsF (Merck, 98%), Glycerol
(technical grade. 98.8%), TiO2 P-25, 20% Hx/Ar and Argon (99.9%). Material for
anodization: Ti foil as anode (99,6% purity, thick 0.3 mm) dan Pt as cathode (thick 1
mm). All solutions were prepared using purity DI water.

2.2. Synthesis of TNT As

Titanium foils were used as a substance for the growth of TNTAs. Prior to anodization,
the Ti sheets were first mechanically polished with a 1500 cc sand paper, degreased in a
mixture of HF, HNO; and H-O, 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 as a cathode. The distance
between the two electrodes was kept at 3.5 cm in all experiments. A constant of 30 V
potential difference was set by power supply (Escord 6030SD). To study the effect of
anodiation time and temperature, the anodization times were varied from 1 to 6 hours,
and the temperatures were set around 28 and 50 °C. Magnetically stirring was done in the
anodization process.
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The glycerol solution containing 0.5 wt.% NH4F with water content of 25 v% was used
as the electrolyte solutions. The formatted TNTAs were washed in distilled water, dried
under air atmosphere and subsequently annealed to convert the amorph phase to the
anatase phase using 20% hydrogen in an argon atmosphere at 500 °C with the rate of 150
ml s in a furnace. The temperature of the furnace was raised to 500 °C, held for 3 hours
and cooled naturally to room temperature. The schematic of anodization of Ti can be seen
in Fig. 1.

indikator arus indikator veltase
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Figure 1 The schematic of anodization process with (a) Ti foil (anode), (b) Pt (cathode), (c)
electrolyte solution and (d) magnetic bar

2 3. Characterization of TNT As

The morphology/tube dimension of TNTAs was characterized using Field Emission
Scanning Electron Microscopy (FESEM, FEl-Inspect F50) with accelerating voltage of
20 kV. The energy-dispersive X-ray spectroscopy (EDS) which is attached to the SEM
was done to analyze the elemental composition. FTIR spectra were recorded using
Shimadzu IR Prastige-21 (wave number range of 400-4000 cm') and it was used for
analyzing the functional groups present in the TNTAs. A UV-Vis Spectroscopy (DRS)
spectra of TNTAs samples were measured using spectrophotometer Shimadzu 2450 type.
The spectra of the samples were recorded under ambient condition in the wavelength
range of 200-900 nm, and this analysis was also carried out to calculate the energy band
gap. To evaluate the crystalline phase of the TNTAs, X-ray diffraction (XRD) analysis
(Shimadzu 7000 X-ray diffractometer) was performed. The source of the X-ray radiation
was Cu Ko (L= 0.154184 nm) over the 20 range of 10-80° with the scan rate 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 crystallite sizes of the sample
from FWHM (full-width at half-maximum) of XRD. Photocurrent density measurements
were performed in the photoelectrocatalytic reactor with a standard three-electrode
configuration in with TNTAs (photoanode), a Pt wire and a saturated Ag/AgCl as
working, counter and reference electrodes, respectively. All three electrodes in the reactor
were connected to a computer - controlled potentiostat (Edag/e-corder 401) to record the
photocurrent generated and 0.1 M NaNOj as supporting electrolyte.

2.4. Photocatalytic hydrogen production

Experiments on H» generation were performed via photocatalytic reaction. The reaction
was carried out in a 500 ml Pyrex glass reactor equipped with a mercury lamp of Philips
HPL-N 250 as a photon source (17% of UV and 83% of visible light), thermocouple and
magnetic stirrer. The lamp was positioned one cm away from the reactor as a photon
source. The photoreactor system was placed inside a reflector box. and the reactions
were carried out for 4 hours irradiation as shown in Fig. 2. Before irradiation, argon was
introduced into the reactor system for purging and high purity argon (99.9%) is used as a
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carrier gas. The H, produced was analyzed by on-line sampling every 30 min using
Shimadzu Gas Chromatograph (GC 2014) equipped with Thermal Conductivity Detector
(TCD). Molecular sieve (MS Hydrogen 5A, 80-100 mesh) column was used for Ha
analysis, respectively. A schematic diagram of the photocatalytic reactor is presented in
Fig. 2.

Argon Argon

Figure 2 Schematic diagram of the photocatal ytic reactor: (A) reflector box, (B) line purging,
(C) photocatalyst, (D) magnetic stirrer, (E) mercury lamp, (F) thermocouple, (G) liquid
condensation tube and (H) GC

3  Results and Discussion

3.1. Effect of anodization time

Fig. 3 shows FESEM top and cross section view image (inset in Fig. 3) of TNTAs with 1;
2; 4: dan 6 hours at 50 °C, whereas Fig. 4 shows view image with angle 45°. The effect of
the anodization time on the dimension of TNTAs produced can be seen in Table 1 and
Fig. 5.

Figure 3 FESEM top and cross section view image (inset) of TNTAs prepared by anodization
at 50 °C for (a) 1,(b) 2, (c) 4 (d) 6 hours
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Figure 4 FESEM top view image with angle 45 © of TNTAs prepared by anodization at 50 °C
for (a) 1,(b) 2, (¢) 4 and (d) 6 hours
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Figure 5 The effect of anodization time on the inner diameter and the tube length of TNTAs at
50 °C

As shown in Fig. 4 and 5, the inner diameter of the TNTAs increase as anodization time
increase across the range of 1-6 hours, however, the tube length decrease and then
achieve constant condition. Furthermore, with increasing time. some of the TNTAs were
collapse, dissolved, and the tube length became ununiform (Fig. 3 and 4). The formation
mechanism of the TNTAs from Ti can be explained as follows [Muhammed and Rohani,
2011].

2H,0 2[0] +de + 4H* (1)

Ti+ 2[0]=>TiO2 (2)

The overall reaction become:

Ti + 2H:0 >TiOs + 4H* +4e (3)
The formation of small pits or pores due to H* and F ions given by the reaction:

TiO: + 6 F + 4H" = (TiFs )* + 2H0 4)
In the cathode (Pt), the reduction reaction of H" take place and the Ha was formed

4H*+ de> 2H, (&)
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Firstly, Ti surface is oxidized to form TiO; layer according to the (Eq.3) and followed by
dissolution of TiOs (electric field-assisted oxidation and dissolution), therefore, tube-like
TiO; layer was obtained. Ti and TiO: are also chemically dissolved since the availability
of fluoride and acidic environment according to (Eq.4). The chemical dissolution process
happens at the entire porous surface. The dissolution of the TNTAs in the bottom and the
wall of the tube resulted in the longer the tube length and wider the inner diameter.
However, the dissolution in the mouth resulted in the shorter the tube length. In the first
hour, the formation of the TNTAs in fast speed, therefore around 1 p¢m length of TNT As
was achieved (Table 1 and Fig.4). With increasing the time of anodization, the oxidation
and dissolution slowed down (due to high electric resistance by thicker oxide layer and
long diffusion of F* to the bottom of the tube) caused the formation and dissolution of
the TNTAs reached equilibrium. Finally, the dissolution in the mouth was little faster
than the oxidation and dissolution in the bottom of the tube, resulted in the shorter the
tube length [Lei et al, 2010].

The tube dimension is a result of the competition of the oxidation and dissolution of the
TNTAs, and therefore any variation affecting these processes such as anodic voltage,
reaction time, reaction temperature, pH value and so on [Wen-Yu and Bo-Ruei, 2013, Lei
etal, 2010]. From these results, the maximum length of the TNT As was reached at 1 hour
anodization and hereafter the equilibrium was achieved. In addition, the collapse of the
tube was obtained. This phenomenon is predicted that at 50 °C anodization temperature
with magnetically stirring caused faster movement of H*, F and (or TiF®) in the
electrolyte [Lei et al, 2010]. As a result, this situation affects the dimension, morphology
of the TNTAs and a faster equilibrium occurred. This result is in agreement with Yu
Wang W. and Ruei Chen B., 2013. They reported that collapse and decrease of the
nanotube length was occured with increasing the time of anodization (with the
anodization condition: 40 °C, without magnetically stirring, 30 V and weight ratio of
glycerol to water 6:4). In this study, until 6 hours anodization, the inner diameter
increased (resulted from the dissolution to the wall) but partly of the tube were collapse.
The ununiform in the length tube with increasing the time is predicted by the longer of
time of magnetically stirring during the anodization.

Fig. 6 shows accumulative H, production (umol/cm® of photocatalyst) from glycerol
solution as a function of irradiation time on TNTAs with various of anodization time.
Photocatalytic production of H> from glycerol-water mixture consists of two distinct
mechanisms namely photo-spitting of water (at glycerol concentration of 0%) and photo-
reforming of glycerol [Slamet et al, 2013]. In photo-splitting of water, hole oxidizes water
to produce -OH and H* according to Eq.(7), and then H' undergoes reduction with
electron to produce H:(Eg. (8)).

TiO> + hv = TiOs(h* + ) (6)
h*+ H.O = -OH + H* (7)
H*+e = 0.5H: (8)

In photo-reforming of glycerol, it is oxidized by hole, -OH and/or oxygen produced by
cleavage of water to produce several intermediate compounds followed by H» and CO»
generation as the end product [Vasileia and Demitris, 2009]. The two reactions (photo-
spitting of water and photo-reforming of glycerol) take place simultaneously, and the
combination of those reactions called as glycerol steam photo-reforming according to the
overall reaction as follows [Vasileia and Demitris, 2009, Slamet et al, 2013]:

C;HNOR + 3H10 -2 3C01 + 7TH- (9)
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Therefore, introducing glycerol in the reactant could improve H, production as glycerol
can act as sacrificial agents/hole scavenger that able to reduce the electron-hole
recombination and as hydrogen source/reactant that undergoes oxidation reaction
[Vasileia and Demitris, 2009, Slamet et al, 2013].

As presented in Fig. 6, it is obvious that, the hydrogen generation with TNTAs produced
in 1; 2; 6 and 6 hours anodization time relatively constant as the length of the TNT As also
relatively similar. In photocatalytic reaction on the surface of TNTAs, the length of the
tube proportional to photon absorbtion and therefore comparable with the H. production.
Index 1; 2; 4 and 6 indicated the anodizatin time is performed in 1; 2; 4 and 6 hours).

H2 production (mmol/m2)

5.00 " e Al Al \coginof tube (um)

TNTAS,1 TNTAS,2 TNTAs,4 TNTAS,B

Figure 6 H> production for 4 hours irradiation and tube length of TNTAs as a function of
anodization time

3.1 Effect of anodization temperature

To study the effect of anodization temperature, Fig. 7 shows FESEM image with angle
45° of TNTAs prepared by anodization for 2 hours at 28 and 50 °C, whereas Fig. 8
performs the FESEM images with angle 45 ° of TNTAs prepared by anodization for 6
hours at 28 and 50 °C. The summary of the tube size of TNTAs and H: production is
presented in Table 1.

Figure 7 The FESEM top images with angle 45 © of TNTAs prepared by anodization for 2
hours at (a) 28 *C and (b) 50 °C.
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Figure 8 The FESEM images with angle 45 © of TNTAs prepared by anodization for 6 hours at
(a) 28 °C and 50 °C

Tabel 1 Tube size of TNTAs and H: production

Anodization Temperatur 28°C Anodization Temperature 50 C
Anodizaion
D#, t0, L, Haf, Di, t, L Ha*,
time, hour
nm nm xm mmol/m> nm nm um mmol/m?
2 96 27 1.570 470 107 19  0.84 32.6
6 105 20 7707 37.2 158 23 0.80 313

Di* = average inner diameter, t’= average thickness , L® = average length , H* = H,
production

As shown in Table 1, It was found that with the temperature and time anodization
increase, the inner diameters value of TNTAs increase since dissolution to the tube wall
increase. However, the thickness the tubes are relatively constant. The difference of the
TNTAs dimension is caused by the competition of the oxidation reaction of Ti to TiO»
and chemical dissolution of formed TiO; that is influenced by time and temperature of
anodization. At 28 °C anodization temperature, the length of TNTAs increased from 1.57
up to 7.707 pm when the anodization time increased from 2 to 6 hours. Although longer
of TNTAs produced at 6 hours anodization, disorder or ununiform of the tube length were
observed (Fig. 8 and 9). Furthermore, length of the tube consists of layers of the tube (be
in piles) as presented in Fig. 9. This finding is predicted influenced by longer anodization
time (6 hours). While at 50 °C anodization temperature, the length of TNTAs were
relatively constant although the anodization time increased as an equilibrium reaction (the
oxidation and dissolution) has achieved quickly and after that there is no addition length
was observed.
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Figure 9 The FESEM images of TNTAs prepared by anodization for 6 hours at 28 oC

The tube dimension and the morphology of TNTAs influence the photon absorption and
consequently affect the hydrogen production as can be seen in the Table 1 column 5 and
9. The TNTAs obtained for 6 hours anodization time at 28 °C with the tube length of
7.707 pm, H> produced was 37.2 mmol/m* TNTAs. In contrast, 6 hours anodization
time, at 50 °C with the tube length 0.80 ym produced 31.3 mmol/m2 TNTAs. This
condition occurred since the morphology of TNTAs with the length 7.707 pm (resulted
from long anodization time) consisted of layers of the tube (be in piles) with disorder
morphology (nanotube non array) that influence the photon absorption. Another
possibility is longer TNTAs caused photon penetration did not reach the tube bottom.
Among all of the TNTAs produced, TNTAs synthesized in 2 hours at room temperature
showed highest photocatalytic hydrogen production (47.0 mmol/m:) from 10 %v
glycerol-water solution and can be considered as the optimum condition.

For the TNTAs synthesized at room temperature (28 °C) with 2 hours anodization, the
EDX analysis indicated that in addition to Ti and O, the C. N and F were also observed.
When anodization process the glycerol and NH4F were decomposed and glycerol as a
carbon source and NH4F as N and F source. Annealing with H2/Ar leads to internal
diffusion of C,N and F into TNTAs lattice. Therefore, FTIR analysis indicated that C and
N were incorporated into the anatase TNTAs lattice (Fig.10). Peak at around 1050 cm™!
and around 1200 cm’ are assigned for N-Ti-O bond and Ti-O-C bonds [Yean and
Ahmad, 2013 Parra et al, 2008]. As a result, the band gap was observed decreasing to as
low as 2.7 eV (Fig. 11). Therefore, this TNTAs provided current density of 0.086
mA/cm? at 1 V vs. Ag/AgCl) when it was illuminated with a tungsten lamp (350-800 nm)
in photoelectrocatalytic test.

= {2 Photocatalyst ___Eg.eV

- T mms 2w
5 .g O-H bending = {b) T, PB5film Y]
T 2
5 0T ‘E
=

. —_(b)
1400 1200 1000 800 600 400 200 300 400 500 G600
Wavenumber [cm?) Wavelength (nm)
Figure 11 FTIR Spectra of TNTAs Figure 12 DRS Spectra of TNT As

[M-09] 9




Proceeding the Regional Conference on Chemical Engineering 2014
YogyaRarta, December 2-3, 2014

HeCHE 20w

ISBN: 978-602-71398-0-0

4 CONCLUSIONS

In summary, TNTAs films were synthesized using anodization method in glycerol
electrolyte containing NH4F with magnetically stirring. The inner diameter of the TNT As
increased as anodization time and temperature risen. At 28 °C anodization temperature,
the length of TNTAs increased when the anodization time increased, while at 50 °C, the
length of TNTAs were relatively constant although the anodization time increased (1-6
hours). Partially disorder and cluster of TNTAs was observed when TNTAs was
synthesized at 28 °C for 6 hours as too long anodization time with magnetically stirring.
The difference of the TNTAs morphology is caused by the competition of the oxidation
reaction of Ti to TiO, and chemical dissolution of formed TiOs that is influenced by time
and temperature of anodization. With the H> production, it was found that that TNTAs
synthesized in 2 hours at 28 °C showed well-defined, highly ordered, and uniformed
TNTAs with highest photocatalytic hydrogen production from 10 %v glycerol-water
solution and can be considered as the optimum condition. The higher the temperature up
to 50 °C and the longer anodization time (up to 6 hours), the bigger the inner diameter of
TNT As. However, tube length was found ununiform. Anodization time and temperature
determine when the equilibrium (the oxidation and dissolution reaction) take place.
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