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a b s t r a c t

Addition of NaBF4 during anodic synthesis of TiO2 nanotube arrays (TNTAs) photocatalyst

and its application for generating hydrogen from glycerolewater solution has been

investigated. The TNTAs were synthesized by anodic oxidation of titanium metal in glyc-

erol electrolyte solution containing NH4F. During the process, the NaBF4 with different

concentrations were added to the solution. Annealing of the formatted TNTAs were per-

formed at 500 �C for 3 h under 20% H2 in argon atmosphere, to produce crystalline phase

photocatalyst. FESEM analysis showed that self-organized and well ordered TNTAs have

range of inner diameters, wall thicknesses and lengths approximately 62e130 nm, 27 nm

and 1.53 mm, respectively. FTIR analysis indicated that carbon, nitrogen and boron were

incorporated into the TNTAs lattice. Refer to UVeVis DRS and XRD analysis, the TNTAs

photocatalysts prepared have the band gap range of 2.70e3.10 eV, with mostly have

anatase phase. The NaBF4 addition during synthesis, resulted modified TNTAs that can

reduce the recombination of photo-induced electrons-holes. Photocatalytic hydrogen

production test, from glycerolewater solution, indicated that TNTAs with the addition of

NaBF4 during anodic synthesis process showed higher hydrogen production comparing to

the one without NaBF4 addition. Among them the TNTAs,b (with the addition 5 mM of

NaBF4) showed up to 32% improvement in the hydrogen production and can be considered

as the optimum condition.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

Hydrogen as renewable and clean energy which provides zero

emission of pollutants is necessary to be concerned due to

increasing global energy demand [1], inevitable depletion of

fossil fuels and environmental issues [2]. To produce H2, the

traditional technologies such as steam reforming and pyrol-

ysis have some obstacles e.g. massive energy consumption,

pure oxygen requirement and suffering fromH2 selectivity [3].

The photocatalytic splitting of water over TiO2 for H2 pro-

duction has been considered as a promising alternative
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technology [2,4]. Since its application in fuel cells gives high-

energy efficiency, it has received much attention indicated

by high demand in the market [5]. On the other hand,

biomass-derived waste such as glycerol solution (by-product

of the biodiesel industry that now has limited demand in the

market) [6], presents a particularly attractive renewable and

sustainable source for H2 generation. Glycerol solution gives

some advantages since glycerol serves as a hydrogen source,

and as a sacrificial agents/electron donor in water splitting,

which can increase the H2 produced from both kinetic and

thermodynamic points of view [7]. Therefore, this would be

beneficial as a new avenue for the production of H2 and waste

minimization. TiO2 is the most promising photocatalyst due

to its photostability, environmental harmlessness [1,2],

availability and relatively inexpensive [2]. Activation of this

photocatalyst needs photon energy, which can be provided by

solar light at ambient condition instead of thermal energy [3].

TiO2 has many applications such as photocatalyst in H2 gen-

eration [1e4,6e8], pollutant degradation [9,10], dye-sensitized

solar cells [11], and it is commonly used as a semiconductor in

photo-spitting of water. In this photo-splitting, TiO2 has

suitable valence and conduction band position for reduction

of Hþ and oxidation of OH� [4,12]. However, the application of

TiO2 has several drawbacks in term of photoinduced electro-

nehole recombination [2,4], 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) [13,14]. 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 [13,14]. Therefore, some modi-

fications strategies need to be executed to reduce those

drawbacks such as morphology modifications [1e4,7e14],

non-metal (C, N, B) and metal (Pt, Cu) doping [2e4,6e12,14],

coupling with other semiconductors such as CdS [15] and

addition of sacrificial agent such as methanol, ethanol, prop-

anol and glycerol [2e7,12].

Extensive efforts have been performed to enhance photo-

activity of TiO2 by synthesizing it to get morphology modifi-

cations in the forms of nanotubes, nanowire and nanorod

[1e4,10e20]. It was reported that TiO2 nanotube arrays

(TNTAs) morphology, obtaining by anodic process of titanium

metal, has performed better properties as it provides a larger

surface area and superior performance in charge transport

than other morphologies [13,14,16e20]. In addition, modifi-

cation of TNTAs by using dopant materials can improve their

activity under visible light illumination [10,11,16e20]. When

TNTAs synthesized in organic electrolyte such as glycerol

containing ammonium fluoride (NH4F) and followed by addi-

tion of NaBF4 in the electrolyte solution, not only longer

TNTAs can be produced [16], but may also lead to the incor-

poration of dopant C, N, F, and B in the lattice of TNTAs. This is

because, those precursors (glycerol, NH4F and NaBF4) are

already available in the electrolyte solution along the process

[10,19,21]. This simplemethod (in-situ co-doping of C, N, F and

B) resulted in better quality nanotubes than the post-

treatment method. In recent years, anionic doped (C, N) into

TNTAs had been studied intensively for photocatalytic H2

production and waste degradation [14,16e19]. Boron doped

into TNTAs is also used to degrade pollutant [10,16,20] and

dye-sensitized solar cells [11]. The incorporating boron to the

TNTAs lattice can occur easily as the smaller radius of boron

than other non-metals [10]. Furthermore, boron doped to the

TNTAs can suppress recombination of photo-induced elec-

trons-holes [9]. However, little attentionwas paid and detailed

studies were absent in respect to the NaBF4 addition in the

electrolyte solution to get C, N, F and B co-doped TNTAs via in-

situ or one pot anodic oxidation reaction (as a simple method)

and its application in H2 production from glycerol solution

(glycerolewater mixture).

In this study, the investigation of C, N, F and B co-doped

TNTAs synthesized via in-situ anodic oxidation and its ac-

tivity under visible light illumination in producing H2 from

photo-reforming of glycerol solution (10 vol% of glycerol) was

performed. The TNTAs characterizations were performed by

mean FESEM, EDAX, FTIR, UVeVis DRS, XRD and photocurrent

density. Based on these characterizations, the roles of specific

parameters in producing hydrogen were examined.

Experimental

Preparation of photocatalyst

Titanium foils (0.3 mm thick, 99.6% purity) were supplied by

Baoji Jinsheng Metal Material Co. Ltd. In order to provide a flat

surface, the Ti sheets (3 cm� 2 cm)were firstly polishedwith a

1500 cc sandpaper. Subsequently, Ti samples were degreased

in a mixture of HF, HNO3 and H2O with a volume ratio of 1:3:6

for 2 min, rinsed in deionized water and dried under air.

Anodic oxidation of Ti foils (Ti as an anode and platinum, Pt

with thickness 1 mm; area (3 � 1.5) cm2 as a cathode) was

performed at room temperature in 60 ml of electrolyte solu-

tion containing 0.5 wt.% NH4F (Merck, 98%) and 25 v% H2O in

glycerol solution (from Brataco). The space between the two

electrodes was maintained at 3.5 cm in all studies. This dis-

tance is selected by considering the reactor size and

morphology of TNTAs that will be produced [22]. A constant

30 V potential difference was set using DC power supply

(Escord 6030SD) for 2 h. This equipment also measured the

variation of current generated as a function of time. The se-

lection of constant parameters such as voltage, water content,

amount of NH4F, time and annealing temperature is based on

the optimal condition as suggested by previous studies [23].

Magnetically stirring (150 rpm) was done in the anodic

oxidation process to homogenize the electrolyte solution in

order to get TNTAs with uniform size and to enhance the

mobility of the ions inside the solution. The TNTAs was then

washed in distilled water and dried under ambient atmo-

sphere. To study the effect of NaBF4 addition in the synthesis

of TNTAs, different concentrations of 2.5, 5.0 and 7.5 mM

NaBF4 (Merck, 98%) were added to the electrolyte solution

(denoted as TNTAs,a, TNTAs,b and TNTAs,c, respectively). All

photocatalysts were then underwent annealing under 20% H2

in argon atmosphere (150ml s�1) at 500 �C for 3 h with heating

rate of 9.2 �C min�1 and natural cooling. This annealing con-

dition is considered sufficient to convert the amorphous to

anatase phase of TNTAs. Furthermore, this 20% H2 also helps

in suppressing the oxidation reaction of elements (C, N, F and

B) that present in synthesized TNTAs and contributes in

doping process [14,23].
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Characterization of photocatalyst

The surfacemorphology of photocatalyst was examined using

an FESEM (FEI-Inspect F50). To determine the elements that

present in the photocatalyst, energy dispersive X-ray spec-

troscopy (EDAX) is attached to the FESEM. To study the func-

tional groups available in the photocatalyst, FTIR analysis

(Shimadzu IR Prestige-21) was performed over a wavenumber

range of 400e4000 cm�1. To evaluate the effect of NaBF4

addition to the energy band gap of the photocatalyst samples,

a UVeVis DRS analysis was employed using Spectrophotom-

eter Shimadzu 2450 type and the absorbance and reflectance

of the samples were recorded under ambient condition in the

wavelength range of 200e600 nm. X-ray diffraction (XRD),

Shimadzu XRD 7000 X-ray diffractometer, was used to assess

the photocatalyst crystalline phases. The source of the X-ray

radiation was Cu Ka (l ¼ 0.154184 nm), and the scan rate was

set 2�min�1 over the 2q range of 10e80�. The XRDwas operated

at 40 kV and 30 mA. The crystallite sizes of the photocatalyst

were estimated from FWHM (full-width at half-maximum) of

XRD according to the Scherrer equation.

Photoelectrochemical test of photocatalyst

Photocurrent was measured in the photoelectrocatalytic

reactor with a standard three-electrode configuration, which

was connected to a computer - controlled potentiostat (e-

DAQ/e-corder 401) to record the generated photocurrent. The

each sample (photoanode) was placed as working electrode,

while a Pt wire and a saturated Ag/AgCl was placed as counter

and reference electrode, respectively. The supporting elec-

trolyte was 0.1 M NaNO3. The reactor, which consisted of a

quartz cell with the dimension of 25 mm in diameter, 40 mm

in height, and an effective volume of 20 ml was placed in the

faraday cage. The samples were illuminated with UV (an 11W

UV lamp/black light, 365 nm) and visible light (a 75W tungsten

lamp, 350e800 nm). The potential was swept linearly at a scan

rate of 100 mV/s under illumination.

Photocatalyst test for hydrogen production

All photocatalysts (3 cm � 3 cm) were evaluated for producing

H2 from the reactant (200 ml of glycerol-demineralized water

mixture, with 10 v% glycerol) via photocatalysis reaction. The

reaction was carried out in a 500 ml Pyrex glass reactor

equippedwith amercury lamp of Philips HPL-N 250W/542 E40

HG ISL as a photon source (17% of UV and 83% of visible light),

thermocouple and magnetic stirrer to mix the reactant. The

lamp was positioned one cm away from the reactor as a

photon source to trigger the photocatalytic reaction. The

photoreactor systemwas placed inside a reflector box, and the

reactions were carried out for 4 h irradiation as shown in

Fig. 1. Prior to irradiation, reactor was purged by argon to

eliminate air for not affecting during H2 production and to test

the leakage of the reactor. The H2 produced was analyzed by

on-line sampling every 30 min using Shimadzu Gas Chro-

matograph (GC 2014). Molecular sieve (MS Hydrogen 5A,

80e100 mesh) column and CO2 Parapack N column were used

for H2 and CO2 analysis, respectively. Thermal Conductivity

Detector (TCD) was used to record the signal/peak of H2 and

CO2 produced. This GC system can detect the area of H2 and

Fig. 1 e Schematic diagram of the photocatalytic reactor: (A)

reflector box, (B) line purging, (C) photocatalyst, (D)

magnetic stirrer, (E) mercury lamp, (F) thermocouple, (G)

liquid condensation tube and (H) GC.

Fig. 2 e FESEM top view image with angle 45� of (a) TNTAs, and (b) TNTAs,c. The inset shows the cross section image with

magnification 100 000£.
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CO2 peaks below 50 counts, and it is equipped with GC solu-

tion software. High purity argon (99.99%) is used as a carrier

gas at 50 cm3/min.

Results and discussion

FESEM analysis

Fig. 2 depicts FESEM top view image with angle 45� of TNTAs

and TNTAs,c. The results clearly show that themorphology of

TNTAs remains unchanged after NaBF4 addition, in fact the

nanotubular structure morphology remains observed in

TNTAs,c sample. The cross section view image of the photo-

catalyst samples (inset in Fig. 2) indicates that the self-

organized and ordered nanotube arrays are perpendicular to

the Ti substrate. It is also found for TNTAs,a and TNTAs,b

(figures not shown). The simultaneous processes of chemical

oxidation of Ti metal to TiO2 in the metal surface and the

formation of small pits or tube (chemical dissolution of TiO2

due to F� ions from NH4F) resulted in the formation of TNTAs

[16,17]. Those two processes can be represented in the

following reactions:

Ti þ 2H2O / TiO2 þ 4Hþ þ 4e� (1)

TiO2 þ 6F� þ 4Hþ / [TiF6]
2� þ 2H2O (2)

With the increasing certain anodization time, the tube

length becomes longer. The morphology dimensions of pho-

tocatalysts are shown in Table 1, and the distribution of the

inner diameter ranges is presented in Fig. 3. As shown in Fig. 3,

the TNTAs,b has a higher percentage of small size distribution

in inner diameter of the nanotubes than other photocatalysts.

In contrast, Su et al. [20] reported that B-doped into TNTAs via

chemical vapor deposition with boric acid underwent disin-

tegration of morphological integrity. Refer to Fig. 2 and Table

1, it showed that the addition of different concentrations of

NaBF4 has less significant effect to the morphology of

TNTAs,a, TNTAs,b, TNTAs,c and it is predicted since the

NaBF4 addition is only in a small amount.

The elemental composition of these synthesized photo-

catalysts was estimated by EDAX analysis as presented in

Fig. 4 and Table 2. The EDAX results indicated that besides Ti

and O, C, N, F, B were detected. These elements were adsorbed

during the anodization process and they stayed on the surface

of TNTAs. Annealing under H2 atmosphere might also play a

role in their availability in the TNTAs, since some precursors

in the electrolyte solution decomposed. Carbon was supplied

by glycerol [21], Nwas supplied by NH4F [19], F was supplied by

NH4F [19] andNaBF4, whereas, B was supplied by NaBF4 [10]. In

this analysis, Na was not detected and may be caused by its

availability in a small amount. To verify the incorporation of

these elements in the lattice of TNTAs, FTIR analysis was

performed.

FTIR analysis

The functional groups that present in synthesized photo-

catalysts can be determined by FTIR as shown in Fig. 5. The

transmission peaks observed at 420 and 840 cm�1 correspond

to the TieOeTi stretching vibrations of crystalline TiO2 [24,25].

The peaks at 1046 cm�1 are assigned for NeTieO bond

Table 1 e The inner diameter, wall thickness and length
of photocatalysts.

Photocatalyst IDa (nm) tb (nm) Lc (mm)

TNTAs 74e120 27 1.51

TNTAs,a 62e123 26 1.47

TNTAs,b 67e126 26 1.58

TNTAs,c 64e130 29 1.56

a Range inner diameter.
b Average wall thickness.
c Average length of tube.

Fig. 3 e Distribution of the inner diameter in various

photocatalysts.

Fig. 4 e EDAX analysis of the TNTA,c.
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(substitutional N doping in the TNTAs) [25], whereas a small

peak at around 1200 cm�1 is possibly for TieOeC bond

(interstitial C doping in the lattice of TNTAs) [26,27]. When

TNTAs were annealed by H2/Ar, unsaturated titanium cation

such as Ti3þ was generated [17]. Consequently, O2 was liber-

ated from TNTAs and it causes O2 vacancy that will be

substituted by Nitrogen to formNeTieO bond. This result was

also evidenced by EDAX analysis (Table 2) as all photocatalysts

contain C and N elements. For the TNTAs,a, TNTAs,b and

TNTAs,c, a distinct peak around 1276 cm�1 is attributed to

asymmetric stretching of the BeO vibration (TieOeB bond or

interstitial B doping in the lattice of TNT) [24,28]. Furthermore,

a distinct peak around 1560 cm�1 (inset as TNTAs,a) is

attributed to the bending vibration of surface hydroxyl (sur-

face adsorbed water molecules) [25]. Meanwhile, only weak

peak is observed for the TNTAs at that wavenumber (inset as

TNTAs). For all photocatalysts, a small peak at around

3700 cm�1 which is assigned as OeH stretching of the hy-

droxyl group to Ti atoms was observed. The existence of

TieOeC, NeTieO or TieOeB bonds characterized by FTIR

suggests that C, N and B were already doped in the matrix of

TNTAs. The presence of F is not clearly identified by the FTIR

analysis [28]. When annealing of amorphous TNTAs at 500 �C
for 3 h under 20% H2 in argon atmosphere, glycerol, NH4F and

NaBF4 presence in the electrolyte solution possibly

decomposed, it leads to the internal diffusion of C, N, F and B

into TNTAs lattice. Those non-metals can substitute or only be

adsorbed and bonded to oxygen atoms in TNTAs. Anodic

oxidation in organic electrolytes such as glycerol [21] and

ethylene glycol [14,18,21] could result in the incorporation of

carbon into the TNTAs.

UVeVis DRS spectra analysis

Fig. 6 shows the UVeVis absorption spectra of as prepared

photocatalysts. DRS spectra data were presentedwith the aim

to see the effect of NaBF4 addition to the photocatalyst band

gap. The band gap energies of TiO2 P25 film, TNTAs and

TNTAs,a, TNTAs,b TNTAs,c are estimated with the Kubel-

kaeMunk function and Tauc plot [9,29] and the calculation

result is presented in the Table in Fig. 6 inset. These results

suggest that all photocatalysts exhibit enhancement in photo-

response under visible light as shown in Fig. 6. Compared to

the TiO2 P25 film (3.28 eV, 380 nm), reducing the band gap of

TNTAs, down to 2.7 eV is caused by incorporating dopant C

and N to form TieOeC and TieNeO bonds as previously

explained in FTIR analysis, and substitutional N doping has

more influence than that of interstitial C doping. The avail-

ability of dopant F is also predicted in reducing the band gap of

TNTAs although it is not clearly identified by FTIR. After NaBF4
addition to the TNTAs, the absorption band edge of all pho-

tocatalysts showed a slight blue-shift (around 3.0 eV, 410 nm)

compared to that of TNTAs (2.7 eV, 460 nm). This increasing

band gapmay be attributed to interstitial B doping (TieOeB) in

the TNTAs,a, TNTAs,b and TNTAs,c [30]. The band gap of B

doped TiO2 wider than that of un-doped TiO2 is also reported

by other researchers [31,32]. The small blue-shift may be

attributed to the interstitial B doping (TieOeB), while substi-

tutional B doping (BeTieO) would lead to the red-shift [9,30].

On the other hand, the absorption band edge showed a slight

red-shift after boron doping as previously reported by other

researchers [10,20]. This phenomenon is explained by in-

vestigations of different doping process. However, the optical

mechanism is still not clear at present [30]. Since all photo-

catalysts undergo reducing the band gap compared to TiO2

P25, they might show enhanced photoresponse under visible

Table 2 e Elemental composition of the photocatalysts.

Component Wt.%

TNTAs TNTAs,a TNTAs,b TNTAs,c

Ti 55.58 63.71 64.26 60.53

O 33.84 26.70 26.10 29.48

B e 0.59 0.81 0.84

C 1.58 1.12 1.21 1.31

N 7.19 6.00 5.43 6.41

F 2.14 1.95 2.18 1.45

Fig. 5 e FTIR spectra of (a) TNTAs, (b) TNTAs,a, (c) TNTAs,b

and (d) TNTAs,c.

Fig. 6 e DRS spectra of (a) TNTAs, (b) TNTAs,a, (c) TNTAs,b

and (d) TNTAs,c and (e) TiO2 P25 film.
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light and could be activated by visible light as well. According

to Fig. 6(a and e), the increasing absorption of TNTAs after

380 nm is caused by the dopant C, N and F. For all TNTAs,a,

TNTAs,b, and TNTAs,c, band gap energies of these photo-

catalysts increase, therefore, the absorptions after band edge

decrease (Fig. 6(bed)). The increasing absorption after 380 nm

for all photocatalysts is proportional to the band gap values.

XRD pattern analysis

Fig. 7 shows the effect of different amount of NaBF4 addition

on the crystal structure and crystallite size of the photo-

catalyst. Annealing the photocatalyst under 20% H2 in argon

atmosphere at 500 �C for 3 h, TNTAs and TNTAs,b have 100%

anatase phase which corresponding to 2q ¼ 25.4� (Fig. 7(a and

b)) according to JCPDS no. 21-1272. Meanwhile, very little

amount of rutile phase (10%) which corresponding to

2q ¼ 27.5� with crystallite size of 19 nm was obtained for the

TNTAs,c (JCPDS no.21-1276). Anatase crystallite size for

TNTAs, TNTAs,b and TNTAs,c calculated by DebyeeScherrer

equation [19] are 22, 18 and 20 nm, respectively. The anatase

and rutile crystallite size of TiO2 P25 is 20 and 23 nm,

respectively. According to Yongmei et al. [9], doping boron to

the TNT via solegel followed by solvothermal precess could

retard anatase-rutile phase transition. In addition, doping

boron to TNTAs via chemical vapor deposition (CVD) also in-

hibits the formation of rutile phase [20]. In this study,

compared to the TNTAs,b, the addition of NaBF4 7.5 mM to the

electrolyte solution (TNTAs,c) causes little change of anatase

to rutile phase (10%) and increases the crystallite size (20 nm).

This rutile phase formation is speculated due to the avail-

ability of boron and sodium (Na). The transformation of

anatase to rutile depends on the process of nucleation and

growth of particle. As annealing in this study at 500 �C, the
rate of transformation is limited by the rate of nucleation. It is

predicted that small anatase particles tend to become bigger.

As a result, transformation of anatase to rutile can be occurred

and it is attributed to boron doping. Furthermore, when TiO2 is

doped with Na, the anatase and the rutile phase were

observed [33]. Daimei et al. [34] reported that B-doped TiO2

would suppress the growth of crystallite size and until a

certain amount of boron, it can increase the crystallite size.

The crystallite size is a crucial factor to determine the stability

of photocatalyst crystalline phase. Since TNTAs,b has smaller

crystallite size than TNTAs,c as shown at Table 3, TNTAs,b is

more stable and consequently no anatase transforms to rutile

phase. The C, N, F or B atoms were incorporated into the

TNTAs lattice; thus the diffraction peaks were not detected

due to those atoms were highly dispersed and had small

content on TNTAs [31]. As these dopants were incorporated in

the TNTAs lattice, the change in d-spacing was observed.

Furthermore, the absence of Na titanate crystallite peakmight

be caused by low concentration of Na which was highly

dispersed. The crystallite size of TNTAs after addition of

NaBF4 is lower than that of TNTAs, which may indicate the

occurrence of a slight lattice distortion in the structure of

TNTAs,b and TNTAs,c.

Photoelectrochemical test of photocatalyst

Fig. 8 shows the photocurrent density as a function of applied

potential curves of the various photocatalysts (as photo-

anodes) in 0.1 M NaNO3 electrolyte under UV and visible light

illumination. The currents are resulted by photocatalysts with

2 cm2 exposed area. The observed dark current was found to

be negligible as it approaches zero (figure not presented). Ac-

cording to Fig. 8, it is clear that the photocurrents generated by

TNTAs,a, TNTAs,b, TNTAs,c are higher than that of the

TNTAs. It means that more photoexcited electrons on these

photocatalysts (as photoanodes) flow to the counter electrode

(Pt), leaving more holes involved in the oxidation reaction.

Increasing photocurrent density of TNTAs,a, TNTAs,b,

TNTAs,c could be attributed to the addition of NaBF4 espe-

cially by dopant boron since it can suppress recombination.

Boron can enhance surface acidity of TNTAs and molecules

polar such as water can easy to be adsorbed on the TNTAs

surface [20]. Moreover, although the existence of F is not

detected by FTIR analysis (but it is detected in EDAX analysis),

this anion could also enhance photocatalytic activity since it

can promote surface acidity, create oxygen vacancies and

increase the active site of TNTAs [35]. The availability of sur-

face adsorbed water molecules on TNTAs,a, TNTAs,b,

TNTAs,c identified by FTIR can trap holes to produce ·OH or

active oxygen species and, therefore, recombination can be

reduced [24,31]. Nianjun et al. reported that boron doping

could retard the recombination of electrons and holes [31].

Fig. 7 e XRD spectra of (a) TiO2 P25. (b) TNTAs, (c) TNTAs,b

and (d) TNTAs,c.

Table 3 e Crystallite size and anatase fraction of the
photocatalysts.

Photocatalyst Anatase
crystallite
size (nm)

Rutile
crystallite
size (nm)

Anatase
fraction
(wt.%)

TiO2 P25 20 23 79

TNTAs 22 e 100

TNTAs,b 18 e 100

TNTAs,c 20 19 90

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 1 6 9 2 7e1 6 9 3 516932

http://dx.doi.org/10.1016/j.ijhydene.2014.07.178
http://dx.doi.org/10.1016/j.ijhydene.2014.07.178


After NaBF4 addition, the surface adsorbedwatermolecules of

TNTAs,a, TNTAs,b, TNTAs,c increase and % absorbance for

the TNTAs,b is highest among others (inset in Fig. 5 as

TNTAs,a and TNTAs). It meant that photocatalyst TNTAs,b,

which has no rutile phase, has more surface adsorbed water

molecules, thus, more recombination can be suppressed. The

anatase TNTAs have higher amount of surface adsorbedwater

molecules than the rutile TNTAs, and therefore, anatase has

higher photocatalytic activity than rutile is reported by Gang

et al. [24]. This situation can enhance the photocurrent den-

sity as well as H2 generation. Moreover, excess boron loading

on TNTAs than the optimal condition could create a negative

effect on photocatalytic activity, as also reported by some

researchers [9,10]. This excess would become the recombi-

nation centers of the photo-induced electrons and holes. The

photocurrent density of TNTAs,b under illumination of UV

and visible light is the highest among others, which is

approximately 1.5 times of TNTAs, as shown in Fig. 8. Similar

results have also been reported by some researchers [10,36].

Photocatalytic test for hydrogen production

Fig. 9 shows accumulative H2 production (mmol/cm2 of pho-

tocatalyst) from glycerol solution as a function of irradiation

time on TNTAs with various concentrations of NaBF4. During

the process, the temperature of the reactor was measured

using a thermocouple and after 75 min irradiation the tem-

perature was constant at about 80 �C and it is maintainedwith

the exhaust fan. The initial pHwas around 6. It is obvious that,

the production of hydrogen is enhanced by addition of NaBF4
on TNTAs. Fig. 9 clearly shows that, after 4 h irradiation,

TNTAs,a, TNTAs,b and TNTAs,c can produce 5.8, 6.2 and

5.5 mmol/cm2, respectively. Meanwhile, TNTAs only produces

4.7 mmol/cm2. It can be stated that the TNTAs,b enhanced H2

production up to 32% compare to that of TNTAs (Fig. 9(a and

c)). The H2 production enhancement could be the effect of

NaBF4 addition, where B and F may reduce the recombination

of electrons-holes and therefore, increase the photocatalytic

activity [31,35]. This phenomenon has also been occurred at

B þ N co-doped TiO2, whereas boron doping could reduce the

recombination and the back reaction of H2 and O2 into water,

thereby increasing H2 formation [31]. Surface adsorbed water

molecules of TNTAs,a, TNTAs,b, TNTAs,c can trap holes to

generate active species $OH and Hþ. Thus, recombination can

be suppressed and hydrogen generation is enhanced as more

H2O can react with holes, resulting in the reaction shifted to

the product. Therefore, more H2 is produced. Furthermore,

active species $OH can react with glycerol to produce H2 as

well. According to Fig. 9(bed), the optimal performance was

achieved by TNTAs,b, since more recombination electro-

nehole can be suppressed in that sample compared to others.

This condition is in agreement with the result of this study in

photoelectrochemical measurement (Fig. 8) as previously

reported.

Photocatalytic production of H2 from glycerol solution

(glycerolewatermixture) consists of two distinctmechanisms

namely photo-spitting of water (at glycerol concentration of

Fig. 8 e Photocurrent density vs. applied potential of

different photocatalysts under illumination of: A. UV light

and B. visible light.

Fig. 9 e Hydrogen production of (a) TNTAs (b) TNTAs,a, (c)

TNTAs,b, (d) TNTAs,c in 10% glycerol concentration and (e)

TNTAs in 0% glycerol concentration.
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0%) and photo-reforming of glycerol [7]. In photo-splitting of

water, hole oxidizeswater to produce $OH andHþ according to

Eq. (4), then Hþ undergoes reduction with electron to produce

H2 (Eq. (5)).

TiO2 þ hv / TiO2(h
þ þ e�) (3)

hþ þ H2O / $OH þ Hþ (4)

Hþ þ e� / 0.5H2 (5)

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 H2 and CO2

generation as the end product [6,31]. 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 [6,7,31,37]:

C3H8O3 þ 3H2O / 3CO2 þ 7H2 (6)

Therefore, introducing glycerol in the reactant could

improveH2 production as glycerol can act as sacrificial agents/

hole scavenger that able to reduce the electronehole recom-

bination and as hydrogen source/reactant that undergoes

oxidation reaction [6,7]. As glycerol is also oxidized by oxygen

produced by cleavage of water, O2eH2 back reaction can be

diminished [6]. Moreover, glycerol can act as sacrificial agents/

electron donor in water splitting that can enhance the H2

production [6,7,31]. Detail mechanism of glycerolewater

decomposition to produce H2 has been proposed by Min et al.

[38]. The 10% glycerol concentration in this study represents

its concentration in the biodiesel waste, and it is sufficient to

give a substantial improvement to the photocatalytic H2 gen-

eration catalyzed by PteN-TNT [37]. In this study, small

amount of CO2 was detected, but it does not agree with the

stoichiometry of the glycerol photo-reforming reaction (Eq.

(6)). This conditionmay be due to the solubility of CO2 in water

(1.45 g/L H2O), since the solution become acid after 4 h irra-

diation [31]. In addition, this study also indicated that in the

absence of glycerol in the solution (water splitting process),

produced hydrogen was small as only 0.2 mmol/cm2 of H2 was

generated by TNTAs (Fig. 9(e)). This due to the high rate of

recombination, backward reaction and lack of the hydrogen

source. When there is no irradiation or no photocatalyst, H2 is

not obtained since there is no photon source and no photo-

catalyst (data not presented).

Conclusions

The NaBF4 addition during the anodic synthesis of TiO2

nanotube arrays (TNTAs) followed by annealing under 20% H2

in argon at 500 �C for 3 h was not change the morphology of

TNTAs but did enhance its photocatalytic performance. The

FTIR result indicated that C, N and B were incorporated in the

lattice of TNTAs to form TieOeC, NeTieO and TieOeB bonds.

The addition of NaBF4 on TNTAs can reduce the recombina-

tion and promote photocatalytic activity, therefore, it can

enhance photocurrent density under UV or visible light and

hydrogen production from glycerolewater mixture compare

to the TNTAs. Glycerol as a sacrificial agent and hydrogen

source can be used to enhance H2 generation. The result

indicated that, under current condition, the addition of 5 mM

NaBF4 to the electrolyte solution in the anodization process

(TNTAs,b) exhibited the optimum photocatalyst performance.
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