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Photoelectrochemical property of Fe-N modified titania

nanotube array films
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In order to fully utilize solar light, highly ordered Fe-N co-doped TiO» nanotube array films (NAFs) were fabricated by
electrochemical anode oxidation method combined with wet chemical method. The morphology, structure and composition
of the as-prepared NAFs were characterized by XRD, SEM and EDX. The concentration of Fe and N on
photoelectrochemical property of the TiO> NAFs was investigated. The results showed that Fe and N atoms were
successfully introduced into the NAFs and enhanced their photoelectrochemical property obviously under solar light. The
optimum photoconversion efficiency of 4.83% from light energy to chemistry energy was obtained by preparation in

0.10M/L Fe(NOs)s.
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1. Introduction

Since highly ordered TiO, nanotube array films
(NAFs) were reported in 2001 [1], there is great interest in
the development of TiO, photocatalysis over the past years
in fileds of photocatalytic degradation [2-4], solar cell [5-
7], gas sensor [8-10], photolysis water [11, 12], etc.. In
comparison with nanomaterials dispersed in solution, TiO,
nanotube array films on Ti foil systems has following
virtues: 1) more number of electrons transfer between Ti
and TiO, nanostructures, ii) directly using the film as an
electrode, iii) overcoming the obstacle of recycling of TiO,
particle and iv) absorbing more light due to larger surface
area. Fujishima and Honda ever reported [13] that n-type
semiconductor TiO, was used to split water to obtain
hydrogen, because the energy level of TiO, matched well
with oxidation-reduction potential of water. But until 2006,
TiO, NAFs of 6um as light anode, the photoconversion
efficiency was still at 0.6% by Grimes [12]. Then, Shankar
et al. [14] presented a recent advance toward improving
the photoelectrochemical properties of TiO, electrodes by
structure design.

The relatively wide band gap of TiO, limits the
efficiency of photocatalytic reactions due to the high
recombination rate of photogenerated electrons and holes
and the low absorption capability for solar light. Thus,
enlargement the absorption band range of TiO, NAFs has
been considered as an appealing direction for developing
the future photo-chemistry.

There have been studies devoted to the improvement
of photocatalytic efficiency of TiO, nanoparticles, such as
doping metal (Fe, Ag, etc.) [10, 15], non-metal (N, C, F,
etc.) [16-21]. Transition metal cation doping is generally
believed as an effective strategy to reduce electron—hole
recombination rate and increase photocatalytical

efficiency. In particular, Fe’* is greatly noticed in terms of
its semi-full electronic configuration with intermediate
energy gap and ion radius close to Ti*" [10]. Also, Xue etc.
[21] found that non-metal N can reduce band gap of TiO,
due to the mixing of p states of N with 2p states of O no
matter of replaced N (Ti-N) or clearance N (Ti-N-O).
What will happen if the above two mechanisms induced by
Fe and N exert a cooperative effect on TiO, NAFs? But
until now, there is no reports.

In this work, Fe-N co-doped TiO, NAFs were
prepared by anode oxidation and wet chemical method.
The morphologies, structures, photoelectrochemical
property of the TiO, NAFs were characterized by SEM,
XRD, photovoltage and I-V curve.

2. Experimental
2.1 Preparation of TiO, NAFs

Titanium foils (10mmx10mm), purity >99.5%, is of
0.20 mm  thickness. @ The  graphite electrode
(20mmx20mm), purity >99.99%, is of 5 mm thickness.
Chemical reagents are all analytical reagent grade quality.
The Ti foils were pretreated with acetone, alcohol,
deionized water in the ultrasonic bath 15 minutes,
respectively. Then the Ti foils were anodized in 0.5M/L
NH,F electrolyte solution under anode voltage of 15-25V
with the graphite as counter electrode. The samples of
Ti0, NAFs were calcinated in air ambient at 450°C for 2h
with heating rates of 5°C/min.

2.2 Preparation of Fe-N co-doped TiO, NAFs
The Ti foils were anodized in 0.5M/L NH,F

electrolyte solution containing different concentrations of
Fe(NO;); (0.02, 0.05, 0.08, 0.10 and 0.15 M/L) under the



520 Lianqing Yu, Liu Rishan, Yaping Zhang, Qingqing Wang, Qiangian Zhi

anode voltage of 20V. Then, the TiO, films were
immersed in 28wt% NH;3;-H,O with ultrasonic bath 30
minutes, then sealed for 24 hours. Finally, the as-prepared
Ti10, NAFs were calcinated in air ambient at 450°C for 2h.

2.3 Characterization of the films

The morphologies of NAFs were characterized with a
scanning electron microscopy (SEM, model Hitachi
S4800, co., Ltd, Japan). Structure of the TiO, NAFs after
annealing was identified X-Ray Diffractometer (Model
Dmax-2700, Dandong Fangyuan instrument, co., ltd.,
Dandong, China).

2.4 Photoelectrochemical property test

Photoelectrochemical property was tested by using
conventional three electrode system: working electrode
was TiO, NAFs; auxiliary electrode was platinum
electrode; reference electrode was Ag/AgCl electrode. The
electrolyte solution was SM/L KOH. Photovoltage and I-V
curve was tested by electrochemical workstation (model
CHI660B, Shanghai Chenhua instrument co., LTD) under
the solar light source (350W xenon lamp). All the
experiments were carried out three times.

3. Results and discussions

3.1 Structure analysis

XRD patterns of TiO, NAFs are shown in Fig. 1. The
diffraction peak of Ti foil appeared obviously at 38.78°
and 53.70°, and the diffraction peak appeared at 25.47°,
38.05° , 48.02° , 54.81° and 56.06° corresponding to the
(101), (103), (200), (211) and (105) planes of anatase
respectively. As Fe(NO;); concentration increase, the peak
of (101) planes of anatase enhanced, and obtained the
strongest diffraction intensity at 0.1M/L Fe’*. Because of
the similar radius of Ti*" (0.0745nm) and Fe** (0.069nm),
it easily leads to the doped Fe’* replacing the Ti** position
in TiO, lattice [22]. Moreover, there was no diffraction
peak of iron oxide phase observed.
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Fig. 1. XRD patterns of TiO, NAF's.

The SEM images of TiO, NAFs are shown in Fig. 2.
For free doped NAFs, the average pore diameter of
nanotube is at ca. 100nm and wall thickness at ca. 10nm.
The nanotube appears some corrupted arrays and non-
uniform morphology with Fe(NOj3); solutions of 0.05 M/L
and 0.1M/L (Fig. 2b and 2c). When the Fe*" concentration
further increased to 0.15 M/L, the nanotube of TiO, were
totally destroyed and turned into porous structure (Fig. 2d),
indicating that Fe’* in the solution can change the NAFs
morphology formation. Moreover, there appeared some
accumulated nanoparticles on films’ surface. The content
of Fe increased with Fe’" concentration increase and
content of N remained almost constant at ca. 2.0%,
measured by EDX (shown in Table 1).

Fig. 2. SEM images of TiO, NAF's (a) free doped
(b) 0.05M/L F&**-N (c) 0.10 M/L F&**-N (d) 0.15 M/L Fe**-N.
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Table 1. Properties of TiO, NAFs with different preparation technique.

Prepared sample Element molar content Photovoltage Efficiency Carrier densities
p P by EDX V) (%) (em™)

anode voltage 15V S 0.41 3.0 1.83x10"
anode voltage 20V _ 0.44 3.8 2.51x10"
anode voltage 25V _ 0.38 3.08 2.11x10"
0.10 M/L Fe** Fe 4.21% 0.46 3.12 4.04x10"
0.02 M/L Fe*', N Fe 0.41%, N 2.10% 0.41 2.6 3.51x10"
0.05 M/L Fe*', N Fe 1.86%, N 2.17% 0.35 1.88 1.51x10"
0.08 M/L Fe*', N Fe 2.66%, N 2.12% 0.47 2.04 2.12x10"
0.10 M/L Fe*', N Fe 4.32%, N 2.16% 0.53 4.83 3.64%10°!
0.15 M/L Fe*', N Fe 6.23%, N 2.08% 0.21 3.96 1.51x10%

3.2 Photovoltage property

The photovoltage measurements of NAFs are shown
in Fig. 3. The nanotube, prepared at anode voltage of 20V,
0.10 M/L Fe’*, N co-doped, owned higher photovoltage
value than those of free doped NAFs or solely Fe’" doped,
which proved that Fe-N co-doped enhanced the photo-
response under solar light. As Fe’* concentration further
increased to 0.15 M/L the corresponding photovoltage of
NAFs decreased. According to XRD and SEM results in
Fig. 1 and 2, the surface morphology and decreased (101)
planes of anatase may be account for the decreased
photovoltage.
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Fig. 3. Photovoltage response of TiO, NAFs with different
concentration of Fe.

3.3 I-V curve and photoconversion efficiency

I-V curve and corresponding photoconversion
efficiency of Fe-N co-doped NAFs are shown in Fig. 4 and
Fig. 5. The photoconversion efficiency 1 is calculated as
[23]:

n (%)=[(total power output-electrical power output)/light
power input] x100% =j,, [(Erey’ - [Eapp|)/10] * 100%

where j, is the photocurrent density (mW/em?), jpEreVO is
the total power output, j,|E,,| is the electrical power input,
and 1, is the power density of incident light (mW/cm?).
Erev0 is the standard reversible potential which is
1.23V/NHE, and the applied potential is E,p;=Emeas~Eaoc,
where E,.,s is the electrode potential (vs Ag/AgCl) of the
working electrode at which photocurrent was measured
under illumination and E,,. is the electrode potential (vs
Ag/AgCl) of the same working electrode under open
circuit conditions. The voltage at which the photocurrent
becomes zero was taken as E,..
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Fig. 4. I-V curve of TiO, NAF's under solar light.
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Fig. 5. Photoconversion efficiency of TiO, NAFs
under solar light.

Photoconversion efficiency 1 of Fe-N co-doped TiO,
NAFs larger than that of free doped or solely Fe-doped
under solar light. The optimum mn from light energy to
chemical energy is obtained at 4.83%. This enhancement
can be ascribed to followings: firstly, the Fe** doping in
the TiO, promote the separation of photogenerated
electron—hole pairs, but over-doped Fe’* may act as the
recombination centers of the electron-hole pairs [23];
secondly, according to density functional theory, either
replaced nitrogen (Ti-N) or clearance nitrogen (Ti-N-O)
can decrease TiO, band gap with 0.12eV or 0.07¢V [24],
respectively. Therefore, Fe-N co-doped TiO, NAFs are
benefit for photoelectrochemical property enhancement
under solar light.

3.4 Mott-schottky curve

Mott-schottky curve can indicate charge carrier
density of semiconductor [25]. In the photoelectric system,
light makes system produce an amplified photovoltage,
which charged the space-charge capacitance of
semiconductor. The charge quantity of space-charge region
can influence charge carrier densities (Np), which is
inverse ratio to Mott-schottky curve linear part of the
slope. In Mott-Schottky plots, the Np was calculated using
the relation: Np = 2/eegom, where ¢ is the elementary
electron charge, ¢ is the dielectric constant (e=80), g, is the
permittivity in vacuum (g, =8.85x10"'* F/cm), and m is the
slope of the Mott-schottky curves.

The slope of Mott-schottky curve decreases with the
increase of Fe’" concentration (Fig. 6), which can be
ascribed to Np increased (Table 1). The Np of Fe-N co-
doped TiO, NAFs is higher than free doped or solely Fe**
doped, which proved that Fe-N co-doped can promote the
separation of photogenerated electron—hole pairs and
absorb more energy from solar light.
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Fig. 6. Mott-Schottky curve of TiO, NAFs.

4. Conclusions

Fe-N co-doped TiO, NAFs were successfully prepared
by a facile anode oxidation method. The as-prepared TiO,
NAFs exhibited excellent photoelectrochemical property
under solar light due to greatly increased charge carrier
densities. The concentration of Fe’™ and N in Ti0,
NAFs played a crucial role on improving the
photoelectrochemical property by effective separation of
electron—hole pairs and decrease band gap. And the
maximum energy conversion from solar light to chemistry
was obtained at 4.83%.
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