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Abstract Arrayed porous iron-doped TiO, was prepared
by sol-gel with polystyrene spheres as template and used as
photocatalyst for the degradation of methyl orange. The
structure and performances of the prepared photocatalyst
were characterized with X-ray diffractometer, inductively
coupled plasma-atomic emission spectrometer, scanning
electron microscope, UV-visible spectrometer, and methyl
orange degradation tests. It is found that the iron dopant
does not change the crystal phase of TiO, but affects its
lattice constant, optical absorption, electronic conductivity,
charge-transfer resistance, and activity toward the degrada-
tion of methyl orange. The sample doped with 0.01 wt.%
Fe (based on Ti) and with smaller pore size exhibits the
better photocatalytic activity. The degradation rate of
methyl orange on the sample with a pore size of 190 nm
is 2.3 times that on the undoped sample with the same pore
size.
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Introduction

The unique photocatalytic properties of titanium dioxide
(TiO,) have attracted much attention for its application in
environmental purification, especially for the degradation
of organic compounds [1-6]. However, its practical
application is restricted by the band gap energy that limits
the utilization of visible light and by the fast recombination
of electron-hole pairs generated by band gap excitation.
Furthermore, the photocatalytic activity has been handi-
capped by crystal size and surface morphology of TiO,. To
extend the photoresponse region to visible light and reduce
the recombination of electron—hole pairs, many attempts
have been made to prepare highly active photocatalysts
through various methods including doping [7-12], surface
modification [13—15], and narrow band gap semiconductor
coupling [16]. Moreover, some novel photocatalysts with
controllable crystal size and surface morphology were
fabricated to enhance photocatalytic activity through
increasing the effective surface area [17-19].

Among various dopants, iron is the most frequently
investigated, and many reports have shown that iron-doped
TiO, exhibits effective photocatalytic activity for degrada-
tion of organic pollutants [20-25]. In most studies, however,
the doped TiO, photocatalysts were used in the form of
powders or nanoparticles. There are many disadvantages for
the application of these materials, including the difficulty in
separation or recovery from the treated water. Attaching the
photocatalysts to supporting substrates or preparing immo-
bilized film photocatalysts can overcome the separation
problem. The effective surface area is reduced in these
operations, resulting in less adsorption of treated substance
and thus limiting the photocatalytic efficiency [26, 27].
Therefore, developing new photocatalysts with high activity
under visible light irradiation and favorable recycling
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Fig. 1 Schematic illustration for
the assembly of PS spheres as
template by improved
transfer-floating method

characteristics is a challenge for the degradation of organic
pollutants. In this regard, arrayed porous doped TiO, may be
a promising photocatalyst, since this kind of architecture
possesses many advantages including high specific surface
area and easiness for operating and recycling.

In this paper, the sol-gel method combining template
technology was used to fabricate highly active photocatalyst,
to arrayed porous iron-doped TiO,, and its photocatalytic
activity was monitored by the degradation of methyl orange
(MeO), a common effluent of the textile industry.

Fig. 2 Thermal evolution of
TiO, XRD patterns (a) and
XRD patterns of the samples
calcined at 500 °C for 3 h (b).
The arrow indicates the
appearance of rutile; a: pure
TiO,; b: 0.001 wt.% Fe-TiO,;
c: 0.01 wt.% Fe-TiOy; d: 0.1 wt.
% Fe-TiO,; e: 1.0 wt.% Fe-TiO,

(A)
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Experimental section
Preparation of photocatalyst

Arrayed porous iron-doped TiO, photocatalysts were fabricat-
ed on a clean F:SnO, conductive glass (FTO, Ry=14 Q/cn?,
Nippon Sheet Glass, Japan) substrate by using polystyrene
(PS) spheres as template followed by sol-gel processes.
Monodisperse PS spheres (average diameters 850, 580, and
190 nm) were synthesized as previously reported [28], and PS
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Table 1 Effects of calcination temperature on phase structure and average crystallite size of TiO,

Sample 300 °C 400 °C 500 °C 550 °C 600 °C 700 °C 800 °C
D, (nm) Pure TiO, 8.0 9.7 10.1 12.7 13.0 13.4 17.0
Dy (nm) - - 0.8 1.4 13.7 18.0

Dy crystallite size of anatase in nanometers, Dy crystallite size of rutile in nanometers

spheres arrayed in a single layer were assembled on FTO by
an improved floating-transfer method. Compared with the
conventional method [29], this improved method provides an
easy way to prepare more regular arrayed PS spheres with
controllable layer number, as shown in Fig. 1. Various
contents of ferric nitrate were added in the mixture Ti
(OBu),/EtOH/HCI/H,O/CH;COOH=1:10:7:2:0.6 in molar to
design iron-containing TiO, sol. The conductive glass coated
with monolayer PS spheres was immersed in iron-containing
TiO, sol vertically for 2 min to keep the sol filling the
template interspace fully under the capillary force. Then, the
conductive glass was drawn from the sol vertically with a
drawing rate of 4 cm/min and exposed to the air at room
temperature for the hydrolysis of titanium ions to form iron-
containing TiO, gel. Subsequently, the gel was calcined in the
oven for 3 h to remove PS template leaving arrayed porous
iron-doped TiO, on FTO.

Photocatalyst characterization

The crystal structure of the prepared photocatalysts was
analyzed with an Analog powder X-ray diffractometer
(XRD, Y-2000, China) using Cu-K, radiation with a scan
rate (26) of 0.02°/s. Surface morphology was observed with
a scanning electron microscope (SEM, JSM-6380LV,
Japan). The samples were coated with gold before SEM
observation. The content of iron was determined by induc-
tively coupled plasma-atomic emission spectrometer (ICP,
IPIS Intrepid IIXSP, USA), and the absorption spectra were
recorded using a UV-visible spectrometer (UV-2550PC,
Shimadzu, Japan).

Photocatalytic activity measurement

The photocatalytic activity of catalysts was evaluated
through the degradation of MeO. Degradation reactions

were carried out in a quartz beaker, and a monochromatic
light with 369-nm wavelength (incident light intensity,
32 mW/cm?) was generated from a control intensity photo
spectroscope (CIMOS-2, Germany). For each test, the
sample with a geometrical area of 0.5 cm” was immersed
into 10 ml MeO (20 mg/L) solution containing 0.1 M
sodium sulfate (Na,SO,) as supporting electrolyte. At every
given irradiation time, the residual concentration of MeO in
the solution was measured with the UV-visible spectrom-
eter at 465 nm which has the maximum absorption of MeO.

Photoelectrochemical performance measurements

Tests of the photoelectrochemical performance were per-
formed on an electrochemical system (Autolab PGSTAT
30, Ecochemie, The Netherlands) combining with the
control intensity photo spectroscope. The working electrode
was the conductive glass coated with samples, and the
counter electrode was a large area platinum foil. A saturated
calomel electrode was used as a reference electrode.
Electrochemical impedance spectroscopy was measured at
the open circuit potential of working electrode with the
frequencies from 10° to 107" Hz and the potential
amplitude of 10 mV. The resistance is given with respect
of the geometrical area of the working electrode. All
measurements were conducted in 0.1 M Na,SO,4 solution.

Results and discussion

Crystal structure, composition, and morphology

TiO, has three common crystalline phases: anatase, rutile,
and brookite, characteristic of the XRD patterns of (101),

(110), and (111), respectively. Figure 2a shows the XRD
patterns of arrayed porous TiO, calcined at various temper-

Table 2 Composition and

Fe (wt.%)" Crystal phase Crystal size (nm)®

structure of iron-doped TiO, Samples Fe (wt.%)"
a 0
b 0.001

? Theoretical value c 0.01

® Determined by ICP d 0.1

¢ Calculated by Debye—Scherrer e 1.0

formula

0 Anatase 10.1
0.0012 Anatase 10.0
0.015 Anatase 9.9
0.14 Anatase 9.0
1.3 Anatase 8.9
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Fig. 3 SEM images of
0.01 wt.% Fe-TiO, prepared
with 850 (a), 580 (b), and
190 nm (c) PS spheres as
template

atures. It can be seen from Fig. 2a that the samples do not
contain brookite, only anatase when the temperature is
lower than 550 °C, and both anatase and rutile when the
temperature is higher than 550 °C. With increasing
temperature from 300 °C to 550 °C, the peak intensity of
(101) peak increases significantly, and the width of the (101)
peak becomes narrower, indicating the growth of anatase
phase and the improvement in crystallinity. At 550 °C, the
characteristic diffraction peak of rutile phase appears,
suggesting that the phase transformation temperature of
anatase to rutile was 550 °C. The average crystallite size of
the samples calculated by the Debye—Scherrer formula
based on the characteristic diffraction peaks is presented in

1.1

1.0F

09

08

07 ,
3 I 1.0 wt% Fe-TiO,
S o06f .
2 OO 0.1 wt% Fe-TiO,
2 o5f 0.01 wt% Fe-TiO,
< o4l 0.001 wt% Fe-TiO,

L pure TiO,

03f

02

01

L 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1

0.0 : :
100 200 300 400 500 600 700 800 900 1000

A (nm)

Fig. 4 UV-vis absorption spectra of the samples with a pore size of
190 nm
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Table 1. It can be seen from Table 1 that, with the increase
of calcination temperature from 300 to 800 °C, the
crystallite size of anatase increases from 8.0 to 17.0 nm.
At 550 °C, rutile begins to form, and its average crystallite
size is only 0.8 nm. As the temperature increases further,
crystallite size of rutile increases rapidly up to 18.0 nm,
while the peak intensity of anatase weakens gradually. It is
well known that anatase has best photocatalytic activity
among three crystal phases [30]. Therefore, we selected
500 °C as calcination temperature to prepare pure anatase
samples for the following tests.

Figure 2b presents the XRD patterns of TiO, samples
doped with various contents of iron. It can be seen from
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Fig. 5 Degradation efficiency of methyl orange on the samples with a
pore size of 190 nm, a: pure TiO,; b: 0.001 wt.% Fe-TiO,; ¢: 0.01 wt.%
Fe-TiO,; d: 0.1 wt.% Fe-TiO,; e: 1.0 wt.% Fe-TiO,
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Fig. 6 Nyquist plots of pure TiO, and 0.01 wt.% Fe-TiO, samples
with a pore size of 190 nm in 0.1 M Na,SO,

Fig. 2b that only characteristic peak (101) of anatase phase
was recorded, indicating that no brookite and rutile phases
were formed in all samples. Moreover, it is noteworthy that
no crystalline phase attributed to iron oxide can be found in
the XRD patterns and the average crystallite size of the
samples (shown in Table 2) is reduced due to iron
incorporation. This suggests that the doped iron might not
exist in a single phase but is substituted for part of Ti*" ions
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in the crystal lattice of anatase TiO,. The small amount of
iron oxide in the sample might not detected by XRD, but
the smaller crystallite size indicates the substitution of iron
for titanium. Due to the different ionic sizes, 0.64 A for F >t
and 0.68 A for Ti*", the substitution of iron ions results in
the reduction of the crystal size of TiO, [12].

The iron contents in the samples were determined by
ICP analysis, and the obtained results are presented in
Table 2. It can be seen that the analysis values are almost
equal to those added in the solution for the preparation of
TiO, precursor sol. Therefore, the iron content in TiO, can
be quantitatively controlled through this sol-gel method.

Figure 3 presents the surface morphology of 0.01 wt.%
Fe-TiO, samples prepared with three PS spheres (mean
diameters 850, 580, and 190 nm). It can be seen that the
samples have arrayed porous morphology with the pores
arranged uniformly in the distribution of two-dimension.
The pore size of samples is approximate to those of PS
spheres. Therefore, the pore size of samples can be easily
controlled through changing the size of the PS spheres.

UV-vis spectrum
Figure 4 shows the optical absorption spectra of the

samples (prepared by 190 nm PS spheres) obtained on the
UV-visible spectrometer in the wavelength range of 200—

6
% B) . o pure TiO,
* 0.01 wt% Fe-TiO,
fitting lines
. 60|
= —
B 1" e
[¢] —~
~ 40} N
% ~
il g
3 —
20
3ss 666666 12
0 L
1 1 1 1 1 1
-1 0 1 2 3 4 5

Fig. 7 Modeling of experimental Nyquist (a) and Bode (b) for the sample with a pore size of 190 nm in 0.1 M Na,SO, under light illumination

with the equivalent circuit (c). Dot: experimental; solid line: fitting result
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Table 3 Impedance parameters of iron-doped TiO, electrode in light
illumination

Samples (pore size/nm) Rq (2) R (K)
Pure TiO, (190) 38 41
0.01 wt.% Fe-TiO, (190) 31 11
0.01 wt.% Fe-TiO, (580) 32 22
0.01 wt.% Fe-TiO, (850) 31 59

R, ohmic resistance, R, charge-transfer resistance

900 nm. It can be seen from Fig. 4 that the doping of iron in
TiO, affects the optical absorption band edge and the
absorbance of the samples. The optical absorption band
edge shifts toward red lights, and the absorbance increases
with increasing the content of iron. This result suggests that
the doping of iron in TiO, can extend the light absorption
region to visible light and improve the optical absorption
efficiency of the samples.

Photocatalytic activity

Figure 5 shows the effect of the iron content on the
photocatalytic efficiency of samples. It can be seen that the
doping of iron affects the photocatalytic activity of the
arrayed porous TiO, toward the degradation of methyl
orange. The photocatalytic activity increases with increas-
ing the iron content up to 0.01 wt.%. However, as the iron
content increases further, the photocatalytic activity
decreases. The degradation rate of methyl orange on the
sample with 0.01 wt.% iron is 0.9628 h™', 2.3 times larger
than that on the undoped sample (0.4295 h™"), as shown by
the inset of Fig. 5. Obviously, the photocatalyst with
0.01 wt.% iron has the best photocatalytic activity. This
phenomenon can be ascribed to the fact that a small amount
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of iron can act as intermediates for photo-generated hole
and electron transportation and inhibit their recombination
[31]:

TiOy+ hy — bt e M
Ti*t +e — T3t (7-)
O it O o)
Fe’t + Ti*T — Fe?* + Ti*" electron trap (4)

Fe’" + 0™ — Fe** + 0" hole trap (3)

From the viewpoint of crystal field theory, Fe*" and Fe**
ions are relatively unstable compared with Fe** ions that
have half-filled d orbital (d°). Therefore, there is a tendency
for the transfer of the trapped charges from Fe*" or Fe** to
the interface to initiate the following reactions [32]:

Fe'"™+OH™ — Fe’+OHe hole release (6)

Fe’t + 0, — Fe’* + 0, electron release (7)

The generated OHe and 0>~ degrade MeO. As a result, the
introduction of Fe®" ions in porous TiO, arrays is respon-
sible for reducing the hole—clectron recombination rate. On
the other hand, a decrease in the activity is expected when
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Fig. 8 Degradation efficiency of methyl orange on 0.01 wt.% Fe-doped samples with three pore sizes (a) and Nyquist plots and modeling results

of three samples (b)
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the concentration of Fe** ions becomes too large because the
Fe** can serve not only as a mediator of charge transporta-
tion but also as a recombination center. In this study, it can
be found that the optimal iron content in TiO, is 0.01 wt.%.

Electrochemical impedance spectrum

Figure 6 shows the Nyquist plots of pure TiO, and 0.01 wt.%
Fe-TiO, measured in dark and in light illumination. The
Nyquist plots are characteristic of an electrode process mix
controlled by charge-transfer and diffusion steps, which is
related to the electrode reactions (Egs. 1, 2, 3, 4, 5, 6, and 7).
It can be seen from Fig. 6 that the impedance of two samples
is all reduced significantly in light illumination compared
with that in dark. The reactions in the electrode are difficult
to take place due to the larger energy barrier in dark [33].
Therefore, TiO, has larger impedance. In light illumination,
the reactions in the electrode take place easily, and thus the
impedance is smaller. Under the same conditions, the doped
sample has smaller impedance than the undoped sample,
suggesting that the iron-doped porous TiO, has better
photocatalytic activity than the undoped TiO,.

Figure 7 shows the Nyquist plots (Fig. 7a) and Bode
plots (Fig. 7b) together with the modeling results with the
equivalent circuit (Fig. 7¢) that reflects an electrode process
mix controlled by charge-transfer and diffusion steps. In
Fig. 7c, Rq is associated with ohmic resistance of the
system, including solution and TiO, resistance. R is the
charge-transfer resistance and Q is the constant-phase
element that reflects the double-layer capacitance on the
porous electrode. W is the Warburg impedance reflecting
diffusion step. As a photocatalyst, TiO, is expected to have
low ohmic resistance and low charge-transfer resistance.
Table 3 presents the ohmic resistance and the charge-
transfer resistance obtained from the fitting.

In the impedance measurements, the distance between
working electrode and reference electrode is the same for
different tests. Therefore, the difference in Ry between
different tests reflects the electronic conductivity of TiO,
samples. It can be seen from Table 3 that R, for 0.01 wt.%
Fe-TiO, is 31 2, smaller than that for pure TiO, (38 (),
indicating that the electronic conductivity of TiO, is
improved due to the doping of iron. On the other hand,
with the doping of iron, R decreases from 41 to 11 K€,
confirming the improved photocatalytic activity of the iron-
doped TiO,.

Effect of the pore size on photocatalytic activity

Three samples with pore size of 850, 580, and 190 nm were
used to determine the effect of the pore size on the
photocatalytic performance. Figure 8 presents the degrada-
tion efficiency of methyl orange on three samples and the

obtained Nyquist plots and corresponding fitting results. It
can be seen from Fig. 8a that the sample with smaller pore
size is more effective for the degradation of methyl orange.
The sample with the pore size of 190 nm exhibits the best
photocatalytic activity. This result can be confirmed by the
electrochemical impedance measurement. Figure 8b
presents the Nyquist plots of three samples under light
illumination together with the modeling results. It can be
found from Fig. 8b that the impedance increases with
increasing pore size of the sample. The ohmic resistance
and charge-transfer resistance obtained by fitting with
equivalent circuit are shown in Table 3. It can be seen
from Table 3 that the pore size affects the charge-transfer
resistance but hardly affects the ohmic resistance of the
samples. The electronic conductivity is an intrinsic property
of the samples which is related to the composition and
crystal structure but the surface morphology of the samples,
therefore the ohmic resistance of the samples with the same
composition and crystal phase is almost the same. The
charge-transfer resistance depends on the real surface area
of the samples, which is related tightly to the surface
morphology of the samples. Three samples have the same
geometrical areas (0.5 cm?), but the sample with smaller
pore size has larger real surface area. Therefore, the sample
with smaller pore size has smaller charge-transfer resistance
that results in high photocatalytic activity of the sample.

Conclusion

We reported a new method for the preparation of arrayed
porous iron-doped TiO, with controllable pore size and iron
content and studied the effect of iron content and pore size
on the photocatalytic activity for the degradation of methyl
orange. In this study, we found that the sample with
0.01 wt.% iron exhibits the best activity. This is because the
Fe** in the sample acts as a mediator of charge transpor-
tation when iron content is low but as a recombination
center when iron content is too high. The sample with
smaller pore size has better activity because of its larger real
surface area.
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