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Fe,F co-doped TiO, nanotubes (Fe,F/TiO, NTs) were synthesised by the combination of hydrothermal process and impregnation method.
The structure and composition of prepared catalysts were investigated by X-ray diffraction (XRD), transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS). XRD results confirmed only the presence of the anatase phase in Fe,F/TiO, NTs.
Well-defined TiO, NTs with nearly uniform diameters could be seen from the TEM images. Also, the high-resolution XPS spectra of
Fe 2P and F 1s showed that Fe** and F~ existed in TiO, lattice and on the surface of TiO,, respectively. The photocatalytic performances
of Fe/TiO, NTs and Fe ,F/TiO, NTs with different Fe concentrations were evaluated by photo-degrading aqueous methyl orange under
visible light irradiation, and the results showed that the photoactivity of Fe and F co-doped TiO, NTs was enhanced obviously compared
with Fe mono-doped TiO, NTs and the 0.5% Fe,F/TiO, NTs presented the best photocatalytic performance.

1. Introduction: Since titanate nanotubes (NTs) fabricated through
the hydrothermal process were reported by Kasuga [1], a number of
research studies have focused on the characterisation and
modification of this kind of NT owing to its special shape, size
confinement effect in the radial-direction and larger specific
surface area [2-4]. However, the practical application of TiO,,
as a semiconductor, is limited because of its low photocatalytic
efficiency. Doping with appropriate transitional metals and
non-metals have been attempted to enhance its photocatalytic
performance [5-9].

More recently, ion co-doping becomes a prospective strategy to
further improve the photocatalytic efficiency of TiO,. This property
can be due to the synergetic action of ion co-doping [10]. Shen ef al.
have prepared N and Fe co-doped titania photocatalysts by a sol-gel
method which exhibited significantly enhanced photocatalytic
activity for the degradation of metal oxide (MO) in comparison
with the commercial TiO, (Degussa P25) [11]. Yang et al. have
synthesised F and N co-doped titania nanocrystals with higher
photocatalytic performance partly due to the synergetic effect of
F and N co-doping [12]. As has been reported, fluorine or ferrum
mono-doping can improve the photocatalytic performance of
TiO, [5, 6, 9]. Therefore, it is essential to prepare tubular TiO,
photocatalysts co-doped with F and Fe and investigate their photo-
catalytic activity, to the best of our knowledge, which has been few
reported up to now.

In this Letter, Fe,F co-doped TiO, NTs (Fe,F/TiO, NTs) were
prepared by the impregnation method using Fe/TiO, NTs as precur-
sors, which were synthesised by the combination of the sol-gel
process and hydrothermal treatment. The Fe,F/TiO, NTs were
characterised by X-ray diffraction (XRD), transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS).
The photocatalytic performances of Fe/TiO, NTs and Fe,F/TiO,
NTs with different Fe content under visible-light irradiation were
evaluated by the degradation of methyl orange.

2. Experimental: All the reagents were of analytical grade and
used without any further purification.

2.1. Preparation of Fe,F/TiO, NTs: The Fe-doped TiO, powder
was prepared by the sol-gel method using tetrabutyl titanate as a
titanium source and ferric nitrate as the dopant. Under continuous
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stirring, an ethanol solution of tetrabutyl titanate was added
dropwise to the ethanol solution of ferric nitrate. After the
mixture was hydrolysed at room temperature for 2 h under strong
stirring, the transparent sol was obtained. When the sol was aged
for 12 h at room temperature, the gel was obtained. The resulting
gel was dried at 80°C for 12 h to remove the solvents and then
calcined at 500°C in air for 3h to obtain Fe-doped TiO,
nanoparticles. Then, Fe-doped TiO, NTs were synthesised by a
hydrothermal method [1]. 1 g Fe-doped TiO, nanoparticles and
50 ml 10 mol/l NaOH solution were mixed in a Teflon vessel,
being kept at 150°C for 12 h. 0.1 mol/l HNOj; solution and
distilled water were used in turn to wash the obtained materials.
Also, Fe-doped TiO, NTs were obtained after drying at 80°C
overnight. The doping concentrations of Fe are expressed as wt.%.

Fe,F/TiO, NTs were synthesised by the impregnation treatment.
Fe/TiO, NTs were immersed into an aqueous NH4F solution for
24h and the NTs were doped with fluorine. The obtained
powders were centrifuged and dried in air at 80°C for 12 h.
Then the powders were calcined at 300°C for 2 h.

2.2. Samples characterisation: The powder XRD experiments were
performed at room temperature by using a Rigaku D/Max-2500
X-ray diffractometer (Cu Ko A=0.154 nm) to identify the crystal
phase of samples. A Philips T20ST transmission electron
microscope working at 200 kV was used to obtain the TEM
images. The composition of Fe,F/TiO, NTs at the surface was
characterised by XPS with an Al X-ray source (Al Ko-150 W,
Kratos Axis Ultra DLD).

2.3. Photoactivity measurement: The photocatalytic activity of the
as-prepared catalysts under visible irradiation was evaluated by
the residual ratio of methyl orange (10 mg/l) in an aqueous
solution (100 ml) including 50 mg of sample. After being
ultrasonically dispersed for 30 min in the dark, the reaction
mixture was irradiated through a 300 W high-pressure mercury
lamp with a 420 nm cutoff filter to remove the ultraviolet (UV)
lights. The suspension was withdrawn and centrifuged after 3 h of
irradiation. The obtained solution was then measured to check the
residual concentration of methyl orange through a UV-visible
(vis) spectrophotometer (TU-1901) at the wavelength of 464 nm.
The results were corrected based on the decomposition of methyl
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orange in the absence of a catalyst and the adsorption of methyl
orange in the presence of catalysts.

3. Results and discussion: XRD analyses were performed to
identify crystal phases of the prepared catalysts. Fig. 1 shows the
XRD patterns of 0.5% Fe/TiO, NTs and 0.5% Fe,F/TiO, NTs.
It could be observed that the diffraction peaks at 25.3°, 37.8°,
48.0°, 53.9°, 55.1°, 62.7°, 68.8°, 70.3°, and 75.0° in the two
samples corresponded well to (101), (004), (200), (105), (211),
(204), (116), (220), and (215) Ilattice planes of anatase
TiO,(JCPDS Card No. 21-1272), indicating no influence on the
phase of TiO, by the introduction of F and Fe species [13]. Also,
no typical reflections of F or Fe, F containing phases were
observed in Fe,F/TiO, NTs, indicating that ferrum and fluorine
were well-dispersed in TiO, or the changes for TiO, were too
minor to be detected by XRD [14]. In comparison with Fe/TiO,
NTs, the diffraction peaks of Fe,F/TiO, NTs clearly weakened
and slightly broadened, indicating that the growth of TiO,
crystallite was restrained after the introduction of F ions [15].

Fig. 2 shows TEM images of 0.5% Fe,F/TiO, NTs. It could be
observed from Fig. 2 that the well-defined NTs constructed
during the hydrothermal process [4, 16] were hollow and open-
ended (see the small black circles in Fig. 2b), which were more
than 100 nm in length with nearly uniform diameters. Also, the
average outer and inner diameters of the Fe,F/TiO, NTs were
about 10 and 2 nm, respectively.

To reveal the states of the co-doped F and Fe, 0.5% Fe,F/TiO,
NTs were analysed by XPS. Fig. 3 shows its XPS survey spectra
and the relevant elements’ high-resolution XPS spectra. It could
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Fig. 1 XRD patterns of
a 0.5% Fe/TiO, NTs
b 0.5% Fe,F/TiO, NTs
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Fig. 2 TEM images of 0.5% Fe,F/TiO; NTs
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Fig. 3 XPS survey spectra and high-resolution XPS spectra of 0.5%
Fe,F/TiO, NTs
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be seen from Fig. 3a that the prepared sample included Ti, O, F,
and C elements. The peak centreed at 285.8 eV belonged to C 1s,
which may be the result of the adventitious hydrocarbon from
XPS itself. Nevertheless, the typical peaks of Fe were not notice-
ably observed possibly due to the small Fe amount. Even though,
the high-resolution XPS spectrum of Fe 2p could give the relevant
information of its chemical states (Fig. 3b). It could be seen from
Fig. 3b that the peaks at 709.2 and 723.3 eV corresponded to the
binding energies of Fe 2p;,, and Fe 2p,,, respectively, indicating
the presence of Fe** in TiO, lattice [14, 17]. The peak at
7143 eV indicated the presence of Fe®", which was detected
possibly because of the photocatalytic reduction from Fe** to
Fe*" during XPS measurement in vacuum [18].

The high-resolution XPS spectrum of F 1s (Fig. 3¢) showed that
the peak at 684.6 eV belonged to F adsorbed on TiO,, which
originated from the surface fluoride (=Ti-—F) due to the ligand
exchange between F~ and a hydroxyl group on the surface of
TiO, [19]. Moreover, no noticeable sign of F ions (688 eV) in the
lattice was found.

To evaluate the effect of Fe and F co-doping, a set of experiments
were performed through the photodegradation of aqueous methyl
orange under visible light irradiation. Fig. 4 shows the UV-vis

0.8+

MO 10 mg/L
after dark abs 0.5 h
visible lightir 3 h

=
o
I

absorbance
o
T

0.24

004 —

wavelength, nm

Fig. 4 UV-vis spectra of 10 mg/l MO solution before and after visible-light
irradiation in the presence of 0.5% Fe,F/TiO, NTs
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Table 1 Effect of Fe concentration on the degradation rate of MO by Fe/TiO, NTs and Fe,F/TiO, NTs, respectively

Samples 0.25% 0.5% 0.75% 0.25% 0.5% 0.75%
Fe/Ti0, NTs Fe/TiO, NTs Fe/TiO, NTs Fe F/TiO, NTs Fe ,F/TiO, NTs Fe F/TiO, NTs
mean degradation rate (%, n=3) 35 67 34 82 91 85
spectra of MO solution before and after visible-light irradiation in [3] Bavykin D.V., Walsh F.C.: ‘Elongated titanate nanostructures and
the presence of 0.5% Fe,F/TiO, NTs. The characteristic absorption their applications’, Eur. J. Inorg. Chem., 2009, 8, pp. 977-997
band of MO at 464 nm decreased slightly after the MO solution was [4] YaoB.D, Chan, Y.F., Zhang X.Y., £r 4L.: “Formation mechanism of
kept in the dark for 0.5 h (the red line in Fig. 4) and then decreased TIO? nanotubes’, 4ppl Phy;. Lett., 2003, 82, (2)3 Pp- 2817283. .

. .. . . . [S] Navio J.A., Testa J.J., Djedjeian P., £r 4r.: ‘Iron-doped titania
obviously after visible light irradiation, and the absorbapce .va.lue powders prepared by a sol—gel method: part II: photocatalytic proper-
at the wavelength of 464 nm was close to 0 after 3 h irradiation ties’, Appl. Catal. A, 1999, 178, (2), pp. 191-203
(the green line in Fig. 4), indicating that MO has almost been [6] Hussain S.T., Siddiga A., Siddiq M., er 4r.: ‘Tron-doped titanium
degraded completely. Table 1 summarises the effect of Fe concen- dioxide nanotubes: a study of electrical, optical, and magnetic prop-
tration on the degradation rate of MO by Fe/TiO, NTs and Fe, erties’, J. Nanopart. Res., 2011, 13, (12), pp. 6517-6525
F/TiO, NTs, respectively. It could be seen that compared with [7]1 Natarajan T.S., Natarajan K., Bajaj H.C., £7.4..: ‘Enhanced photocata-
pure TiO, NTs, whose degradation rate was nearly 0 under ¥ytic .ac'tivity of bismuth-doped TiO, qanotubes }mder direct sunlight
visible light irradiation, both Fe/TiO, NTs and Fe,F/TiO, NTs pre- radiation for degradation of thodamine B dye”, . Nanopart. Res.
sented ephanced photocatalytic activityl and the Fe concentrat.ion 8] Ai H’.Y.,,Sp}ﬂ J.W., Chen J.W., 57 4z.: “The preparation of nitrogen-
had obvious effects on the photocatalytic performance of Fe/TiO, doped TiO, nanocrystals with exposed {001} facets and their visible-
NTs and Fe,F/TiO, NTs. When Fe concentration was 0.5%, these light photocatalytic performances’, Chin. Sci. Bull., 2014, 59, (18),
two photocatalysts achieved the highest photoactivity, which was pp- 2199-2207
attributed to the appropriate amount of Fe*", leading to the forma- [9] Jiang 1J., Long M.C., Wu D.Y., £7 4. “Preparation of F-modified
tion of Fe?" and Fe*' ions by trapping both electron and hole and nanosized TiO, and its methyl orange photodegradation mechanism’,
then su ino th binati £ ch - H Acta Phys. Chim. Sin., 2011, 27, (5), pp. 1149-1156

ppressing the recombination of charge carriers. However, X .
3+ . . S [10] Yu C.L., Yu J.C.: ‘A simple way to prepare C—N-codoped TiO,
when the amount of Fe’" continued to increase, it might become . .. . E
.. photocatalyst with visible-light activity’, Catal. Lett., 2009, 129,
the recombination centres of the photogenerated electron—hole pp. 462-470
pairs and reduce the photocatalytic performance [14, 20]. It also [11] Shen X.Z., Guo J., Liu Z.C., £r 4r.: ‘Visible-light-driven titania
could be observed from Table 1 that the photocatalytic performance photocatalyst co-doped with nitrogen and ferrum’, Appl. Surf. Sci.,
of Fe and F co-doped TiO, NTs was obviously superior to that of Fe 2008, 254, (15), pp. 4726-4731
mono-doped TiO, NTs, which might be attributed to the fact that [12] Yang G.D., Wang T., Yang B.L., £7 41.: “Enhanced visible-light ac-
the surface doped-F on TiO, promoted the formation of movable tvity of F-N co-doped TiO, qan?crystals via nonmetal impurity,
free -OH radicals formed by photogenerated holes and then decom- ;qu) 131?1? 4221nd oxygen vacancies’, Appl. Surf. Sci, 2013, 287,
P(?Sed the organic substances [21] The?efor.e, the. maxlmum deg}‘ad- [13] LiuY.D.,ZhouS.J.,, Yang F., 7 4L.: ‘Degradation of phenol in indus-
ation rate of 91% after 3 h of visible-light irradiation was obtained trial wastewater over the F~Fe/TiO, photocatalysts under visible light
when the doped Fe content was 0.5% in Fe,F/TiO, NTs. illumination’, Chinese. J. Chem. Eng., 2016, 24, pp. 1712-1718
[14] Sood S., Umar A., Mehta S.K., £r 4L.: ‘Highly effective Fe-doped
4. Conclusion: Fe,F/TiO, NTs were synthesised by the combin- TiO, nanoparticles photocatalysts for visible light driven photocata-
ation of hydrothermal treatment and impregnation method. lyt.ic degradation of toxic organic compounds’, J. Colloid. Interf.
Fe,F/TiO, NTs possessed only the anatase phase. The well-defined Sci., 2015, 450, pp. 213-223 . ) ) )
NTs with nearly uniform diameters were hollow and open-ended. [15] Wang J, Z}.lu L.Y., Meng Q.M.. “Preparation of F(?*F/Tloz micro-
Y . . . . . P sphere and its photodegradation mechanism for partially hydrolyzed
The doped ferrum and ﬂuorme existed in TiO, latthﬁ and on the polyacrylamide’, Acta Mater. Compos. Sin., 2017, 34, (6),
surface of TiO,, respectively. When the amount of Fe”" was appro- pp. 1367-1373
priate, the recombination of photo-induced carriers could be [16] Kukovecz A., Hodos M., Horvath E., £74z.: ‘Oriented crystal growth
inhibited, and 0.5% Fe,F/TiO, NTs presented the highest photoac- model explains the formation of titania nanotubes’, J. Phys. Chem. B,
tivity, which was enhanced obviously compared with 0.5% Fe/TiO, 2005, 109, (38), pp. 1778117783 .
NTs. Due to the high-photocatalytic performance of Fe,F/TiO, [17] Ya;?a?hlta T., Hayes P. fAn’alyms of XPS spectra of Fe" and
NTs, the preparation of TiO, NTs co-doped with other ions will g ; 5 A:Z?Szﬁgomde materials’, Appl. Surf. Sci., 2008, 254, (8),
be continued. [18] Xing M.Y., Wu Y.M., Zhang J.L., 7 4L.: ‘Effect of synergy on the
. . visible light activity of B, N and Fe co-doped TiO, for the degrad-
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Natural Science Foundation (21407086) and the Doctor Fund of [19] Park H., Choi W.: ‘Effects of TiO, surface fluorination on photocata-
Qingdao Agricultural University (63311330 and 63311203). lytic reactions and photoelectrochemical behaviors’, J. Phys. Chem.
B, 2004, 108, (13), pp. 40864093
6 References [20] Zhang Y.H., Lv F.Z., Wu T., £r 4L.: ‘F and Fe co-doped TiO, with

[1] Kasuga T., Hiramatsu M., Hoson A., Er 4L.: ‘Formation of titanium
oxide nanotube’, Langmuir, 1998, 14, (12), pp. 3160-3163

[2] Kuchibhatla S.V.N.T., Karakoti A.S., Bera D., Er 4L.: ‘One dimen-
sional nanostructured materials’, Prog. Mater. Sci., 2007, 52, (5),
pp. 699-913

68
© The Institution of Engineering and Technology 2018

[21]

enhanced visible light photocatalytic activity’, J. Sol-Gel. Sci.
Technol., 2011, 59, pp. 387-391

Wang X.F., Yu R., Wang P., £r 4..: ‘Co-modification of F~ and
Fe(Ill) ions as a facile strategy towards effective separation of
photogenerated electrons and holes’, Appl. Surf. Sci., 2015, 351,
pp. 66-73

Micro & Nano Letters, 2019, Vol. 14, Iss. 1, pp. 66-68
doi: 10.1049/mnl.2018.5318



	1. Introduction
	2. Experimental
	3. Results and discussion
	4. Conclusion
	5 Acknowledgments

