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a b s t r a c t

Titanium dioxide photocatalysts with the interwoven microstrip structure (TiO2 paper) were successfully
synthesized using filter paper as templates. The synthesized samples were characterized by Fourier trans-
form infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), powder X-ray diffraction (XRD),
scanning electron microscopy (SEM) and energy dispersive X-ray fluorescence spectrometer (EDX). The
results demonstrated that the samples with the paper-like structure were fully crystallized, and the pres-
vailable online 4 January 2011
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ence of the filter paper raised the anatase–rutile transformation temperature. Additionally, a detailed
formation mechanism for TiO2 paper is discussed.

© 2011 Elsevier B.V. All rights reserved.
emplate method
aper-like

. Introduction

As the most promising photocatalyst, TiO2 materials are
xpected to play an important role in helping treat the polluted
ater and air because TiO2 is non-toxic, inexpensive, chemically

table, highly photoactive, and easily synthesized [1,2]. However,
iO2 photocatalysis is feasible only for the treatment of wastewater
hat contains contaminants at low to medium pollutant concentra-
ions, because of its relatively low efficiency and the limited flux
f ultraviolet photons [3]. Besides, much research has been car-
ied out into a slurry system (suspension of fine powdered TiO2).
he photocatalysts are dispersive, which might pollute the treated
ater because of the tremendous difficulties in separation and

ecovery [4]. Using supporting substrates can overcome the sep-
ration problem, but the effective surface area of the catalysts will
e decreased, which limits the photocatalytic efficiency [5]. There-
ore, developing a new type of photocatalyst with high activity
nd favorable recycling characteristics is a challenge for practical
pplications. In this regard, various morphological TiO2 photocat-
lysts have been found to show some advantages because of their
igh specific surface area and easiness in operation, recovery and

ecycling [6,7]. These TiO2 materials with the special morphology
such as nanotube [8], leaf-like structure [9], nanowire [10] and
ore–shell structure [6]) have been widely applied in gas sens-
ng [11], solar energy conversion [12], biomedical engineering [13],
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drug carrier [14], chemical catalysis and photocatalytic [15]. So far,
a variety of methods have been used to produce various morpho-
logical TiO2, including electrochemical anodic oxidation [16] and
template-based, atomic layer deposition [17] or liquid phase depo-
sition (LPD) method [18]. Particularly, the template-based method
is considered to be simple and practical and very attractive. The
common template methods have the biological template method
[19], the self-template approach [20], and the sacrificial tem-
plate method [21]. However, reports on filter paper as templates
and TiO2 materials with the paper-like structure (TiO2 paper) are
scanty.

In the present study, the filter paper was applied as the tem-
plate to successfully synthesize TiO2 paper photocatalysts with
the structure of interwoven microstrips. The presence of the filter
paper could improve the crystallinity and raise the anatase–rutile
transformation temperature. And the obtained TiO2 paper could be
conveniently affixed to the glass plate with a special paint to recover
easily. Furthermore, the waste newspaper can also be utilized to
prepare TiO2 paper.

2. Experimental

2.1. Materials and chemicals

The following chemicals were of analytical grade and were used as received

without further purification. Titanium(IV) n-butoxide (TBT), hydrochloric acid, and
absolute ethanol were purchased from Fuchen Chemical Reagents Factory (China).
Titanium dioxide (P25) purchased from Degussa Corporation (Germany) was pre-
dominantly anatase (97% anatase and 3% rutile). Filter paper with alkali treatment
was immersed in ethanol for 8 h. Deionized water was used to prepare all the solu-
tions.

dx.doi.org/10.1016/j.jallcom.2010.12.193
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. Representation of the formati

.2. Synthesis of photocatalysts

The TiO2 paper was prepared by the sol–gel template method. Subsequently,
mL aqueous hydrochloric acid (6 M) was added to a solution of TBT (20 mL) and
nhydrous ethanol (80 mL) under magnetic stirring, and kept at 30 ◦C for 30 min.
he filter paper was immersed in the resulting solution for 2 h at 30 ◦C without stir-
ing and treated ultrasonically for 3 h. This was followed by successively filtering,
ashing in ethanol (2× 10 mL), exposed to the air for 30 min, and then drying at

mbient conditions for 3.5 h at 80 ◦C. The as-synthesized samples (TP0) were cal-
ined at 500 ◦C (TP500), 550 ◦C (TP550), 600 ◦C (TP600), and 670 ◦C (TP670) for 2 h,
espectively. Subsequently, the TiO2 paper was obtained.

The TiO2 powder was prepared as follows: the above filtrated stock was stirred
igorously at 30 ◦C. After turning into a gel, it was dried at 100 ◦C. Subsequently, the
ry gel was ground and calcined at 600 ◦C for 2 h to obtain the TiO2 powder (T600).

.3. Characterization

Fourier transform infrared (FT-IR) spectra on pellets of the samples mixed with
Br were recorded on a Nexus 670 spectrometer (Nicolet, USA) in the range of
00–4000 cm−1 at a resolution of 4 cm−1 to identify the chemical structure of the
ynthesized catalysts. Scanning electron microscopy (SEM) and energy-dispersive
-ray spectroscopy (EDX) were performed on a Hitachi SU-1500 scanning elec-

ron microscope to investigate the morphology and elemental analysis of the
s-synthesized samples. To determine the phase content and crystallinity of the
amples, X-ray diffraction (XRD) patterns were collected on a Rigaku D/Max-ra
iffractometer (Cu K� radiation, � = 0.15418 nm, 2� varied from 20◦ to 80◦) and oper-
ted at 40 kV and 200 mA. Further, to determine changes in the weight in relation
o changes in the temperature, thermogravimetric analysis (TGA) was performed
sing a mode 2950 TGA HR instrument with a heating rate of 1 ◦C/min from 25 to
70 ◦C under a nitrogen atmosphere.

. Results and discussion

.1. Formation of TiO2 paper

The reaction involving the hydrolysis and condensation
etween TBT and the hydroxyl groups from the surface of the mod-

fied paper fiber as follows: (Eqs. (1)–(3)) [22]:

i(OBu)4 + H2O → (BuO)3Ti–OH + Butanol (1)

i(OBu)4 + HO–Fiber → (BuO)3Ti–O–Fiber + Butanol (2)

BuO)3Ti–OH + HO–Fiber → (BuO)3Ti–O–Fiber + H2O (3)

According to the mechanism of hydrolysis and condensation,
he formation pathway of paper-like TiO2 photocatalyst is shown
n Fig. 1. There are abundant hydroxyl groups on the surface of cel-

ulose of the filter paper template. However, the hydrolysis reaction
oes not occur because of the lack of water when the filter paper

s impregnated in a mixture of Ti(OBu)4 and anhydrous ethanol.
hus, there is sufficient time for the formation of the hydrogen
ond between Ti(OBu)4 and the hydroxyl groups on the surface of
TiO2 paper composed of microstrips.

the filter paper. As a result, Ti(OBu)4 absorbed on the fiber surface
can easily react with water from the solution or the air to produce
Ti(OH)4. This results in the hydrogen bonding formation between
Ti(OH)4 and the hydroxyl groups on the filter surface. Simultane-
ously, Ti(OH)4 molecules are joined to each other by the hydrogen
bond. Thereby, the filter paper fibers are coated by the gel. After
condensation, a gel layer appears on the fiber surface. In the cal-
cination process of the gel-coated fibers at high temperature, the
produced gas flow needs to release and rip should be TiO2 micro-
tubules to produce the TiO2 microstrips [23].

The SEM overview of TP600 was similar to the texture of the filter
paper (not shown), as shown in Fig. 2e. Further, it could be observed
that TP600 was composed of interwoven TiO2 microstrips (Fig. 2c).
The width and thickness of the microstrip are around 10 �m and
less than 1 �m, respectively. The surface of TiO2 microstrips is
rough, which corresponds to the surface morphology of the paper
fibers (Fig. 2f). The morphology of TP500, TP550 and TP600 are sim-
ilar. But the temperature raises to 670 ◦C, the crack of the TiO2
microstrip is apparent (Fig. 2d).

The EDX spectrum in Fig. 3 reveals that the major elements in the
TP600 paper are titanium and oxygen. Carbon was removed from the
solvent and the filter paper in the process of calcination. However,
a little nitrogen element was found to exist, which existed in the
residues of the filter paper ash.

3.2. FT-IR spectra

FT-IR spectra were applied to identify the chemical structure of
synthesized crystals, as well as study the crystal surface chemistry.
In Fig. 4a, the sample TP0 displays a strong and broad composite
absorption of 2800–3600 cm−1 and 2924 cm−1, wherein the former
is associated with the structure or surface hydroxyl groups (includ-
ing the strongly bound water fibers and titanol [24]) and –OH
groups from the adsorbed solvents (ethanol and water), while the
latter corresponds to the –CH3 group [25]. The peak at 1632 cm−1

relates to the H–O–H bending vibration. However, the intensi-
ties of these absorption bands in Fig. 4b–e reduce substantially,
thereby indicating that the filter paper template and most of the
organic groups have been removed by the pyrolytic calcination.
Low-frequency bands in the range of 900–400 cm−1 correspond to
the Ti–O–Ti vibration of the mineral network, evidencing partial

condensation in TP0 (Fig. 4a). In the spectra of TP500, the inten-
sity of this large band (900–400 cm−1) is enhanced upon thermal
treatment. However, the intensities of the bands in Fig. 4b–e show
an insignificant improvement with a further increase in the calci-
nation temperature. This implies that the Ti–O–Ti bond is already
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phase to the octahedrite crystal [29], and decomposition of the fil-
ter paper template. It can be deduced that this overlap could have
Fig. 2. SEM images of TP500 (a), TP550 (b), TP600

ormed in the samples calcined at 500 ◦C. Obviously, TP500 and
P600 have more surface-absorbed water and hydroxyl groups than
hose of P25. This can be attributed to a larger surface area of the
iO2 paper as Ti ions are more effective in absorbing water [26].
owever, further research is required to confirm the relationship
etween the surface area of the TiO2 paper and the photocatalytic
fficiency.

.3. TGA investigation
Thermogravimetric analysis (TGA) was performed on the filter
aper and TP0 to evaluate the effect of the filter paper template on
he formation of the TiO2 paper and determine its removal temper-
ture. In Fig. 5b, 5% mass less at temperature lower than 120 ◦C is

Fig. 3. EDX spectrum of TP600 paper.
e), TP670 (d) and an individual paper fiber (f).

owing to the volatility of the species (vaporization of water, elimi-
nation of the organic residue, and/or HCl) in TP0. With an increase
in the temperature there is less weight loss at 120–260 ◦C, cor-
responding to the condensation of the hydroxyl groups linked to
titanium [27]. In comparison to Fig. 5a, the obvious weight loss in
Fig. 5b in the temperature range 260–650 ◦C is attributed to the
overlap of three processes, such as condensation of the hydroxyl
groups linked to titanium [28], crystallization from the amorphous
an effect on the crystallization. In the DTGA curve of Fig. 5b, the
downward peak at 260–350 ◦C is sharper than that in Fig. 5a, indi-
cating that TP0 has been rapidly decomposed. Meanwhile, besides

Fig. 4. FT-IR spectra of the samples obtained: TP0 (a), TP500 (b), TP550 (c), TP600 (d),
TP670 (e) and P25 (f).
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Fig. 5. TGA/DTGA curves of the filter paper (a

he residues of the filter paper, the new materials have already
tarted to form.

.4. Crystal structure

The phase composition and crystallinity of the synthesized cata-
ysts were examined by X-ray diffraction characterization. The XRD
atterns of TP500, TP550, TP600, TP670, and T600 are illustrated in
ig. 6. Anatase (JCPDS, No. 21-1272) is the alone phase composition
n TP500, as evident by the diffraction peaks at the lattice parameters
f 3.51 (1 0 1), 2.33 (1 1 2), 1.88 (2 0 0), 1.66 (2 1 1), 1.48 (2 0 4), 1.34
2 2 0), and 1.26 (2 1 5). The presence of weak and board diffraction
eaks also suggests the limited crystallization of TP500 (Fig. 6a). It
an be seen that with raising calcination temperature from 500 to
70 ◦C, the diffraction peaks of anatase (Fig. 6a–d) become narrower
nd sharper. These changes indicate that the degree of crystallinity
s enhanced. In the XRD spectrum of TP600, the lattice parameter
f 3.24 (1 1 0) (JCPDS, No. 21-1276) is identified. Thus, it is con-
luded that rutile have started to form around 600 ◦C and a certain
mount of anatase transforms to rutile in TP600. In Fig. 6d, it can
e observed that the rutile characteristic peaks are of a greater

ntensity at 670 ◦C, particularly in the (1 1 0) lattice plane. However,
natase with high crystallinity is still the dominant phase. At the

ame calcination temperature of 600 ◦C, TP600 and T600 show the
o-existence of anatase and rutile. However, the rutile peak (1 1 0)
or T600 was higher than the anatase peak (1 0 1) in Fig. 6e, thereby
ndicating that rutile for T600 is the dominant phase. In comparison

ig. 6. XRD patterns of the synthesized samples: TP500 (a), TP550 (b), TP600 (c), TP670

d) and T600 (e).
P0 (b) at a heating rate of 1 ◦C/min under N2.

to TP600, the only difference was that there is no the filter paper
template in the synthesis process of T600. The apparent changes in
the phase content could be owing to the presence of the filter paper
template.

The phase content of a sample can be calculated from the inte-
grated intensities of the anatase and rutile peaks. If a sample
contains only anatase and rutile, the weight fraction of rutile (WR)
can be calculated from Eq. (4) [30]:

WR = AR

0.8844AA + AR
(4)

where AA represents the integrated intensity of the anatase (1 0 1)
peak, and AR represents the integrated intensity of the rutile (1 1 0)
peak. The weight percentage of the anatase and rutile phase for the
samples is calculated by comparing the XRD integrated intensities
of (1 0 1) reflection of anatase and (1 1 0) reflection of rutile. It can
be seen in Table 1 that T600 without using the filter paper template
had a more rutile phase in comparison to TP600 at the same calcina-
tion temperature. The reason for the increase in the anatase–rutile
transformation temperature can be attributed to three factors: (a)
the pyrolysis temperature of fibers (280–500 ◦C as shown in Fig. 5a)
and the anatase formation temperature (247–327 ◦C) [31] overlap.
The fiber pyrolysis is endothermic reaction which can reduce the
heating rate and maintain longer time in the amorphous–anatase
temperature rang. This is beneficial to the anatase growth and
improves the anatase stability to the high temperature; (b) the high
melting point materials existing in the filter paper might restrict
the anatase-rutile transformation [32]; (c) the hydroxyl groups on
the surface of fiber can chelate with titanium, implying that this
interaction may hinder the titanium rearrangement and raise the
anatase-rutile transformation temperature [33,34].

The photocatalytic activities of the samples were tested for the
photodegradation of methyl orange under UV-light irradiation. The
obtained results reveal that TP600 shows the highest activity. It is
widely accepted that the mixed phase of titania is beneficial in

reducing the recombination of the photogenerated electrons and
holes, resulting in an enhancement of the photocatalytic activity.
It was observed that the anatase/rutile mixed phase showed a syn-
ergistic effect in enhancing the photocatalytic activity [35]. The
presence of too little or too much rutile is not beneficial to the pho-

Table 1
Summary of the phase content of the samples.

Photocatalysts Anatase (%) Rutile (%) A/R ratio(w/w)

TP500 100 0 100/0
TP550 100 0 100/0
TP600 91 9 10/1
TP670 81 19 10/2.46
T600 27 73 10/27.04
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ocatalytic activity [36]. Consequently, the optimum proportion of
natase and rutile was found to be about 10:1 in the conducted
xperiments.

. Conclusions

In summary, the filter paper, a facile and cheap template, has
een used in the present study to prepare the TiO2 paper com-
osed of interwoven TiO2 microstrips of around 10 �m width and

ess than 1 �m thickness. By varying the calcination temperature,
iO2 paper with different anatase/rutile ratios were obtained. The
xperimental data led to the proposal that the presence of the filter
aper can improve the crystallinity and is beneficial to the forma-
ion of the TiO2 special morphology. The above mentioned method
s simple and can be extended to the preparation of other novel

icrostructures and their functionalized derivatives. TP600 with
0:1 (anatase/rutile) can be applied to air purification, water purifi-
ation, and especially the decomposition of organic contamination
n the aid of ultraviolet light. Some extensive researches have been
one to prepare the TiO2 microtubules using the filter paper as
emplates.
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