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The  Ag/TiO2 nanobelt  heterostructures  were  prepared  by  the  acid-assisted  hydrothermal  method  fol-
lowed  by  an  in  situ  photo-reduction  process.  The  photocatalytic  activity  of  TiO2 nanobelts  was  evidently
enhanced  by  the  heterostructures  between  Ag nanoparticles  and TiO2 nanobelts.  The  nanopapers  based
on  Ag/TiO2 nanobelt  heterostructures  were  fabricated  via  a  modified  paper-making  process.  A  novel con-
tinuous  photocatalytic  reactor  was  designed,  and  MO  removal  rate  of Ag/C–TiO2 nanopaper  was  achieved
eywords:
iO2 nanobelts
eterostructures
anopapers
ontinuous photocatalysis
ntibacterial property

to  100%  in  40  min  for single  layer  and  only  in  6  min  for  three  layers.  The  self-supported  TiO2 nanopapers
with  porous  structures  also  showed  an  excellent  continuous  photocatalytic  performance  for  toluene  gas
under UV  light  irradiation,  and the corresponding  degradation  rate  was  69.5%  in 184  min.  Moreover,  the
Ag/TiO2 nanobelts  nanopaper  showed  a good  antibacterial  effect.  The  multifunctional  TiO2 nanopapers
modified  by  the  heterostuctures  could  have  potential  applications  in  the  environmental  and  biomaterial
fields.

Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.
. Introduction

Titanium dioxide (TiO2) has been intensively investigated as a
emiconductor photocatalyst since Fujishima and Honda discov-
red the photocatalytic splitting of water on TiO2 electrodes in 1972
1]. Many studies have shown the association between environ-

ental quality and health problems. In addition, bacteria and fungi
an also be disseminated from contaminated water and air to affect
uman health. Recently, the application of TiO2 photocatalysts has
ainly been focused on the decomposition of toxic and hazardous

rganic pollutants in the contaminated water and air, which is of
reat importance for the environmental protection [2–5]. In partic-
lar, a commercial TiO2 polycrystalline nanopowder, Degussa P-25,

 mixture of anatase (80%) and rutile (20%), has exhibited enhanced
hotocatalytic activity, which is the most widely used photocata-

yst in wastewater treatment. However, the separation of nanosized

hotocatalyst particles from wastewater and their recycling are dif-
cult and uneconomical due to the small particle size. To resolve
he problem, various methods, such as immobilization of TiO2

∗ Corresponding author. Tel.: +86 0531 88362807.
E-mail addresses: hongliu@sdu.edu.cn (H. Liu), jywang@icm.sdu.edu.cn

J. Wang).

304-3894/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2011.09.051
particles on substrates (optical fibers, silica particles, etc.) have
been widely investigated [6–9]. However, the low loaded capacity,
the limited surface area and catalyst attrition are main drawbacks.

One-dimensional TiO2 nanomaterials have properties that com-
pare with TiO2 nanoparticles but possess a high surface-to-volume
ratio, rapid diffusion-free electron transport along the long direc-
tion, and the low number of grain boundaries. Kasuga et al. first
discovered the alkaline hydrothermal route for synthesis of tita-
nium oxide with a tubular shape, which attracts a great deal of
interest [10]. In particular, TiO2 nanobelts with a large aspect ratio
can be separated easily from wastewater, which overcomes the
recycling drawbacks. Although the notable advances have been
made, the high recombination rate of the photogenerated elec-
tron/hole pairs and less active surface sites hinder TiO2 nanobelts
further applications in industry. Numerous studies have suggested
that the deposition of Ag nanoparticles (AgNPs) on TiO2 photo-
catalyst can highly improve its photocatalytic efficiency through
the Schottky barrier conduction band electron trapping and conse-
quent longer electron-hole pair lifetime [11–13].

Based on the above technologies, TiO2 nanobelts with a high

photocatalytic activity in the batch were obtained in the paper.
However, it is also an intermittent photocatalytic reaction, and
the recovery of the catalyst will increase the costs of equipment
and production. So, large scale-fabrication of TiO2 nanobelts with a

ghts reserved.
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igh catalytic activity into paper-like 2D freestanding membranes
nd the corresponding continuous-flow photocatalysis are urgent
o be solved [14–16]. Herein, we report a method to improve the
hotocatalytic activity of TiO2 nanobelts by acid corrosion then

oading AgNPs. The TiO2 paper-like 2D freestanding membranes
ere fabricated by a modified paper-making process. A highly

fficient TiO2 nanopaper-based continuous-flow microreactor was
esigned, which was used for continuous photocatalytic treatment
f methyl orange aqueous solution and toluene gas pollutants. The
ntibacterial performance of TiO2 nanopaper loaded with AgNPs
as also tested.

. Experimental

.1. Materials

Titania P-25 (TiO2; ca. 80% anatase and 20% rutile), sodium
ydroxide (NaOH), hydrochloric acid (HCl), sulfuric acid (H2SO4),
nd silver nitrate (AgNO3) were purchased from China National
edicines Corporation Ltd. All chemicals were analytical grade
ithout further purification. Deionized water was used throughout

his study.

.2. Preparation of photocatalysts

.2.1. TiO2 nanobelts
Titanate nanobelts were synthesized by the hydrothermal pro-

ess in concentrated NaOH aqueous solution. A commercial Titania
-25 was used as the precursor, and a typical synthesis process
s shown as follows: 1 g precursor was mixed with 80 mL  of 10 M
aOH aqueous solution, followed by hydrothermal treatment at
80 ◦C in a 100 mL  Teflon-lined autoclave for 48 h. The treated
owder was washed thoroughly with deionized water followed
y a filtration and drying process. The sodium titanate nanobelts
ere obtained. These were immersed in 0.1 M HCl aqueous solu-

ion for 24 h and then washed thoroughly with water to get H2Ti3O7
anobelts. After the H2Ti3O7 nanobelts were isolated from the
olution by centrifugation and sequentially washed with deionized
ater for several times, they were dried at 70 ◦C for 10 h. Finally,

iO2 nanobelts were obtained by annealing the H2Ti3O7 nanobelts
t 600 ◦C for 2 h.

.2.2. TiO2 nanobelts with acid corrosion
After the obtained H-titanate nanobelts were added into a

00 mL  Teflon vessel, 0.02 M H2SO4 aqueous solution was filled up
o 80% of the total volume of the vessel, which was kept at 100 ◦C for
2 h. Then the products were isolated from the solution by centrifu-
ation and sequentially washed with deionized water for several
imes, and then dried at 70 ◦C for 10 h. By annealing the hydrogen
itanate obtained by acid corrosion at 600 ◦C for 2 h, anatase TiO2
anobelts with rough surface were obtained, which was  expressed
s C–TiO2 nanobelts.

.2.3. Ag/C–TiO2 nanobelt heterostructure
Ag/C–TiO2 nanobelt heterostructures were prepared by the

hoto-reduction method based on C–TiO2 nanobelts. Briefly, after
.5 g AgNO3 was dissolved in 50 mL  ethanol solution, 0.5 g TiO2
anobelt was added in it. The obtained mixing solution was illu-
inated with a 20 W ultraviolet lamp for 1 min  under magnetic

gitation. After illumination, the product was thoroughly washed
ith distilled water and dried at room temperature, which was

xpressed as Ag/C–TiO2 nanobelts.
.2.4. TiO2 freestanding nanopapers
TiO2 nanobelt-based nanopapers were fabricated by a modi-

ed paper-making process referred to literatures [14,15]. Briefly,
s Materials 197 (2011) 19– 25

1 g TiO2 nanobelts without any surfactants were dispersed in 1L
distilled water under magnetic stirring, followed by filtering the
resultant pulp on a sub-microporous filter paper (pore size of
0.22 �m)  surface through a vacuum-filter (SHB-III, Hi-tech Instru-
ment BritishYu Gongyi City, and the vacuum is 0.1 Mpa) with
ceramic filter (pore size of 0.45 �m).  TiO2 nanopapers were fab-
ricated by compacting under 0.1 Mpa  pressure and drying the wet
TiO2 sheet at 70 ◦C for 24 h. The C–TiO2 and Ag/C–TiO2 nanopapers
were fabricated by the same process.

2.3. Characterization of catalysts

X-ray powder diffraction (XRD) pattern of catalysts were
recorded on a Bruke D8 Advance powder X-ray diffractometer
with Cu K� (� = 0.15406 nm). HITACHI S-4800 field emission scan-
ning electron microscope (FE-SEM) was  used to characterize the
morphologies and size of the synthesized samples. The chemical
composition was  investigated via energy-dispersive X-ray spec-
troscopy (EDX). High resolution transmission electron microscopy
(HRTEM) images were carried out with a JOEL JEM 2100 micro-
scope.

2.3.1. Batch and continuous-flow photocatalytic reaction
Methyl orange (MO) was selected as the model chemical to eval-

uate the activity and properties of the different photocatalysts. In
a typical experiment, 20 mL  aqueous suspensions of MO  (25 mg/L)
and 20 mg  of photocatalyst powders were placed in a 50 mL  beaker.
Prior to irradiation, the suspensions were magnetically stirred in
the dark for 60 min  to establish adsorption/desorption equilibrium
between the dye and the surface of the catalyst under room air equi-
librated conditions. A 300 W lamp with main emission at 365 nm
was used as the UV resource for UV light photocatalysis. At the
given irradiation time intervals, the mixed solution were collected
and centrifuged to remove the catalyst particulates for analysis.
The residual MO concentration was  detected using a UV–vis spec-
trophotometer (Hitachi UV-3100).

The schematic diagram of the continuous photocatalytic
microreactor and system was shown in Fig. 1. The device consists
of built-in UV lamp (1), quartz tube (2), porous glass funnel (3),
anti-UV glass tube (5) and cap (6). UV lamp (1) is vertically placed
in the inner quartz tube (2) of the reactor. A power cord (9) exits
from the top side of the cover. Quartz tube cap covers on the outside
of UV lamp for protection from corrosion of liquid or air pollution,
and quartz glass does not block the UV radiation. Porous funnels
were installed on the outside of the quartz tube (2), which can be
adjusted according to different requirements. The angle between
porous funnel wall and the quartz tube is 30 degrees, which makes
the catalyst papers fully accept UV irradiation. The session numbers
of porous funnel and pore volume and diameter of funnel walls can
be changed as required to control the filtration rate. Here, the height
of a single funnel is 5 cm,  and the volume is 100 cm3. Porous TiO2
nanobelt-based filter papers (4) placed on the inner wall of the fun-
nels. The MO  aqueous solution (25 mg/L) is pumped with a flow rate
of 20 mL/min into the upper inlet (7) of the photocatalytic reactor by
a cross-flow pump. UV light radiates through the quartz tube to the
TiO2 nanopapers, and simultaneously MO aqueous solution flows
through the TiO2 nanopapers, leading to the photocatalytic degra-
dation reaction. The degradation produces are discharged from the
water outlet (8) of the photocatalytic reactor.

The device can be simply reconstructed for gas continuous-
flow photocatalytic reaction with different TiO2 nanopapers for
toluene gas. Prior to irradiation reaction, the toluene gas were

cycled through the TiO2 nanobelts nanopaper in the dark for 60 min
to establish adsorption/desorption equilibrium between the gas
and the surface of the catalyst under room air equilibrated con-
ditions. The circulation velocity was set to 1 L/min. After that, the
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F
a

ig. 1. Experimental set up used in the liquid-phase degradation of methyl orange (MO) so
nd  (B) continuous-flow microreactor.

Fig. 2. Typical SEM and TEM images of the as-synthesized (A and B) TiO2 nan
lution with a 36 W UV lamp as the UV light resource: (A) photocatalytic microreactor

obelts, (C and D) C–TiO2 nanobelts and (E and F) Ag/C–TiO2 nanobelts.
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Table  1
EDX elemental composition of (a) TiO2 nanobelts, (b) C–TiO2 nanobelts and (c)
Ag/C–TiO2 nanobelts.

Samples Ti O Ag

wt%  at.% wt% at.% wt% at.%

a 58.93 32.35 41.07 67.65 – –
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tions. The suspension was  stirred in dark for 60 min  to obtain
the saturated adsorption of MO before illumination. However, the
MO adsorption quantities of the different photocatalysts were
negligible, expect for P25 with an absorption rate of 2.3%. As
b 56.05  29.83 43.05 70.17 – –
c  55.83 30.19 42.84 69.49 1.33 0.32

nitial concentration of toluene gas in the reactor was  tested with
he value of about 12 mg/L. A 36 W UV lamp with main emission
t 355 nm was used as the UV resource for UV light photocatalysis.
t the given irradiation time intervals, the gas in the reactor was
ollected to analysis the residual concentration of toluene with the
haracteristic peak area, which was measured by gas chromatog-
aphy (SP-6800A; Shandong Lunan Ruihong Chemical Instrument
td., China).

.4. Bactericidal test

To examine the bactericidal effect of the different papers,
pproximately 105 colony forming units (CFU) of E. coli strain B
ere cultured on lysogeny broth (LB) agar plates. The conventional
lter paper, TiO2, C–TiO2 and Ag/C–TiO2 nanopapers and LB plates
ere cultured under the same conditions. After the plates were

ncubated at 37 ◦C for 24 h, the numbers of colonies were counted.

. Results and discussion

The typical SEM and TEM images of the as-synthesized TiO2
anobelts, C–TiO2 nanobelts and Ag/C–TiO2 nanobelts were shown

n Fig. 2. Fig. 2A and B shows typical images of the as-prepared
iO2 nanobelts with width of 50–200 nm,  and lengths of up to
undreds of micrometers. Fig. 2C and D are low-magnification
EM and TEM images of the TiO2 nanobelts treated with acid
orrosion, which possesses the porous and rough surface. The one-
imensional morphology of TiO2 nanobelts was not destroyed by
cid corrosion, while more activated surface was obtained. The
EM image of Ag/TiO2 nanobelts with acid corrosion was  shown
n Fig. 2E. AgNPs were not clearly observed on the TiO2 nanobelts
ue to the rough surface. But the TEM image confirmed the forma-
ion of a novel heterostructure between TiO2 nanobelts and AgPNs
ue to high phase contrast between them (Fig. 2F). The XPS results
f Ag/C–TiO2 nanobelt also confirmed the existence of the Ag on
he TiO2 nanobelts, which are shown in Fig. S1.  Energy dispersive
-ray spectroscopy (EDX) analysis (Table 1) revealed that the TiO2
anobelts and C–TiO2 nanobelts are only composed of Ti and O ele-
ents, the atomic ratio of which is about 1:2. Ag/C–TiO2 nanobelt

eterostructures are composed of Ti, O and Ag elements, which
ere further revealed by EDX and the weight percent of Ag is about

.33 wt%.
XRD patterns of TiO2 nanobelts, C–TiO2 nanobelts and

g/C–TiO2 nanobelts were shown in Fig. 3. The coexistence of the
wo titania solid phases, anatase and TiO2(B), can be observed in the
iO2 nanobelts obtained by calcining H2Ti3O7 nanobelts at 600 ◦C
or 2 h. All major diffraction peaks match the standard peaks of
natase phase well (JCPDS files no. 21-1272), while weak peaks
orrespond to a TiO2(B) phase (JCPDS files no. 35-0088). TiO2(B)
hase was residual under the high temperature due to the shape

imit effect of nanobelts, which made phase transformation from
iO2(B) to anatase phase difficult [17]. When the TiO2 nanobelts

ere obtained by sulfuric acid corrosion of H2Ti3O7 nanobelts at

00 ◦C for 12 h, TiO2(B) phase was transformed to anatase com-
letely at the same calcining temperature. It should be noted that
he TiO2 nanobelts with acid corrosion exhibit higher crystallinity
Fig. 3. XRD patterns of the as-synthesized samples: (a) TiO2 nanobelts, (b) C–TiO2

nanobelts and (c) Ag/C–TiO2 nanobelts.

after the calcinations process due to the special morphology and
previous phase transformation [17–19].  Here, the sulfuric acid cor-
rosion reaction mainly proceeds through dissolving of H2Ti3O7
and recrystallization of anatase TiO2 on the surface of H2Ti3O7
nanobelts. So, after the calcination process, the TiO2 nanobelts with
acid corrosion exhibit the higher crystallinity. Ag phase was  not
observed in XRD patterns of Ag/C–TiO2 nanobelts due to a little of
Ag, which was  confirmed by TEM and EDX results.

To evaluate the photocatalytic degradation ability of TiO2
nanobelts, C–TiO2 nanobelts, and Ag/C–TiO2 nanobelts, we exam-
ined the decomposition of MO in water under UV light irradiation
as a function of time (Fig. 4A). For comparison, the decomposition
over P25 was carried out under the same experimental condi-
Fig. 4. (A) UV light photocatalytic degradation of MO solution in the presence of TiO2

nanobelts, C–TiO2 nanobelts, Ag/C–TiO2 nanobelts and P25; (B) the photocatalytic
stability of Ag/C–TiO2 nanobelts.
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hown in Fig. 4A, TiO2 nanobelts have a low photocatalytic activ-
ty under UV-light irradiation, and the degradation rate reaches
00% in 55 min. TiO2 nanobelts with acid corrosion have a higher
hotocatalytic activity, and 20 mL  MO aqueous solution was  com-
letely degraded in 40 min. The enhancement of photocatalytic
ctivity was mainly due to the rough surface with bigger specific
urface area, which increases from 20.78 m2/g of TiO2 nanobelts
o 29.13 m2/g of C–TiO2 nanobelts. For Ag/C–TiO2 heterostructure
hotocatalyst, the complete degradation of 20 mL  MO aqueous
olution only needs 30 min, which was higher than that of P25.
he Schottky barrier between TiO2 and AgNPs induced the photo-
roduced electrons of TiO2 to enrich on the AgNPs, which inhibited
he recombination of electron and hole [20]. In order to evaluate
he exact photocatalytic activity of the different photocatalysts, the
arameter K was introduced here.

 = m1/m2S2T

In the K, m1 and m2 are the mass of the decomposed MO and the
sed photocatalyst, respectively. S2 is the surface area of the used
hotocatalyst. T is the photocatalytic reaction time for the complete
egradation of MO.

After calculation, the K values for TiO2 nanobelts, C–TiO2
anobelts, and Ag/C–TiO2 nanobelts and P25 are 0.001, 0.0011,
.00185 and 0.00067 min−1 m−2, respectively. The results approve

hat the essential activity of different photocatalysts increases in
he order of P25 < TiO2 nanobelts < C–TiO2 nanobelts < Ag/C–TiO2
anobelts. So, the BET is a dominant factor for the enhanced photo-
atalytic activity from TiO2 nanobelts to C–TiO2 nanobelts, but the

ig. 5. Optical photographs (A–C) and SEM images (D–I) of the as-synthesized (A, D an
anopaper. Top view (D–F) and side view (G–I) of nanopaper.
 Materials 197 (2011) 19– 25 23

Schottky barrier effect is a dominant factor for the enhanced pho-
tocatalytic activity from C–TiO2 nanobelts to Ag/C–TiO2 nanobelts.

The photocatalytic stability of Ag/C–TiO2 nanobelt under UV
light irradiation was shown in Fig. 4B. Herein, the repeated exper-
iments were recycled for seven times in the same photocatalytic
reactions. Taking into account the a little mass loss, the photocat-
alytic performance in the seven cycles has a very slight decrease
in the photocatalytic activity. At the same time, the catalyst should
be easily separated from solution due to the one-dimension mor-
phology. In addition, the one-dimension structure of TiO2 can be
used for fabrication of free-standing nanopapers for the continuous
photocatalysis.

Three kinds of TiO2 nanopapers were prepared with TiO2
nanobelts, C–TiO2 nanobelts and Ag/C–TiO2 nanobelts by a mod-
ified papermaking process, which were shown in Fig. 5. The
mechanism of nanostructure sheet formation is similar to that of
papermaking from wood fibers. The surface of the TiO2 nanobelts
is covered with hydroxyl ions in the water suspension or pulp.
Since hydrogen bonding can be formed between adjacent hydroxyl
groups, all the nanobelts are connected with hydrogen bondings
or bridge-oxygen-atoms, and three-dimensional nanostructure
nanopapers are obtained. The diameter of TiO2 nanopapers is about
10 cm,  and the thickness of the paper is determined by the concen-
tration and volume of the nanobelt suspension. The top-view and
side-view morphology of different TiO2 nanopapers were observed.

Alternative permutation of TiO2 nanobelts formed the paper struc-
ture, which has a multi-level porous network with pore sizes
of 50–500 nm.  On the side-view surface of TiO2 nanopapers, the
fractured surface morphology of TiO2 nanobelts and multilayer

d G) TiO2 nanopaper, (B, E and H) C–TiO2 nanopaper and (C, F and I) Ag/C–TiO2
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ig. 6. Continuous-flow photocatalytic treatment of MO aqueous solution with the
ifferent TiO2 nanopapers; (A) single layer paper with different reaction time and
B)  the different layer numbers of TiO2 papers.

tructure of TiO2 nanopapers were observed in Fig. 5G–I, which
hows that the multi-level porous structure was a 3D network. The
ierarchical porous 3D network has more reaction surface, which is
eneficial for the continuous-flow photocatalysis, sterilization and
ltration treatment.

Continuous-flow photocatalytic treatment of MO  aqueous solu-
ion with single layer TiO2 nanopaper for different reaction time
as carried out, which was shown in Fig. 6A. The simple practi-

al reaction equipment for photocatalysis was shown in Fig. S2.
he degradation rate of all samples increased with UV light irra-
iation time. Because of the multi-level porous structure of TiO2
anopapers, the strong adsorption ability for MO  was  observed in
ur experiment. As for three kinds of TiO2 nanopapers prepared
ith TiO2 nanobelts, C–TiO2 nanobelts and Ag/C–TiO2 nanobelts,

he adsorption ratios are 5.46%, 13.5% and 14.1%, respectively. For
he TiO2 nanopaper, the decomposition rate can approach 61% after
he circulation for 40 min. Under the same experimental conditions,
y using C–TiO2 and Ag/C–TiO2 nanopapers, the decomposition
atio increases to 82.6% and 100% in 40 min, respectively. Fig. 6B
hows a plot of normalized MO concentration with different layer
umbers of the different TiO2 nanopapers. To reach the degrada-
ion rate of 100%, the layer number of TiO2, C–TiO2 and Ag/C–TiO2
anopapers was 3, 5 and 7, respectively. The orange MO aqueous
olution was pumped into the photocatalytic microreactor. With
he UV light catalytic action between the TiO2 nanopapers and MO
queous solution, the clear and colorless aqueous solution was dis-
harged from the water outlet. The hierarchical porous 3D TiO2
anopapers are different from TiO2 nanoparticles loaded on sub-
trates, which have a low photocatalytic activity due to reduction of
pecific surface area, reaction surface and the poor diffusive trans-

ort. Here, the hierarchical porous 3D TiO2 nanopapers do not have
on-activated substance. At the same time, the inclined surface on
he inter funnels makes TiO2 nanopapers fully receive UV light irra-
iation. The flowing degradation solution can remove degradation
Fig. 7. Gas phase continuous-flow photocatalytic treatment of toluene gas with
TiO2, C–TiO2 and Ag/C–TiO2 nanopapers.

products on the surface of TiO2 and rapidly diffuse fresh degra-
dation solution to the photocatalyst surface, which was  beneficial
to the further photocatalytic reaction. Based on the reasons men-
tioned above, the continuous-flow photocatalysis based on TiO2
nanopapers with a novel continuous-flow microreactor has high
degradation efficiency.

Photocatalytic decomposition of toluene gas is of great signifi-
cance from the viewpoint of practical application, because it is one
of the typical bad odor-causing gases in indoor air [21]. The gas
phase photocatalysis based on TiO2, which was  made into film or
loaded on substrates, has been widely studied [22,23]. Here, the
continuous photocatalytic degradation for toluene gas with five
layers of TiO2, C–TiO2 and Ag/C–TiO2 nanopapers were carried out,
respectively, which were shown in Fig. 7. The degradation ratio
for TiO2 nanopaper was  46% in 184 min. Similarly to the reported
results, at longer reaction times, the concentration of toluene was
progressively reduced. The other impure peaks were not detected
in gas chromatography of the degradation products, which implied
that toluene gas was degraded into small molecules [24]. Fur-
thermore, when C–TiO2 and Ag/C–TiO2 nanopapers were used,
the degradation ratio of toluene gas achieved 58% and 69.5% after
184 min, respectively. The efficient gas photocatalytic activity for
toluene was  similar to that of the liquid photocatalysis, which was
due to the free-standing hierarchical porous structure. Compared
with the liquid photocatalysis, the gas photocatalysis needs longer
reaction time. This is because that the dry toluene gas did not have
water vapor, which cannot carry away the photo-induced electrons
of TiO2 photocatalyst [24]. Therefore, the photo-produced electrons
and holes rapidly recombine, which induce the lower photocat-
alytic activity than that of the liquid phase photocatalysis.

In addition, the conventional filter paper, TiO2, C–TiO2 and
Ag-modified C–TiO2 nanopapers were prepared for antibacterial
testing (Fig. S3).  The result of antibacterial circle clearly shows
the antibacterial properties of the Ag/C–TiO2 nanopapers under
dark condition, whereas no inhibition zones are observed in the
control samples, including the conventional filter paper, TiO2, and
C–TiO2 nanopapers. Therefore, it is reasonable to believe that the
antibacterial property arises from AgNPs. Silver ions diffuse from
the AgNPs to the bacteria suspension and agar plate. When silver
ions contact E. coli cells, they kill the bacteria or inhibit their growth
by interaction with the molecules containing S, N and P atoms in
the membrane [25,26]. However, UV light has a strong bactericidal
effect. With UV light irradiation, the E. coli strain B on the conven-
tional filter paper, TiO2, C–TiO2 and Ag/C–TiO2 nanopapers were
all killed. The TiO papers with a porous structure allows water or
2
air flowing through, and retained the bacteria cells on the sheet,
which were killed by Ag/TiO2 nanobelts under dark conditions
or with UV light assisted by TiO2 nanobelts. The continuous-flow
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eactor achieved by silver-modified porous TiO2 nanostructure
apers were developed, which could be used in building a disin-
ection device for filtering water or air [27,28].

. Conclusions

The heterostructures, including TiO2 nanoparticles and Ag
anoparticles, on TiO2 nanobelts evidently enhanced the photocat-
lytic activity of TiO2 nanobelts. The complete degradation of 20 mL
ethyl orange aqueous (MO) solution (25 mg/L) needs 55, 40 and

0 min, respectively. The nanopapers based on Ag/C–TiO2 nanobelt
eterostructures were fabricated via a modified paper-making
rocess. A novel continuous photocatalytic reactor was designed,
nd MO removal rate of Ag/C–TiO2 nanopaper was  achieved to
00% in 40 min  for single layer and only in 6 min  for three lay-
rs. More important it is an efficient continuous photocatalysis
ithout discontinuous time and centrifugal process. The self-

upported TiO2 nanopapers with porous structures also showed
n excellent continuous photocatalytic performance for toluene
as under UV light irradiation, and the corresponding degrada-
ion rate was 69.5% in 184 min. At the same time, the Ag/C–TiO2
anobelt nanopapers have a good antibacterial effect. So, the multi-

unctional TiO2 nanopapers modified by the heterostuctures could
ave potential applications in the environmental and biomaterial
elds.
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