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a  b  s  t  r  a  c  t

Heterostructures  based  on  Ag3PO4 nanoparticles  and  TiO2 nanobelts  were  prepared  by  a coprecipita-
tion  method.  The  crystalline  structures  were  characterized  by  X-ray  diffraction  measurements.  Electron
microscopic  studies  showed  that the  Ag3PO4 nanoparticles  and  TiO2 nanobelts  were  in  intimate  contact
which  might  be exploited  to facilitate  charge  transfer  between  the  two  semiconductor  materials.  In  fact,
eywords:
g3PO4 nanoparticle
iO2 nanobelt
hotocatalysis
ethyl orange

the heterostructures  exhibited  markedly  enhanced  photocatalytic  activity  as compared  with  unmodi-
fied  TiO2 nanobelts  or commercial  TiO2 colloids  in  the  photodegradation  of  methyl  orange  under  UV
irradiation.  This  was  accounted  for by  the  improved  efficiency  of interfacial  charge  separation  thanks  to
the  unique  alignments  of their band  structures.  Remarkably,  whereas  the  photocatalytic  activity  of  the
heterostructure  was  comparable  to  that  of  Ag3PO4 nanoparticles  alone,  the  heterostructures  exhibited
significantly  better  stability  and  reusability  in  repeated  tests  than  the  Ag3PO4 nanoparticles.
. Introduction

The physical and chemical properties of titania (titanium diox-
de, TiO2) have been intensively studied for decades [1–4]. As a
elatively inexpensive semiconductor material with nontoxicity,
ong-term stability and chemical inertness in aqueous solutions [5],
iO2 shows great prospects as a photocatalyst, in particular, for the
egradation of organic pollutants in aqueous solutions. The earli-
st work of titania photocatalysis was reported in 1921 by Renz [6],
here it was found that titania turned from white to a dark color
nder sunlight illumination in the presence of organic compounds
uch as glycerol. Photocatalytic activity of TiO2 was also demon-
trated by Fujishima and Honda [2] where they used TiO2 for water
plitting, an important process for solar energy conversion.

Nevertheless, the photocatalytic efficiency of TiO2 alone is gen-
rally very low. This is primarily attributed to its wide band gap
∼3.2 eV in anatase phase and ∼3.0 eV in rutile phase) such that
iO2 only absorbs lights in the UV region, and thus it is challeng-
ng for practical applications with lights in the visible range as the
ource of excitation energy [1–4]. Furthermore, the high recombi-
ation rate of the photo-generated electron/hole pairs also limits
he efficiency of TiO2-based photocatalysts. Therefore, substantial
fforts have been devoted to engineering the TiO2 crystalline and

orphological structures for the improvement of the photocat-

lytic activity. For instance, one-dimensional TiO2 nanostructures,
uch as nanowires, nanotubes, and nanobelts, have attracted

∗ Corresponding author. Tel.: +1 831 459 5841; fax: +1 831 459 2935.
E-mail address: shaowei@ucsc.edu (S. Chen).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.06.033
© 2012 Elsevier B.V. All rights reserved.

significant attention because of their relatively large specific
surface areas that may  lead to a marked improvement of the pho-
tocatalytic activity [7–12]. In addition, doping of transition metals
and their oxides or salts onto the surface of the TiO2 photocatalysts
has also been exploited as an effective route to improve the effi-
ciency and range of photo absorption and hence the photocatalytic
performance [13–16].

Within this context, Ag3PO4 emerges as a promising doping can-
didate. A recent study by Yi et al. [17] has shown that Ag3PO4 can
harness visible light and exhibit apparent photocatalytic activity
in water splitting as well as degradation of organic contaminants,
suggesting effective separation of the photogenerated electrons
and holes. However, the lack of chemical stability of Ag3PO4 is
detrimental to its long-term applications. In addition, the photo-
catalytic activity in the UV range has remained largely unexplored.
It is within this context that the present study was designed and
carried out.

In this study, we deposited Ag3PO4 particles onto TiO2 nanobelt
surfaces and the resulting composite heterostructures exhibited
much enhanced chemical stability in photocatalytic reactions
under UV irradiation. We used the photodegradation of methyl
orange as the measuring yardstick. The results showed that
the UV photocatalytic activity of the Ag3PO4/TiO2 heterostruc-
tures was  comparable to that of Ag3PO4 nanoparticles alone, but
was markedly better than the performance of unmodified TiO2
nanobelts. In addition, the stability and hence reusability of the

Ag3PO4/TiO2 heterostructure catalysts was  substantially enhanced
as compared with that of Ag3PO4 nanoparticles or TiO2 nanobelts
alone. These observations might be accounted for by the improved
charge separation of the photogenerated electrons and holes under

dx.doi.org/10.1016/j.apsusc.2012.06.033
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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V light at the Ag3PO4/TiO2 interface and/or surfactant-like func-
ion of the nanobelts in stabilizing the Ag3PO4nanoparticles.

. Experimental

.1. Chemicals

The raw materials used in this work, including titania P-25
TiO2, ca. 80% anatase, and 20% rutile), sodium hydroxide (NaOH),
ydrochloric acid (HCl), sulfuric acid (H2SO4), and methyl orange
ere all purchased from Sinopharm Chemical Reagents Co. Ltd.
ithout further purification or other treatments.

.2. Preparation of TiO2 nanobelts

TiO2 nanobelts were prepared by a hydrothermal process in
lkaline solution, as detailed previously [14]. In a typical reac-
ion, 0.5 g of commercial titania P-25 (TiO2; ca. 80% anatase, and
0% rutile) was added into 48 mL  of 10 M NaOH aqueous solu-
ion and hydrothermally treated at 200 ◦C in a 60 mL  Teflon-lined
utoclave for 48 h. After the product was rinsed thoroughly with
eionized water, sodium tiatanate nanobelts were obtained. The
odium titanate nanobelts were then dispersed in a 0.1 M HCl aque-
us solution and kept at room temperature. After 48 h the product
as rinsed with deionized water again, affording hydrogen titanate
anobelts. The titanate nanobelts were then immersed in 48 mL
f 0.02 M H2SO4 aqueous solution and filled into a 60 mL  Teflon
utoclave to be hydrothermally treated at 100 ◦C for 12 h in order
o induce acid corrosion. After the treatment, the nanobelts were
xtracted from the solution by suction filtration and extensively
ashed with deionized water. The corroded titanate nanobelts
ere finally annealed at 600 ◦C for 2 h, which were denoted as

orroded TiO2 nanobelts.

.3. Ag3PO4/TiO2 nanobelt heterostructures

A coprecipitation method was employed to prepare Ag3PO4/
iO2 nanobelt heterostructures with the Ag3PO4/TiO2 weight ratio
anging from 1:50 to 2:5. For example, for the 1:10 sample, 0.2 g
f TiO2 nanobelts were added into 50 mL  of deionized water and
ispersed under ultrasonication, and then 287 �L of 0.5 M AgNO3
as added into the mixture. The mixture was stirred vigorously

or 10 min, and then the pH of the mixture was adjusted to 5 by
dding an appropriate amount of 0.1 M nitric acid. A sufficient
mount of 0.1 M Na2HPO4 was then dripped slowly into the mix-
ure until no change of the color of the mixture was observed. The

ixture was then stirred for 20 min  and washed thoroughly with
eionized water. The nanobelts were separated from the solution
y suction filtration, and were dried at 80 ◦C overnight. A similar
rocedure was used to prepare Ag3PO4 nanoparticles by dripping
.1 M Na2HPO4 slowly into 0.1 M AgNO3 solution.

.4. Spectroscopy

X-ray diffraction (XRD) studies were carried out with a Bruke D8
dvance powder X-ray diffractometer with Cu K� (� = 0.15406 nm).

 Hitachi S-4800 field-emission scanning electron microscope (FE-
EM) was used to characterize the morphology and size of the
repared catalysts, while energy-dispersive X-ray spectroscopic
EDS) study was performed to characterize the chemical com-

osition of the samples. A JEOL JEM 2100 transmission electron
icroscope was used to acquire high-resolution TEM images. The
V–vis diffuse reflectance spectra (DRS) of the samples were

ecorded by a Shimadzu UV-2550 UV–vis spectrophotometer with
Fig. 1. XRD patterns of (a) Ag3PO4/TiO2 (1:10) nanobelt heterostructures, (b) Ag3PO4

nanoparticles, and (c) corroded TiO2 nanobelts.

an integrating sphere attachment, within the wavelength range of
200–650 nm.  BaSO4 was used as a reflectance standard.

2.5. Photocatalysis

Methyl orange (MO) was  used as a model compound to examine
the photocatalytic activity of the varied samples prepared herein.
In a typical experiment, 20 mL  of a MO aqueous solution (20 mg/L)
and 20 mg  of photocatalysts were mixed and put into a 50 mL
quartz test tube. The photocatalysts were ultrasonically dispersed
in the test tube, and the mixture was then stirred for approxi-
mately 5 min. After this treatment, the test tubes were exposed to
photoirradiation and stirred synchronously. A 300 W Hg arc lamp
was used as the UV light source. The test tubes were then taken
away from the light source after designated time intervals and the
mixtures were centrifuged to remove the catalysts. The remaining
MO  concentrations were recorded by a Hitachi UV-3100 UV–vis
spectrophotometer.

3. Results and discussion

Fig. 1 shows the representative XRD patterns of the Ag3PO4/TiO2
(1:10) nanobelt heterostructures, Ag3PO4 nanoparticles and cor-
roded TiO2 nanobelts. For the unmodified TiO2 nanobelts (curve
c), a series of diffraction peaks can be identified (�), which are
consistent with those of anatase TiO2 (JCPDS 21-1272): 25.7◦,
37.0◦, 47.9◦, 53.7◦, and 55.0◦, corresponding to the difractions
from the (1 0 1), (0 0 4), (2 0 0), (1 0 5), and (2 1 1) crystal planes of
anatase TiO2, respectively. These features are also well-defined in
the Ag3PO4/TiO2 (1:10) heterostructures (curve a), indicating the
preservation of the anatase characteristics of the titania support.
The diffraction peaks for Ag3PO4 nanoparticles are marked with tri-
angles (�) in curve b at 33.4◦, 36.7◦, 55.0◦, 57.5◦, and 61.9◦, which
may  be ascribed to the diffractions from the (2 1 0), (3 1 0), (3 2 0),
(3 2 1), and (4 0 0) crystal planes of Ag3PO4, in agreement with those
in JCPDS 06-0505. Again, these features are also apparent in the
Ag3PO4/TiO2 heterostructures (curve a). These observations indi-
cate the successful coupling of the Ag3PO4 nanoparticles onto the
TiO2 nanobelt surfaces.

The morphological and microstructural details of the
Ag3PO4/TiO2 heterostructures were then examined by SEM
and HRTEM measurements. Fig. 2(a) depicts the SEM image of TiO2

nanobelts prepared by the hydrothermal method without acid
corrosion. It can be seen that the nanobelts are about 50 nm thick,
50–200 nm wide, and up to a few hundred micrometers long.
An acid corrosion treatment led to substantial roughening of the
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range (400–700 nm)  was enhanced significantly. This observation
is in agreement with the composite nature of the Ag3PO4/TiO2
ig. 2. Representative SEM images of (a) un-corroded TiO2 nanobelts, (b) corroded
nset  shows the EDS spectrum of the Ag3PO4/TiO2 (1:10) heterostructures where th

anobelt surface, as manifested in Fig. 2(b). Such a behavior has
een observed previously [18]. It is likely that these roughened sur-
ace sites served as the anchoring points for the growth of Ag3PO4
anoparticles by co-precipitation of Ag+ and PO4

3− in the solution,
eading to the generation of Ag3PO4/TiO2 heterostructures, as
epicted in Fig. 2(c). One can see that the Ag3PO4 nanoparticles,
ith the diameter between 10 and 50 nm (consistent with the

EM measurements as shown below), were deposited onto the
oughened TiO2 surface. Elemental analysis based on energy
ispersive X-ray spectroscopy (EDS) measurements was  included
s the inset to the figure, where the elements of Ti, O, Ag and P can
e clearly identified.

As a control experiment, Ag3PO4 nanoparticles were also pre-
ared without the TiO2 nanobelt support, under the otherwise

dentical experimental conditions. The majority of the nanoparti-
les exhibited a spherical shape with the diameter around 500 nm,
s shown in Fig. 2(d).

Further structural analysis of the Ag3PO4/TiO2 heterostructures
as carried out by HRTEM measurements. As depicted in Fig. 3, the

attice fringes of both Ag3PO4 and TiO2 can be clearly identified.
he former exhibits a lattice constant of about 0.66 nm,  consis-
ent with that observed with body-centered cubic Ag3PO4 [19],
hereas a lattice spacing of 0.35 nm was observed with the TiO2
anobelts, in agreement with the spacing of anatase TiO2 (101)

attice planes (ICDD-JCPDS database, 21-1272). Furthermore, one
an see that the Ag3PO4 nanoparticle was in intimate contact with
he TiO2 nanobelt support. This unique feature endowed structural
tability of the Ag3PO4/TiO2 heterostructures, as manifested in the
hotocatalytic tests below.

Notably, the formation of a Ag3PO4/TiO2 heterostructure led to

 marked enhancement of optical absorption in the visible range.
s depicted in Fig. S1 in the Electronic Supplementary Informa-

ion (ESI), UV–vis diffuse reflectance spectroscopic measurements
howed that the acid-corroded TiO2 nanobelts exhibited an
nanobelts, (c) Ag3PO4/TiO2 (1:10) heterostructures, and (d) Ag3PO4 nanoparticles.
ents of Ti, O, Ag and P can be clearly identified.

absorption threshold at about 380 nm,  consistent with the bandgap
of anatase titania (3.2 eV). Ag3PO4 nanoparticles, however, showed
apparent absorption upto ca. 500 nm,  in agreement with a bandgap
of about 2.4 eV [17,20]. In the Ag3PO4/TiO2 heterostructures, the
absorption edge remained largely unchanged as compared with
that of TiO nanobelts alone; however, the absorbance in the visible
Fig. 3. High resolution images of Ag3PO4/TiO2 (1:10) nanobelt heterostructures.
White lines highlight the spacing of the TiO2 and Ag3PO4 lattice fringes.
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stability of the Ag3PO4/TiO2 heterostructures, in comparison with
Ag3PO4 nanoparticles alone. Since the TiO2 valence band is situ-
ated slightly lower than that of Ag3PO4, effective hole transport
from TiO2 to Ag3PO4 might also occur, leading to the re-oxidation

UV light

h
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e
–

h
+

e
–

CB

VB
–4.5

–5.5

–6.5

–7.5

–3.5 
ig. 4. Comparison of photocatalytic degradation of MO with unmodified corroded
iO2 nanobelts, Ag3PO4 nanoparticles, P25 colloids, Ag3PO4/TiO2 (1:10) nanobelt
eterostructures under UV light irradiation.

eterostructures (variations of the Ag3PO4/TiO2 weight ratio did
ot lead to an apparent difference of the absorption profiles, Fig. S1).

The photocatalytic activity of the Ag3PO4/TiO2 (1:10) het-
rostructures was then highlighted by the photodegradation of
ethyl orange in aqueous solutions under UV light irradiation.

ig. 4 shows the decrease of MO absorbance with UV light exposure
ime in the presence of the Ag3PO4/TiO2 (1:10, �) heterostructures.
t can be seen that the absorbance and hence the concentration of

O decreases rapidly, and after 20 min  of UV exposure, almost 100%
f the MO  was degraded. Notably, the activity is markedly better
han that with unmodified TiO2 nanobelts (�), or commercial P25
iO2 colloids (�). This observation indicates that the Ag3PO4/TiO2
eterostructures indeed may  serve as an effective photocatalyst in
he photodegradation of organic dyes.

One may  note that the performance of the Ag3PO4 nanoparti-
les (�) appears to be the best among the catalysts tested, with
lmost 100% of the MO consumed in less than 5 min. However, the
g3PO4 nanoparticles were much less stable than the Ag3PO4/TiO2
eterostructures, which compromised the repeated uses of Ag3PO4

n photocatalytic reactions [17]. Fig. 5 compares the photocatalytic
ctivity of the (A) Ag3PO4nanoparticles and (B) Ag3PO4/TiO2 (1:10)
eterostructures in MO  photodegradation in four runs by using the
ame catalysts. From panel (A), it can be seen that after the same UV
xposure time of 20 min, the amount of MO  that had been degraded
ecreases from 90% to 75%, 70%, and 50% in four repeated cycles,

ndicating a loss of about 50% of the degradation efficiency of the
g3PO4 nanoparticles. In contrast, the Ag3PO4/TiO2 heterostruc-

ures exhibited much enhanced recoverability of the photocatalytic
ctivity. It can be seen from panel (B) that after 20 min  of UV expo-
ure, the MO concentration showed a decrease of 88%, 83%, 75%,
nd 82% in four repeated cycles, where the variation is less than
5%. Further study with varied Ag3PO4/TiO2 weight ratios showed
hat the optimal loading of Ag3PO4 was 1:10 (Fig. S2, ESI).

The results presented above suggest that whereas Ag3PO4
anoparticles exhibited a somewhat better photocatalytic per-

ormance in the short term, the Ag3PO4/TiO2 heterostructures
ppeared to be more desirable in repeated and/or long-term appli-
ations because of its enhanced chemical stability. The improved
hotocatalytic performance of the Ag3PO4/TiO2 heterostructures
s compared to that of the unmodified TiO2 nanobelts or com-
ercial TiO2 colloids may  be accounted for by the electronic band
tructures of the composite catalysts, which is depicted in Fig. 6.
ote that the conduction and valence bands of anatase TiO2 occur
t ca. −4.34 and −7.44 eV, respectively [21]; and for Ag3PO4, the
alence band maximum (−7.34 eV) is very close to that of anatase
Fig. 5. Photocatalytic activity of (a) Ag3PO4 and (b) Ag3PO4/TiO2 (1:10) heterostruc-
tures under UV irritation in repentance experiments of MO  degradation.

TiO2, whereas the conduction band lies at about −4.9 eV [17]. Under
UV photoirradiation, electrons in both Ag3PO4 and TiO2 would be
excited from the valence band to the conduction band. On  Ag3PO4,
this would most likely lead to the reduction of Ag(I) into metallic Ag
particles [17]. Because of their large Helmhotz double-layer capac-
itance, metal nanoparticles are generally good electron sinks that
may  facilitate the interfacial transfer of the TiO2 photoelectrons to
the Ag3PO4 conduction band [22]. The holes that remained on both
TiO2 and Ag3PO4 then served as powerful oxidizing reagents for the
degradation of methyl orange.

Such a band structure (Fig. 6) may  also account for the enhanced
TiO2 Ag3PO4
–8.5

eV

Fig. 6. Schematic of the energy band structure of Ag3PO4/TiO2 heterostructures.
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f metallic silver to Ag(I). It is likely that such synergistic interfacial
harge transport was facilitated by the intimate contact between
he two semiconductor materials, as revealed in electron micro-
copic measurements (Figs. 2 and 3). Further contributions might
rise from the surfactant-like function of the TiO2 nanobelts for the
tructural stabilization of the Ag3PO4 nanoparticles.

. Conclusions

Functional heterostructures based on Ag3PO4 nanoparticles and
iO2 nanobelts were prepared by a coprecipitation method, as man-
fested in X-ray diffraction measurements. Electron microscopic
tudies showed that the two components were in intimate con-
act, which might help facilitate interfacial charge transfer during
hotocatalytic reactions. The photocatalytic activity of the resulting
g3PO4/TiO2 heterostructures under UV irradiation was  exam-

ned by using methyl orange as the molecular probe. Experimental
esults showed that whereas the photocatalytic activity of the het-
rostructures was comparable to that of Ag3PO4 nanoparticles,
he structural stability and hence reusability was  substantially
mproved. Furthermore, in comparison with unmodified TiO2
anobelts and commercial TiO2 colloids, the photocatalytic effi-
iency as well as reusability was both enhanced markedly. The
mproved performance of the Ag3PO4/TiO2 heterostructures was

ost likely attributed to the efficient separation of photogener-
ted electrons and holes, according to the unique alignments of
heir electronic band structures.
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