IS APPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Three Dimensional Ag,0/TiO, Type-ll (p—n) Nanoheterojunctions for

Superior Photocatalytic Activity

Debabrata Sarkar,” Chandan. K. Ghosh,” S. Mukherjee,” and Kalyan K. Chattopadhyay*"*

School of Material Science and Nanotechnology, Jadavpur University, Kolkata 700 032, India
“Thin Film and Nanoscience Laboratory, Department of Physics, Jadavpur University, Kolkata 700 032, India

© Supporting Information

ABSTRACT: Type-II p—n junction three-dimensional Ag,O/
TiO, microspheres have been fabricated by assembling p-type
Ag,0 nanoparticle on n-type TiO, 3D microsphere. Ag,0/
TiO, microsphere nanoheterojunctions were obtained by
hydrothermal synthesis of TiO, microspheres at 180 °C
followed by photoreduction of AgNO;. The samples were
carefully characterized by X-ray diffraction (XRD), trans-
mission electron microscopy (TEM), field-emission scanning
electron microscopy (FESEM), and energy dispersive X-ray
analysis (EDX). The photocatalytic activity toward degradation

p-type Ag,0
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of methyl orange (MO) aqueous solution under UV light was investigated. The result showed that type-Il p—n
nanoheterojunctions Ag,0/TiO, significantly enhanced the photocatalytic degradation compared to n-type TiO, microsphere.
It was found that the photocatalytic degradation followed the pseudo first-order reaction model. In particular, heterostructure
with molar ratio of TiO, and AgNO; of 4:1 exhibited best photocatalytic activity and the corresponding apparent first-order rate
constant of 0.138 min~" which is 4 times than that of pure n-type microsphere.
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1. INTRODUCTION

Since the discovery of the phenomenon of photocatalytic
splitting of water under ultraviolet light by Fujishima and
Honda in 1972, titanium dioxide (TiO,) has been proven to
be the most suitable and promising semiconductor catalyst in
heterogeneous photocatalysis for its high physical and chemical
stability, nontoxicity, effectivity, high oxidizing power, and low
price.” Photocatalysis occurs when the semiconductor catalyst
is exposed to a photon of energy equal to or higher than the
band gap of the semiconductor. Absorption of photon by
semiconductor creates electrons (e”) in the conduction band
and holes (h*) in valence band. The photogenerated e”/h* pair
reacts with the adsorbed molecules such as adsorbed oxygen,
surface hydroxyls groups, or water, ultimately producing the
high oxidizing species radicals which can oxidize organic
molecules present in the solution into carbon dioxide and
water.* The electron—hole recombination and low interfacial
charge transfer rates are responsible for the low quantum yields.
For further improvement of photocatalytic activity of TiO,,
numerous efforts have been made, including cation- or anion-
doping, formation of heterostructures, and so on.> !
Researchers found that TiO, based heterojunction, such as
deposited noble metals (Ag, Au, Pt, or Pd) on the TiO, surface
and semiconductor (CdS, SnS,, V,0s, Ag,0, WO,, Bi,O;,
ZnMn,0,, FeTiO;, LaVO,) couple with TiO,, could effectively
improve photocatalytic efficiency.>*>~*® For this purpose, silver
and silver based oxide are the most suitable for industrial
application because of its high efficiency, low cost, and easy
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preparation. A literature survey indicated that studies on the
TiO,/Ag,0 system are extremely scanty; particularly, there is
no report on the three-dimensional heterostructures of such
system. Ag,O is a p-type semiconductor with an energy band
gap of 1.46 eV.*° All these properties of Ag,O are beneficial for
the formation of p—n nanoheterojunction with TiO, for
superior photocatalyst. The photogenerated electrons can move
to the conduction band of n-type TiO, and photogenerated
holes can move to the valence band of p-type Ag,O which
promote an interfacial electron transfer process and reduce the
charge recombination on the semiconductor.

On the other hand, the photocatalytic activity is related with
the size, shape, surface area, morphology, and the dimension-
ality of the catalysts.”' Nanometer-scaled TiO, based catalyst,
such as nanoparticles, nanorods, nanosheets, and nanotubes
exhibit promising performance as a photocatalyst., but they
tend to aggregate during the photocatalysis process, which
reduces the active surface area.”” Many studies found that
three-dimensional (3D) hierarchical nanoarchitectures assem-
bly of one dimension (1D) nanorods, nanowires, nanotubes,
etc. are highly desired due to their high surface-to-volume ratio,
high organic pollutant adsorption, and excellent incident light
scattering within the structures.”® Recently, Zhou et.al reported
3D rutile TiO, with different nanostructures in detail** In
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addition, after photocatalysis reaction, the 3D Ag,0/TiO,
heterojunction nanostructures can be completely separated
and recovered from the treated aqueous solution. To the best
of our knowledge, this is the first time that 3D p-type Ag,O/n-
type TiO, heterostructure has been fabricated and photo-
catalysis performances have been explored.

In the present paper, we have successfully synthesized
uniform 3D TiO, hierarchically microspheres in high yields
(100% morphological yield) by a modified hydrothermal
method and 3D Ag,0/TiO, p—n nanoheterojuncions were
fabricated in different molar ratio of TiO, and AgNO; using a
UV lamp by the photochemical reduction technique. Scheme 1

Scheme 1. Schematic of Fabrication Route to p-Ag,0/n-
TiO, Nanoheterjunction
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illustrates the formation procedure of 3D p-Ag,0/n-TiO,
nanoheterojunction. The prepared samples were characterized
by X-ray diffraction (XRD), field-emission scanning electron
microscopy (FESEM), high resolution transmission electron
microscopy (HRTEM), X-ray photoelectron spectroscopy
(XPS), and UV—vis spectroscopy. The photocatalytic activity
of these hybrid heterostructures was carefully investigated by
degradation of methyl orange (MO) dye under UV irradiation.
The 3D Ag,0/TiO, p—n junction heterostructure accelerated
the surface electron transfer rate, and the inner electric field in
the interface of p—n heterojunction acted as a potential barrier
to prevent the recombination of the electron—hole pair.

2. EXPERIMENTAL SECTION

Titanium butoxide (Ti(OC,H,),) was purchased from Sigma Aldrich.
Oleic acid, hydrochloric acid (HCI, about 35% by weight), and silver
nitrate (AgNO;) were supplied by Merck India.

2.1. Preparation of Photocatalysts. 2.1.7. 3D TiO, Micro-
spheres. 3D dandelion-like TiO, microspheres were prepared by a
hydrothermal method, and the details of the synthetic procedure were
described in our previous paper.”® Briefly, at first, 4 mL of titanium
butoxide was mixed with 2 mL of 35% HCL Then, the mixture of
titanium butoxide and HCI was added slowly into 20 mL of oleic acid
under magnetic stirring. After the mixture was stirred for 15 min, the
total*® solution was transferred into a Teflon lined autoclave of 50 mL
capacity and the hydrothermal synthesis was conducted in an electric
oven at 180 °C for 4 h. After naturally cooling down, the products
were collected, washed several times with absolute ethanol, and then
dried in air at 70 °C for 12 h. The obtained 3D dandelion-like TiO,
powders were ready for further characterization.

2.1.2. Ag,O Deposition onto the 3D Dandelion-Like TiO,
Microspheres. All the deposited samples were synthesized via a
photoreduction process. Initially, 0.4 g of the as-prepared 3D
microspheres was dispersed into 50 mL of distilled water. NH,OH
was dropwise added to adjust the pH of suspension to about 11. Then,
an appropriate amount of AgNO; was added into the solution. The
molar ratio of TiO, to AgNO; was controlled to be 2:1, 4:1, and 6:1.
After the mixture was stirred for 2 h, the solution was irradiated for 1 h
by a 40 W Ultraviolet lamp under magnetic stirring. After illumination,
the obtained dark brown Ag,0/TiO, was thoroughly washed with
distilled water and dried at room temperature. For comparing
photocatalytic activity of 3D Ag,0/TiO, microspheres with Ag,O0/
TiO, nanoparticles, we further extended this method to synthesize
Ag,0/TiO, nanoparticles using commercially available Degussa P25
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(TiO,) powder (average particle size 21 nm) under the identical
experimental conditions.

2.1.3. Sample Characterization. The morphology of the sample
was examined with a field emission scanning electron microscope
(FESEM, S-4800, Hitachi) equipped with an energy dispersive X-ray
(EDX), high-resolution transmission electron microscope (HRTEM,
JEOL 2010). The crystallinity and phase of Ag,O/TiO, microspheres
was determined by X-ray diffraction (XRD, D8 Advanced, Bruker).
The elemental compositions and chemical status were analyzed by X-
ray photoelectrons spectroscopy (XPS, HSA-3500, SPECS, Germany).
The carbon C 1s line with position at 284.5 eV was used as a reference
to correct the charging effect.

2.1.4. Photocatalytic Experiments. Photocatalytic activity of the
synthesized pure n-type TiO, and p-Ag,0/n-TiO, microspheres was
evaluated with MO dye as the probe molecules under UV irradiation.
Forty milligrams of the sample was dispersed within a 40 mL dye
solution with a concentration of 107> M in a 100 mL quartz beaker.
Before the photocatalytic activity test, the suspension was continuously
stirred in the dark without irradiation for 1 h to establish the
adsorption/desorption equilibrium of the dye on the nanorod surface
of the microsphere. One 40 W UV tube (Phillips) with a maximum
emission at 254.6 nm was used as the UV resource, and the UV source
to suspension surface distance was kept at 15 cm. At a given time
interval, 3 mL of suspension was withdrawn and analyzed after
removal of catalyst particles by centrifugation at 12 000 rpm for 60
min. The absorbance spectra of the centrifuged solutions were
recorded using a UV—vis spectrometer (Shimadzu 2550). As a
comparison, the photocatalytic activities of Ag,0/TiO, nanoparticles
were also measured using the same parameters.

3. RESULTS AND DISCUSSION

3.1. Phase and Morphology of n-Ag,0/p-TiO, Photo-
catalysts. Crystallinity of the 3D Ag,O/TiO, microsphere
nanoheterojunction with different molar ratio of TiO, and
AgNO; is analyzed using XRD as shown in Figure la. It can be
found that the characteristic peaks for both pure-TiO, and
Ag,0/TiO, corresponding to rutile phase are detected (JCPDS
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Figure 1. (a) XRD patterns of pure TiO, and Ag,0/TiO,
heterostructure with different molar ratio of TiO, and AgNO;. (b,
c) Typical FESEM images of the pure TiO, microspheres. (d—f)
FESEM images of Ag,O/TiO, heterostructure with different molar
ratio of TiO, to AgNOs: (d) 2:1, (e) 4:1, and (f) 6:1.
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No.78-2485). XRD patterns for 4:1 and 6:1 exhibit peaks
corresponding to hexagonal Ag,O {100} and {011} planes at
33.6° and 38.39° respectively (JCPDS No.72-2108). An
additional peak for cubic Ag,O was also detected at 32.56°
(JCPDS No.76-1393). For 2:1, Ag,0O peaks could not be seen
probably because of low content of AgNO;. It has been found
that Ag,0/TiO, was obtained by UV reduction of AgNO;
under 1 h UV irradiation. Actually, reduction of AgNO; to
Ag,0 or further reduction to Ag” is dependent on the exposure
time. Hence, for higher UV exposure time, Ag,O is
decomposed into Ag atoms and AgO but the AgO phase is
unstable at room temperature compared with Ag,O. AgO
readily undergoes photoreduction to form metallic Ag and O,.
The photodecomposition of Ag,O to metallic silver can be
described as follows:

AgZO — AgO + Ag
1
AgO — Ag + EOZ

The XRD pattern of the samples with different UV irradiation
time is shown in Figure S1, Supporting Information. It clearly
shows the presence of metallic Ag at 20 = 38.11° {111}
(JCPDS No0.04-0783). No peaks of other silver oxides were
observed. Therefore,during photoreduction, the Ag* to Ag,O or
Ag” can be mediated by the time of irradiation with UV light.

The morphology and microstructural details of the prepared
TiO, microsphere and Ag,0/TiO, p—n heterostructure were
investigated by FESEM and HRTEM observation as shown in
Figures 1 and 2. Figure 1b shows pure TiO, microsphere with

Figure 2. (a) High magnification FESEM image of heterojunction;
(b—d) TEM and HRTEM images of the TiO,/Ag,O heterojunction.
(e) Schematic atomic model.

an average diameter of about 2 ym. High magnification images
of the same samples, which are shown in Figure lc, illustrate
that each microsphere consists of nanorods with square-shaped
ends of diameter about 20 nm. The illustrative FESEM images
of Ag,0/TiO, nanoheterostructure with different molar ratio of
TiO, to AgNO; are shown in Figure 1d—f which displays the
Ag,O nanoparticles are uniformly covering the surface of
microspheres. Figure 1d shows that the catalyst consists of large
quantities of spherical architectures. The cross section image
(Figure 1f) shows the nanorods radiate from a center and Ag,O
nanoparticle attached throughout the surface of the nanorods.
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Figure 2a,b shows that Ag,O nanoparticles of size 5—20 nm
are tightly coupled on the TiO, nanorod surface within the
microspheres. Typical transmission electron microscopy
(TEM) images were used to further confirm the formation of
heterostructure. Figure 2b shows the respective TEM images of
the TiO,/Ag,0 nanostructure. Meanwhile, the high-resolution
TEM images of the region marked by a red square are displayed
in Figure 2¢,d, which revealed simultaneous presence of the
crystalline TiO, and Ag,O. The interplanar spacing of 0.266 nm
corresponds to the (100) plane of Ag,O, while 0.249 nm
corresponds to the (101) plane of rutile TiO,. A continuity of
lattice fringes between the interface of TiO, and Ag,0 is shown
in Figure 2d which indicates the formation of p—n nano-
heterojunction. On the basis of the above FESEM and HRTEM
analysis, an atomic model of this heterostructure is illustrated in
Figure 2e where red and white balls correspond to O and Ti
atoms and yellow balls correspond to Ag atoms.

Figure 3b is the corresponding energy dispersive X-ray
spectroscopy of the sample shown in Figure 3a, which shows
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Figure 3. EDX and elemental mapping of 3D Ag,0/TiO, micro-
sphere.

that the obtained microspheres are composed of the elements
Ti, O, and Ag. Figure 3c—e corresponds to the EDX elemental
mapping images of Ti, O, and Ag which shows the distribution
of the Ag ions on the surface is homogeneous.

The elemental compositions and chemical status of the
Ag,0/TiO, nanoheterostructure were analyzed by XPS. Figure
S2, Supporting Information, shows the full-range XPS spectrum
of the Ag,0/TiO, nanoheterojunction, revealing only Ti, O,
Ag, and a carbon peak (C 1s). Figure 4 demonstrates the high-
resolution XPS spectra for Ag 3d;;, and Ag 3d;s,, photo-
electrons at 373.7 and 367.7 eV, respectively. These bindin:
energies are consistent with values reported for Ag,0.>°™>
This indicates that the silver exists in one valence state (Ag") in
the heterojunction confirming synthesis of Ag,O, which
supports XRD results.

The actual Ag,O content within each sample were measured
from XPS spectra considering atomic sensitivity factors of
different elements.>**! These are found to be 0.22, 0.3, and
0.59 wt % for 6:1, 4:1, and 2:1 3D Ag,0/TiO, microspheres
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Figure 4. High-resolution XPS spectra for the Ag 3ds,, and Ag 3d;,.

whereas initially calculated loading percentages were 0.24, 0.36,
and 0.72 wt % for these three samples, respectively. These
results clearly confirm that the whole AgNO; does not
transform into Ag,0. The detailed calculated loading
percentages are shown in the Supporting Information.

3.2. Photocatalytic Activities. Photocatalytic perform-
ances of pure-TiO, and Ag,0/TiO, heterostructure, obtained
in different molar ratio of TiO, and AgNO;, were
comparatively evaluated by measuring the degradation of MO
aqueous solution under UV irradiation. The change in MO
concentration as a function of UV irradiation time is
represented in Figure Sa which shows that without catalyst
the concentration of MO does not change for every
measurement. From Figure S3, Supporting Information, it
can be seen that the absorption spectra of MO at 463 nm
decreased rapidly under UV irradiation. The MO decolorization
rate for pure n-type TiO, microspheres after 30 min UV light
irradiation can only approach 67%. It was found that, for Ag,0/

TiO, p—n nanoheterojunction, the degradation increases
significantly with increasing the molar ratio of TiO, and
AgNO; and reaches a maximum at 4:1 (TiO,/AgNO; = 4:1).
With further increase of molar ratio, photocatalytic degradation
decreases. Therefore, the optimum molar ratio of TiO, and
AgNO; is 4:1 which degrades the MO within 15 min of UV
irradiation which is 3 times faster than that of the pure TiO,.
The degradation or decolorization percentages of the catalysts
after 15 and 30 min irradiation are shown in Figure Sc. The
observed photocatalytic performance is far better than
compared to most of the reported nanostructures which has
been summarized in Table 1. The photocatalytic degradation
kinetic was investigated; the linear simulation of degradation of
dye concentration can be accounted for by a pseudo first-order
model, called the Langmuir—Hinshelwood (L-H) model. The
L-H model is well established for heterogeneous photocatalysis
(at low dye concentration).* The relevant equation is as
below:

R
dt app
where r was the degradation rate, C,/C, is the ratio of the
concentration dye after various intervals of time and
concentration of the dyes at adsorption—desorption equili-
brium, and k,,, was the apparent first-order rate constant
(min~"). We are able to find out k., from the gradient of the
graph of In(C,/C,) versus time (t) which is shown in Figure Sb.
The k,y,, value for the pure TiO, microsphere is estimated to be
0.034 min~', and those estimated for Ag,O/TiO, hetero-
structure lie within the range of 0.033—0.138 min~". The value
of k,,, for 4:1 Ag,O/TiO, sample is 0.138 min~! which is 4
times larger than that of others. The dye color change sequence
during degradation can also be visualized from the digital

photograph (Figure 5d) which shows the intense orange color
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Figure S. (a) Photocatalysis degradation profiles of MO under UV irradiation. (b) Kinetic plot with different molar ratio of TiO, to AgNO;. (c)
Degradation percentages after 15 and 30 min irradiation. (d) Digital photograph of the decolorization of MO after different UV exposure times for
TiO,/AgNO; = 4:1. (e) 3D heterostructure after photocatalytic performance.
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Table 1. Performances of Photocatalytic Activity in the Reported Literature

conc. and volume of MO

catalyst used and amount
3D Ag,0/TiO, nanoheterojunction (40 mg)
Pt nanocrystals/titante nanobelts (50 mg)
Au/Pt/ZnO hollow nanoparticles (10 mg)
porous ZnO nanotubes (15 mg)
TiO,/graphene sheets (GS)
Ag,0/TiO, nanobelts (20 mg)
ZnO nanoplate—nanowire architecture
Sn0,/ZnO heterojunction (30 mg)
nanocrystalline Srg,sH, sTa,05H,0 (80 mg)
gold nanoparticle/ZnO (10 mg)
1D TiO,—graphene nanocomposite (10 mg)
rod-like TiO, (A) (4S5 mg)
3D porous ZnO nanostrip (30 mg)

1075 M, 40 mL
10* M L7, 50 mL
10~ M, 20 mL
1075 M, 80 mL

20 mg/L

6 x 107 M, 20 mL
10~° M, 90 mL

20 mg L', 160 mL
20 mg L!

100 mg L™}, 50 mL
4 X 10°M, 45 mL
5 % 107°M, S0 mL

UV light source degradation time (min)  degradation % reference
40 W 15, 30 93, 100 our work
125 W 300 100 32
125 W, 4 = 365 nm 40 90 33
125 W 60 100 34

S0 87 35
20 W 15 85 4
300 W SS 100 36
2X4W 35—-40 100 37
3X4W 80 77 38

60 95 39
125 W 180 82 40
100 W 80 100 41
300 W 60 100 22

of the MO dye gradually decreases with increasing UV
irradiation time and irradiation dye color almost changes
from orange to clear. Figure Se shows that after photocatalytic
performances the three-dimensional structure as well as
nanoparticle attachment remains the same which is necessary
for practical application point of view. Figure S4, Supporting
Information, shows the XRD patterns for photocatalyst after
photocatalytic performance which confirms the phase of Ag,0
on the TiO, nanorod surface.

For comparison, the photocatalytic behavior of Ag,O/
Degussa P25 was also measured. P25 (Degussa) is known as
one of the best commercially available TiO, nanoparticles with
average particle size of 21 nm. The morphology of the prepared
Ag,0/P2S nanoparticles is shown in Figure S5, Supporting
Information. The photocatalytic activities of p-Ag,O/n-TiO,
microspheres and Ag,0/P25 nanoparticles for samples 2:1 and
4:1 (molar ratio of AgNOj; to TiO,), measured under identical
conditions, are presented in Figure 6, from which it is clear that

—W=3DTi0,- Ag,0 (1)
1.00
3D Ti0,- Ag,0 (4:1)
—A—p25. Ag,0 (2:1)
0.75 .
- P25-Ag,0 (4:1)
[($)
\u
O .50
0.25
0.001—/ /~ T y
-60 1] 25 30

5 .10 15 20
Time (m?n)

Figure 6. Photocatalysis degradation profiles of MO for p-Ag,O/n-
TiO, microspheres and Ag,O/P25 nanoparticles with molar ratios of
TiO, to AgNOj; of 2:1 and 4:1.

the almost complete degradation of MO dye was observed after
15 min of UV irradiation for 3D p-Ag,0/n-TiO, microspheres,
while after 1S min for Ag,0/P25 nanoparticles (sample 4:1),
the degradation is only about 60%. Therefore, the as-
synthesized 3D p-Ag,O/n-TiO, microspheres exhibited higher
photocatalytic activity than the P25/Ag,O nanoparticle.
Although P25/Ag,0 nanoparticle shows a definite photo-
catalytic activity, it was difficult to separate it from the
photocatalytic medium after application. Whereas after the
photocatalysis reaction, the 3D Ag,O/TiO, heterojunction
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nanostructures are completely separable and can be recovered
from the treated aqueous solution.

The stability is very important for recycling of catalysts based
on its importance for practical application. In this work, to
investigate the photocatalytic stability of Ag,O/TiO, 3D
microspheres in the recycled process, five cycles of photo-
degradation of MO were conducted taking 2:1 and 4:1 Ag,O/
TiO, catalyst as a typical sample. The recovered Ag,0/TiO,
nanostructures were reused in the next cycle. Figure 7 shows

—=2:1 —e—4:1
cycle 2| cycle 3 | cycle 4 | cycle 5
[

cycle 1
1.04 4

0.8

o

0.6

c/c

0.4

0.2

0.0 T
40 60 80 100

20
Irradiation Time (min)

Figure 7. Recycled performances in the presence of p-Ag,0/n-TiO,
heterojunction for photodegradation of MO dye.

that there is no obvious reduction of the photocatalytic
degradation efficiency after five repeated cycles. These results
indicate the good stability and reusability of our 3D Ag,0/TiO,
p—n nanoheterojunction.

As degradation occurs at the catalyst surface, surface area is
an important parameter for photocatalytic activity. The specific
surface area, S,, was calculated from Brunauer—Emmett—Teller
(BET) model®

_5
pd

where d is the particle size and p is the density of the TiO,. The
estimated particle size was calculated using the Debye—Scherrer
formula (Supporting Information). The specific surface area of
the bare TiO, microsphere and 6:1, 4:1, and 2:1 (Ag,0/TiO,
microsphere) was calculated to be 54.6, 57.9, 8.1, and 61.7
m?/g, respectively. The above results obviously show that
effective surface area of the Ag,O nanoparticles accumulated on
TiO, surface was larger than the surface of bare TiO,
microsphere. Thus, the larger specific surface area of 3D p-

Sa
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Ag,0/n-TiO, microspheres will increase the photocatalytic
reaction sites for the adsorption of reactant molecules and
promote the efficiency of the electron—hole separation. It was
found that, for Ag,O/TiO, p—n nanoheterojunction, the
degradation increases significantly with increasing the specific
surface area and reaches a maximum at 4:1 (TiO,/AgNO; =
4:1). Therefore, the specific surface area is not the sole
parameter in determining the photocatalytic activity.

3.3. Mechanism on Enhancement of Photocatalytic
Activity. The enhanced photocatalytic performance of the
heterostructure can be explained by assuming the formation of
p—n junction, and a possible proposed energy band structure of
Ag,0/TiO, p—n junction is elucidated schematically in Figure
8. Ag,0 is a p-type narrow band gap semiconductor with

Eyac Eyac
Xl ¢1 X2 ¢2
E.p
ECﬂ
1.46eV EFp EF- ................. A
_Ev_p ________________ oy
/ Eun
p-typeAg;0 /ﬂype TiO,
(a)
L S— g L Eyliog)
Ecp b
11 46eV \ iVo Ecn
_______________ T s
Ew AE, F 3ev
Eun
(b)

Figure 8. (a) The energy band structures of Ag,0O and TiO, before
formation of heterojunction and (b) the energy band structures of p-
Ag,0/n-TiO, heterojunction at equilibrium (E,,: vacuum level; Eg:
Fermi level; ¢b: work function; y: electron affinity).

ionization potential of 5.3 eV** and work function of 5.0 eV,*
while rutile TiO, is a n-type wide band gap (3 eV)
semiconductor with electron affinity of 4.0 eV§6 and work
function of 4.5 €V.* On the basis of the above values, the
energy band structure of the Ag,O and TiO, before contact is
shown in Figure 8a. When Ag,O nanoparticles are attached
onto the TiO, nanorod surface, type-II p—n nanoheterojunc-
tions are formed at the interface and electron transfer occurred
from TiO, to Ag,O until their Fermi levels align; ie., the
semiconductor system reaches the thermal equilibrium state.
Therefore, due to alignment of Fermi level, band bending
would be expected which is schematically shown in Figure 8b.
Because of carrier concentration gradjents, electrons diffuse
from n-type to p-type region and holes diffuse from the p-type
to n-type region. At the junction in equilibrium, the n-type
TiO, regions have a positive charge, while p-type Ag,O has a
negative charge, so that an opposing electric field (£) is created
at the junction and there is an equilibrium potential difference
V, across the transition region, called contact potential. During
the photocatalysis process, the photogenerated electrons can
move to the conduction band (E_,) of the n-type TiO, and
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holes can move to the valence band (E,,) of the p-type Ag,0
due to the built in electric field at the p-Ag,O/n-TiO,
nanojunction and retard the recombination. The photocatalytic
activity was found to be increased with increasing molar ratio of
TiO, and AgNOj; Furthermore, with increasing molar ratio of
TiO,/AgNO;, the number of nanoheterojunctions increases
and a larger number of electron—hole pairs within the space
charge region are efficiently separated by the electric field. The
optimum content of Ag,O could be related to the light
penetration depth in the space charge layer and also the
amount of exposed surface area of TiO,. Recently, Hui et al.
also reported existence of an optimal percentage of AgBr in
AgBr/gSiPO4 p—n junction for the best photocatalytic perform-
ance.

On the basis of the above experimental results and
discussion, a possible mechanism for dye degradation under
UV irradiation is proposed in Scheme 2. When Ag,0/TiO, p—

Scheme 2. Proposed Photocatalytic Mechanism of p-Ag,0/
n-TiO, Nanoheterjunction

p-type Ag,O o,

n heterostructure is radiated by UV light with photon energy
equal or higher to the band gaps of Ag,O and TiO,, both Ag,O
and TiO, could be simultaneously excited to form electron—
hole pairs. As per Figure 6b, due to band banding and under the
influence of the electrostatic field ¢ in the junction, the
photogenerated electrons easily transfer from the CB of Ag,0
to that of TiO, and holes transfer from the VB of TiO, to that
of Ag,0. The photogenerated electrons react with adsorbed O,
and H,O on the surface of the heterostructure and produce
superoxide radical anions such as -O,”, OOH, and OH". The
photogenerated holes can be trapped by H,O and OH™ to
further produce -OH and OH™ species. During the photo-
catalytic reaction process, it is observed that the photo-
generated electron and hole pairs were separated efficiently on
the p-type Ag,O/n-type TiO, heterojunction interface and then
participated in a chemical reaction and produced powerful
superoxide radical as well as oxidizing agent (-O,~, -OH, -OOH,
and OH") that decomposed the organic dyes.

4. CONCLUSIONS

Three dimensional Ag,0/TiO, p—n nanoheterojunction has
been successfully prepared via a low-temperature hydrothermal
and UV photochemical reduction process. Uniform assembly of
Ag,O nanoparticle was observed on the surface of the TiO,
which produces a large number of p—n nanoheterojunctions.
The Ag,0O/TiO, nanoheterostructure promotes the charge
separation due to built in electrostatic field at the junction and
exhibits higher photocatalytic activity than that of pure TiO,.
Due to their large surface area, high surface to volume ratios,
superior photocatalytic activity, and unique stable three-
dimensional structures, optimum molar ratios of TiO, and

dx.doi.org/10.1021/am302136y | ACS Appl. Mater. Interfaces 2013, 5, 331-337
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AgNO; will greatly promote their industrial application to
eliminate the organic pollutants from wastewater.
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