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a b s t r a c t

The Ag nanoparticles-stabilized ZnO nanosheets were prepared using a liquid–liquid two-phase method
with (n-Dodecyl)trimethylammonium bromide (DTAB) as a phase transfer agent at the room tempera-
ture. The silver nanoparticles which are conductors with the character of attracting energy can make
the ZnO sheets stabilize under the higher energy electrons. The samples are characterized by X-ray
eywords:
nO sheets
g nanoparticles

n-Dodecyl)trimethylammonium bromide

diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), UV–vis
spectroscopy and fluorescence. The results demonstrate that the silver nanoparticles load on the surface
of ZnO sheets and make the ZnO sheets stabilize. Furthermore, the formation mechanism of ZnO sheets
stabilized by silver nanoparticles was also proposed and discussed in detail. Moreover, the photocatalysis
test shows that the ZnO sheets stabilized by silver nanoparticles exhibit a higher photocatalytic activity

heets
–hole
wo-phase method than the pure ZnO nanos
photogenerated electron

. Introduction

Zinc oxide (ZnO), as an n-type semiconductor with a wide band
ap (3.37 eV) and a large exciton binding energy of 60 meV at room
emperature [1] has received extensive scientific attention due
o their photoluminescence (PL), field emission, and piezoelectric
roperties. Furthermore, ZnO nanocrystals have shown consider-
ble potential as materials for ceramics, piezoelectric transducers,
ptical coatings, high speed and display devices, gas sensors,
aristors, photo-catalysts, and photovoltaics [2,3]. Also the high
hemical stability and low toxicity together make ZnO suitable for
V screening applications. For these reasons, many methods for

he synthesis of ZnO nanoparticles have been developed, includ-
ng microwave method [4], sol–gel process [5], solvo/hydrothermal
eactions [6], precipitation [7], solution combustion method [8],
pray pyrolysis [9], gas-phase condensation [10], thermal evap-
ration [11], direct milling [12], and mechanochemical reactions
13].

As we know, semiconductor metal oxides (SMOs) applied in the
roduction of photoelectrochemical cells, gas sensors, field-effect

ransistor, surface acoustic wave devices, and photoluminescence
evices have triggered much research activity [14]. For example,
nO has significant advantages in optoelectronic applications such
s ultraviolet lasing media owing to its extreme large binding

∗ Corresponding authors. Tel.: +86 25 84315943; fax: +86 25 84432747.
E-mail addresses: xhliu@mail.njust.edu.cn (X. Liu), wxin@public1.ptt.js.cn
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, thereby implying that the Ag/ZnO interfaces promote the separation of
pairs and enhance the photocatalytic activity.

© 2011 Elsevier B.V. All rights reserved.

energy of the exciton, can form the stable exciton [15]. However, the
simplex SMO could not completely meet the increasing application
needs in constructing high-performance semiconductor devices.
Therefore, considerable efforts have been spent in enhancing phys-
ical and chemical properties of the SMOs, such as loading noble
metals on the surface of SMOs, doping metals into the lattice of the
SMOs, incorporating among the SMOs, and so on. Generally, one
accepted solution is to modify the semiconductor metal oxides with
noble metals, which could improve the photocatalytic, gas-sensing,
and photoluminescence properties [16]. As a matter of fact, the
interaction between the noble metals and the SMOs is complicated
because the interaction relates to the carrier concentration, defect
level, and surface states of the semiconductor, electronic, optical
properties, and so forth. Therefore, good understanding of the inter-
action will facilitate the fundamental and technical application of
the SMOs modified with noble metal.

In this work, we have successfully synthesized ZnO nanosheets
stabilized by silver nanoparticles using a liquid–liquid two-phase
method with (n-Dodecyl)trimethylammonium bromide (DTAB) as
a phase transfer agent at the room temperature. Furthermore, the
information of the samples was investigated using X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), UV–vis absorption spectroscopy (UV–vis), and
photoluminescence (PL) spectroscopy, which was in an attempt to

understand well the interaction between the silver and ZnO. More-
over, the formation mechanism of ZnO sheets stabilized by silver
nanoparticles was also proposed and discussed in detail. The pho-
tocatalysis activities of ZnO sheets stabilized by silver nanoparticles
and pure ZnO nanosheets were also displayed.

dx.doi.org/10.1016/j.jallcom.2011.01.145
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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electrons. Fig. 4 shows the typical SEM and TEM images of the Ag-
stabilized ZnO nanosheets. Representative low-magnification SEM
image of the Ag-stabilized ZnO nanocomposites is illustrated in
Fig. 4(a), where the ZnO sheets are not obvious on the surface in
comparison with Fig. 3(a). The TEM image of the Ag-stabilized ZnO
D. Zhang et al. / Journal of Alloys a

. Experimental

.1. Materials

Zinc acetate dihydrate (Zn(CHCOO)2·2H2O) was obtained from Shanghai Chem.
o. Silver nitrate (AgNO3) and sodium borohydride (NaBH4) were obtained from
ldrich. (n-Dodecyl)trimethylammonium bromide (DTAB) was obtained from A

ohnson Matthey Co. 1-Dodecanethiol (CH3(CH2)11SH) and other reagents were
lso supplied by Aldrich. All the reagents were used as received, without further
urification, and all the water was deionized.

.2. Syntheses of ZnO sheets

ZnO nanosheets were synthesized according to a modified version of a com-
on two-phase system. A 30 mL aqueous solution of Zn(CH3COO)2 (0.05 M)
as combined with 20 mL of a toluene solution of phase transfer agent (n-
odecyl)trimethylammonium bromide (1.6 g DTAB) and vigorously stirred for 8 h.
he organic phase, which contained the Zn(OH)2 (Scheme 1), was isolated from the
queous phase by phase separation. The product was washed in excess ethanol to
emove the residual phase transfer agent in the organic phase. The final product was
acuum-dried at 60 ◦C for overnight.

.3. Syntheses of ZnO sheets stabilized by silver nanoparticles

A 30 mL aqueous solution of Zn(CH3COO)2 (0.05 M) and AgNO3 (0.03 M)
ere combined with 20 mL of a toluene solution of phase transfer agent (n-
odecyl)trimethylammonium bromide (1.6 g DTAB) and vigorously stirred for 8 h.
he organic phase, which contained the silver ions and Zn(OH)2, was isolated from
he aqueous phase by phase separation and 150 �L of 1-dodecanethiol was added.
fter the mixture was stirred for 15 min, the silver ions were reduced by introduc-

ion of 24 mL of an aqueous solution of NaBH4 and then stirred for another 8 h. The
rganic phase was isolated from the aqueous phase by phase separation. The final
roduct was washed in excess ethanol and acetone to remove the residual phase
ransfer agent and unbound thiol in the organic phase and then vacuum-dried at
0 ◦C for overnight. In this reaction system, not all the synthesized silver nanoparti-
les load on the ZnO sheets. According to the calculation (using the UV–vis spectra),
.5% Ag nanoparticles are supported on the surface of ZnO.

.4. Characterization

UV–vis spectra were recorded on a Shimadzu UV-1201 spectrophotometer in
1 cm optical path quartz cuvette over a 200–800 nm range at room tempera-

ure. The X-ray diffraction (XRD) analyses were performed on a Bruker D8 Advance
iffractometer with Cu K� radiation. The diffraction data was recorded for 2� angles
etween 10◦ and 80◦ . Morphology analyses of samples were carried out on JEOL-
100 transmission electron microscope (TEM). Scanning electron microscope (SEM)

mages were preformed on a JEOL JSM-6380LV SEM. Fluorescence spectrometer (RF-
301PC, Shimadzu) with a 150W Xenon lamp as the excitation light source at room
emperature was used. For photocatalytic measurement, 10 mg of each catalyst was
uspended in 200 mL of methyl orange aqueous solution (20 ppm), and then the
ixture was put into quartz tubes and agitated about 3 h in the absence of light

o attain equilibrium adsorption on the catalyst surface. Ultraviolet (UV) irradia-
ion was carried out by using a 500 W fluorescent Hg-lamp. After a given irradiation
ime, about 3.5 mL of the mixture was withdrawn and the catalysts were separated
hrough centrifugation. The photocatalytic degradation process was monitored by
V–vis spectrophotometer (UV-1201) to measure the absorption of methyl orange
t the wavelength of 463 nm.

. Results and discussion

.1. The XRD patterns

Fig. 1 illustrates the XRD patterns of free Ag nanoparticles, pure
nO sheets and ZnO sheets stabilized by Ag nanoparticles, where
he XRD patterns of ZnO sheets and Ag nanoparticles products are
lso shown for comparison. The not perfect wurtzite ZnO and fcc
g phases coexist in the Ag/ZnO crystals, and the XRD patterns
atch their JCPDS files Nos. 36-1451 and 04-0783, respectively

17,18]. Furthermore, no remarkable shifts of any diffraction peaks
re detected, which indicates that the change in the lattice parame-
ers of the ZnO nanocrystals is negligible. But the other peaks which

re not marked may be assigned to the ZnO·nH2O.

The crystallographic structure of pure ZnO nanosheets dried
t 130 ◦C higher temperature is characterized by XRD, as shown
n Fig. 2. The obtained ZnO nanosheets are of wurtzite structure
hexagonal phase, space group P63mc), which can be well indexed
Fig. 1. XRD patterns of (a) Ag nanoparticles, (b) pure ZnO sheets and (c) ZnO sheets
stabilized by Ag nanoparticles.

to the typical wurtzite structure of hexagonal ZnO phase reported
in JCPDS card (No. 36-1451) and there was no characteristic peaks
of impurities observed. The sharpness of the diffraction peaks sug-
gests that the ZnO sample should be well crystallized.

3.2. The morphology of the ZnO sheets

SEM and TEM images of the pure ZnO sheets are presented in
Fig. 3. From Fig. 3(a), it can be seen that the ZnO sheets are very
thin with no uniform structure. Fig. 3(b) exhibits the shape as sheet
of ZnO nanoparticles. High-resolution TEM (HRTEM) image of an
individual ZnO sheet shown in Fig. 3(c) reveals that the interplanar
spacing is 0.26 nm, which corresponds to the (0 0 0 1) crystal plane
of ZnO crystal. The high-resolution image indicates that the ZnO
sheets are single crystal and grow along the (0 0 0 1) direction. In
Fig. 3(c), we can see that the lattice lines of ZnO is very obscure, this
is because of unstabilized crystal of ZnO under the higher energy
Fig. 2. XRD patterns of pure ZnO nanosheets dried at the temperature of 130 ◦C.
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Scheme 1. The forma

anocomposites is shown in Fig. 4(b). It can be clearly observed
hat the silver nanoparticles loaded on the surface of ZnO sheets.
he size of Ag nanoparticles ranges from 5 nm to 15 nm. The mea-
ured average diameter of the Ag nanoparticles is about 10 nm. The
RTEM image in Fig. 4(c) reveals the lattice spacing of d = 0.236 nm,
orresponding to the (1 1 1) planes of the metallic Ag with fcc
tructure. The result demonstrates that the Ag nanoparticles in the
anocomposites are metallic single crystalline Ag with fcc struc-
ure, which is in good agreement with the XRD result. Overall, we
an make a comparison between Fig. 3(b) and Fig. 4(b) and con-
lude that the silver nanoparticles can stabilize ZnO nanosheets
nder the higher energy electrons. Furthermore, the results of the
ig. 3(c) and Fig. 4(c) are well correspond with the XRD which is
hown in Fig. 2(b and c).
.3. UV–vis absorption spectra

The optical absorption spectra of pure Ag nanoparticles, ZnO
heets and Ag nanoparticles stabilized ZnO sheets are shown in
ig. 5. The pure ZnO sheets exhibit UV absorption at 362 nm,

Scheme 2. The formation me
rocess of ZnO sheets.

as shown in Fig. 5(b). This peak is the exciton absorption of
ZnO sheets. The pure Ag nanoparticles samples were prepared
through the reaction of Ag+ and sodium borohydride solution
using the same method without adding of zinc acetate dihy-
drate. The amount of Ag+ and sodium borohydride solution is
the same as the synthesis of Ag nanoparticles in the presence
of zinc acetate dihydrate. The pure Ag nanoparticles are in the
range of 5–10 nm, with an average size of 8 nm, a little smaller
than the Ag nanoparticles coated on the ZnO sheets (Fig. 4(c)).
The surface plasmon absorption of Ag nanoparticles prepared by
two-phase method in the absence of zinc acetate dihydrate is very
narrow and centered at 420 nm (Fig. 5(a)). However, the absorp-
tion of the Ag nanoparticles stabilized ZnO sheets is not a simple
super-position of those of their individual single-component mate-
rials. As can be seen from Fig. 5(c), the surface plasmon band of

Ag nanoparticles stabilized ZnO sheets nanocomposites shows a
red shift of 27 nm compared to pure Ag nanocrystals. The quan-
tum size effect can be ruled out because the Ag nanoparticles
coated on the ZnO sheets are larger than those pure Ag nanoparti-
cles.

chanism of ZnO sheets.
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ig. 3. The SEM and TEM images of ZnO sheets (a) low-magnification SEM image,
b) TEM image and (c) high-resolution TEM image.

The reason for the red shift of the surface plasmon absorp-

ion is due to the strong interfacial coupling between neighboring
anoparticles. In detail, electron transfers from Ag to ZnO in ZnO
heets stabilized by Ag nanoparticles because the Fermi energy
evel of Ag is higher than that of ZnO, resulting in the deficient elec-
Fig. 4. The SEM and TEM images of Ag nanoparticles stabilized ZnO sheets (a) low-
magnification SEM image, (b) TEM image and (c) high-resolution TEM image.

trons on the surface of the Ag nanoparticles. Therefore, the deficient

electrons on the surface of the Ag nanoparticles subsequently lead
to the red shift of the surface plasmon absorption. Then the surface
plasmon band of Ag nanoparticles red shifted nearly 27 nm and
the size of silver nanoparticles became larger. The UV absorption
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ig. 5. UV–vis absorption spectra of (a) Ag nanoparticles, (b) pure ZnO sheets and
c) Ag nanoparticles stabilized ZnO sheets.

f Ag nanoparticles stabilized ZnO sheets blue shift by about 5 nm
ompared to pure ZnO sheets which implies that the size of ZnO
heets (Fig. 4(b)) turn smaller during the synthesis of Ag nanopar-
icles stabilized ZnO sheets because the absorption shift of pure
nO nanocrystals is usually related to their sizes’ change [19].

.4. Fluorescence spectra

The photoluminescence spectrum of pure ZnO sheets is shown
n Fig. 6(a) and exhibits a shoulder peak centered at about 400 nm
nd 500 nm, respectively. The two emission peaks can be assigned
o the recombination of a photogenerated hole with the single
onized charged state of the defect [20,21]. The growth of Ag
anocrystals onto the ZnO sheets completely quenches the PL, as
hown in Fig. 6(b). As we know, the emission peaks at 400 nm and
00 nm is due to the defect-related emissions. On one hand, the
efect-related emission peaks can be reduced by the surface mod-

fication on ZnO sheets, on the other hand, silver nanoparticles can
romote the separation of photo-induced electrons and holes [14].

.5. The formation mechanism of ZnO sheets stabilized by silver

anoparticles

The ZnO sheets were synthesized by using the liquid–liquid
wo phase reaction conditions and the formation mechanism was
hown below:

ig. 6. Fluorescence spectra of (a) pure ZnO sheets and (b) Ag-stabilized ZnO sheets.
Fig. 7. MO degradation curves of ln(Ct/C0) versus time (t) for photodegradation with
different catalysts (a) no catalyst (b) pure ZnO and (c) Ag–ZnO nanosheets; and the
reaction rate constant k, from linear fitting.

Firstly, Zn(CH3COO)2 is in the water phase, where the hydrolyza-
tion reaction is occurred completely.

Zn(CH3COO)2 + 2H2O → Zn(OH)2 + 2CH3COOH (1)

Due to a large number of DTAB (cationic surfactant), which can
form lamellar micelle, Zn(OH)2 can interact with it thoroughly and
the result is that Zn(OH)2 is surrounded by the surfactant which can
make them transfer into organic solvents, where the ZnO is formed
finally (Scheme 2).

As we know, ZnO belongs to hexagonal system, the cell param-
eter: a = 0.3249 nm, c = 0.5206 nm. On the basis of discussion
mentioned above and the result of TEM, it can be concluded that
the growth of crystal orients along the (0 0 0 1) facet to form various
structures which consisted of units of hexagons.

3.6. Photocatalytic testing

The photocatalytic activities of the pure ZnO and Ag/ZnO
nanosheets were evaluated by the degradation of methyl orange
(MO) dye under UV irradiation. The degradation is monitored by
studying the decrease in absorbance of methyl orange in presence
of powder sample suspensions and quantified by plotting a first
order decay plot of the absorbance at 463 nm. The first-order rate
constant for degradation, k, can be obtained from the first-order
plot according to the following Eq. (1) [22]:

ln
(

Ct

C0

)
= −kt (2)

where C0 is the initial concentration and Ct is the concentration
after the MO degradation for time t. Fig. 7 shows the photodegra-
dation curves of MO in the form of ln(Ct/C0) as a function of time
and the determined values of the reaction rate constant, k, from
linear fitting for different samples.

In Fig. 7, the blank test shows that the degradation of methyl
orange changes little after irradiation, indicating that the photo
induced self-decomposition can be neglected in comparison with
the photo catalysis caused by catalyst particles [15]. Thus, the
UV-light-induced degradation of methyl orange in our work can
be evaluated as a real photo catalytic activity of the pure ZnO
and Ag-stabilized ZnO sheets, respectively. Notably, in Fig. 7, the
Ag/ZnO nanosheets exhibit higher photocatalytic activity com-

pared to the pure ZnO nanosheets. The improved photocatalytic
activity of Ag/ZnO composite is probably due to the more effective
electron–hole separation of the Ag/ZnO composite. Some similar
report [23] indicates Ag nanoparticles, acting as electron sinks, can
reduce the recombination of photoinduced electrons and holes and
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rolong the lifetime of the electron pairs. Hence, based on their
xcellent photocatalytic performance, the Ag/ZnO nanosheets are
ossibly favorable for potential application in purification of pol-

uted water or air.
As the photocatalytic process of the Ag/ZnO composite is com-

lex and controversial, here we would like to discuss it in detail by
roposing the band structure of the Ag/ZnO. As we know, the work
unction of ZnO (5.2 eV) is larger than that of Ag (4.26 eV), implying
hat the electrons will migrate from silver to the conduction band
CB) of ZnO to achieve the Fermi level equilibration when they get
nto contact. The process can be expressed as:

g → Ag+ + e− (3)

When the catalysts are illuminated by UV light with photon
nergy higher than the band gap of ZnO, electrons (e−) in the
alence band (VB) can be excited to the CB with simultaneous
eneration of the same amount of holes (h+) left behind.

The photocatalytic reaction can be thus expressed as follows
24]:

nO + h� → h+ + e− (4)

+ + OH− → •OH (5)

+ + H2O → •OH + H+ (6)

− + Ag+ → Ag (7)

− + O2 → •O2
− (8)

O2
− + H+ → •O2H (9)

•O2H → H2O2 + O2 (10)

. Conclusions

In summary, we have developed a facile and general strategy for
he synthesis of ZnO sheets. Detailed structural characterization
nd elemental analysis demonstrate the presence of ZnO sheets,
oaded by Ag nanoparticles. The synthesis employs ZnO sheets as

he substrates, where silver seeds are grown on the surface, and

ake the ZnO sheets more stabilization. The photocatalysis test
hows that the ZnO sheets stabilized by silver nanoparticles exhibit
higher photocatalytic activity than the pure ZnO nanosheets,

hereby implying that the Ag/ZnO interfaces promote the sep-

[
[

[
[

mpounds 509 (2011) 4972–4977 4977

aration of photogenerated electron–hole pairs and enhance the
photocatalytic activity.
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