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a b s t r a c t

Herein, the mesoporous silica material SBA-15 was chosen as a carrier to load photo-catalytic com-
posite materials. To promote the catalytic activity of ZnO under solar light, photo-reduced Ag/ZnO 
materials were synthesized onto SBA-15. These composite materials were unambiguously char-
acterized using a variety of spectroscopic techniques. The adsorption and catalytic efficiencies of 
these catalysts were evaluated by the decomposition of Methyl Orange (MO). The resulting material 
showed enhanced photo-catalytic efficiency with 96% MO degradation using just simulated solar-
light irradiation over 60 min. With excellent stability and recyclability, Ag/ZnO/SBA-15 represents a 
promising photo-catalyst for decontamination applications.
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1. Introduction

Zinc oxide (ZnO) is a common photo-catalytic material 
because it possesses a band gap similar to that of titanium 
dioxide (TiO2). With excellent properties such as low cost 
and high photo-catalytic efficiency, ZnO has attracted sig-
nificant research efforts in the field of pollutant degrada-
tion[1–4]. However, due to its wide band gap (3.2 eV) and 
low surface area, utilization of ZnO materials have been 
limited [5–7]. Many studies have illustrated the drawbacks 
of using ZnO.

Among those studies, the unique optical and electronic 
properties of noble metal incorporation are favorably 
viewed as an effective way to promote the enhancement 
of photo-catalytic activity and has attracted considerable 
research interest [8].

Of the many carriers with beneficial surface properties, 
mesoporous silicate SBA-15 is generally selected as a support 
for photo-catalytic materials due to its thermal stability and 
large surface area among other beneficial properties [9,10].

Recently, environmental protection is one of the great 
challenges in the world. Organic dyes not readily degraded 
have led to a number of potential environmental problems. 
Methyl orange (MO) is a common dye widely used in indus-
try manufacture due to its stability [11]. Many publications 
have reported the decomposition of MO using various pho-
to-catalysts using either ultraviolet or solar irradiation [12].

In this work, Ag/ZnO/SBA-15 was photo-reduced and 
hydrothermally synthesized. The catalytic performance 
of this Ag/ZnO/SBA-15 nano-material was evaluated for 
MO degradation under visible light irradiation in 60 min. 
A systematic analysis utilizing several modern techniques 
was undertaken to study the relationship between its 
micro-structure and catalytic efficiency under visible light. 

2. Experimental

2.1. Materials

ZnO, AgNO3, Zn (NO3)2, H2O2, NaOH and HNO3 were 
obtained from China Tianjin Fuchen Chemical Reagent 
Factory. Tetraethyl orthosilicate (TEOS) and 3-aminopro-
pyltrimethoxysilane (APTMS) were provided by Nanjing 
Chemical Company. All purchased regents were analytical 
grade purity.
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2.2. Photo-catalyst fabrication

The mesoporous silica SBA-15 was synthesized first 
[13]. NH2-SBA-15 was synthesized by functionalizing the 
amine to connect the ZnO photo-catalyst onto the SBA-15 
surface [14]. Afterwards, 0.1 g of the NH2-SBA-15 support 
was added to 100 mL of a 0.1 M solution of Zn(NO3)2 and 
heated in a water bath at 80°C for 4 h. The amino-function-
alization of SBA-15 bound the ZnO catalyst in solution. The 
pH was adjusted to 13.0 by adding NaOH and HNO3 [2], 
creating an alkaline environment for zinc oxide hydrolysis. 
After filtration and drying, the ZnO/SBA-15 mixture and 
50 mL of 0.05 M AgNO3 were combined. After irradiation 
by visible light (λ > 400 nm) for 4 h, the adsorbed Ag+ was 
photocatalytically reduced to metallic Ag [15] which was 
then rinsed and dried. For purposes of comparison to Ag/
ZnO/SBA-15, pure Ag/ZnO was synthesized using a same 
procedure except for the addition of SBA-15 and the ZnO 
was purchased.

2.3. Characterization 

X-ray diffraction patterns for the photo-catalyst were 
measured on a diffractometer (D/MAX-RB, Japan) 2θ val-
ues ranged from 0 to 60° with a scanning rate of 2°/min, at 
a voltage of 40 kV and current of 50 mA. Transmission elec-
tron microscopy (TEM) images were recorded on a JEOL 
JEM-2100F. Elemental composition of the Ag/ZnO/SBA-15 
photo-catalyst was conducted with energy dispersive spec-
troscopy (EDS) equipped on TEM. The valences of the vari-
ous elements in Ag/ZnO/SBA-15 were detected using XPS 
analysis (Thermo VG Multilab 2000). The pore and surface 
structures of the sample were measured at by a N2 isother-
mal-adsorption instrument (ASAP2010). Diffuse reflectance 
spectra of the samples were obtained on an UV-Vis spectro-
photometer (Sinco S-4100).

2.4. Evaluation of adsorption and catalytic activities

Prior to each photo-catalytic test, evaluation of the 
adsorption effect conducted by stirring the catalyst/solu-
tion mixture for 60 min in the dark. After adsorption, 100 
mL of 20 mg/L Methyl Orange (MO) was used as a typical 
organic contaminant for detecting the photo-catalytic activ-
ities of the three samples under simulated solar irradiation. 
The photo-degradation of MO took place in a glass reactor 
equipped with an XG500 xenon long-arc lamp which was 
temperature controlled at 30°C using a water circulation 
bath. The light intensity was approximately 25 mW/cm2 
and the distance from the xenon lamp to the reactor was 
15 cm. Approximately 50 mg of sample was added to each 
reactor. The photo-catalytic tests were then carried out 
under visible light both with and without H2O2 and argon 
gas. Aliquots of the solution (~ 5 mL) were extracted at 
each interval and then analyzed by UV-Vis for absorbance 
464 nm.

The degradation of MO was estimated using the expres-
sion C0 – C/C0, where C0 was the initial concentration and C 
was the degradation concentration measured at each inter-
val. As the concentration of MO was linearly proportional 
to the absorbance value (A) at 464 nm, the equation A0 – A/
A0 = C0 – C/C0 was obtained.

3. Results and discussion

3.1. Structure analysis 

The low angle XRD patterns of pure SBA-15 and NH2-
SBA-15 are illustrated in Fig. 1A. Three peaks resulting 
from the (100), (110) and (200) reflections belonged to a 
two-dimensional hexagonal lattice structure [2]. The peak 
at (100) was also obtained for the amino-functioned sample, 
but with an obvious decrease due to functionalization and 
indicated a decrease in the high order of the mesoporous 
material.

The phase characteristics of Ag/ZnO/SBA-15 were 
studied using X-ray diffraction (XRD). The broad peak at 
approximately 25° shown in Fig. 1B may be attributed to 
amorphous SiO2 in SBA-15 [15]. The 2θ peaks at 31.78°, 
56.62° and 47.56° of ZnO (wurtzite phase, JCPDS No. 361451) 
as well as the 2θ peak at 38.14° and 64.42° for metallic Ag 
(JCPDS No. 040783) indicated that the Ag/ZnO composite 
had been prepared. These results suggested that metallic 
Ag was produced during the photo-reduction process.

3.2. Morphology and elemental analysis of the photo-catalyst

The morphology of Ag/ZnO/SBA-15 is shown in 
Fig. 2A, showing the typical pore array structure of the 
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Fig. 1. XRD patterns. A: SBA-15 and NH2-SBA-15; B: Ag/ZnO/
SBA-15.
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 sample. The catalysts are on the SBA-15 surface. The 
HRTEM image of a Ag/ZnO composite loaded on the 
surface of SBA-15 can be seen in Fig. 2B. From the image, 
lattice spacings of d101 = 0.246 nm and d111 = 0.238 nm are 
consistent with the interplanar spacings of ZnO and Ag, 
respectively (JCPDS No. 361451, JCPDS No. 040783). The 
particle sizes of Ag and ZnO are approximately 5 nm and 
10 nm,  respectively.

Energy dispersive X-ray spectroscopy (EDX) is a well-
known technique used for surface sample elemental anal-
yses. Analysis of EDX results shown in Fig. 2C and Table 1 
reveals the co-existence of Zn, Ag, O and Si; this confirms 
the formation of the Ag/ZnO/SBA-15 composite.

3.3. N2 adsorption-desorption, XPS analysis and optical 
 properties of the photo-catalysts

The N2 adsorption-desorption isotherms of the three 
samples at 77K exhibited step wise adsorption behavior as 
shown in Fig. 3A. Type IV adsorption-desorption isotherm 
characteristics were observed for all three samples and 
indicated the uniformity of mesoporous materials [16]. The 
pore size distribution shown in Fig. 3A (insert curves) also 
confirmed that these materials are mesoporous.

In addition, when the relative pressure P/P0 was 0.6, the 
adsorbed N2 volume decreased in all three samples: pure 
SBA-15, ZnO/SBA-15 and Ag/ZnO/SBA-15. The insert 
curve shown in Fig. 3A illustrates the pore-size distribution, 
measured by the BJH method [17]. Due to ZnO or Ag dis-
persion on the SBA-15 surface, there was a reduction in the 
textural and structural properties from the analysis results 
shown in Table. 1. One explanation for these results could be 
that some of the crystals blocked the mesoporous material 
channels during synthesis. In general, the two photo-catalytic 
materials loaded on SBA-15 still retained their mesoporous 
structure. The mesoporous characteristics of the modified 
materials improved photo-catalytic performance.

XPS analysis was used to study the valence of Ag on 
Ag/ZnO/SBA-15. Fig. 3B shows two peaks – 368.5 eV and 
374.4 eV, assigned to the Ag 3d5/2 and Ag 3d3/2 binding 
energies, respectively. A spin energy separation of ~ 6.1 eV 
between the two peaks further indicated that there was 
zero-valent Ag in the composite [18]. 

The optical properties of the two samples are illustrated 
in Fig. 3C which shows that ZnO/SBA-15 has a strong 
absorption at approximately 340 nm. Because of the surface 
plasmon resonance (SPR) of Ag nano-particles [19], the Ag/
ZnO/SBA-15 composite exhibited an intensive absorption 
band from 400–700 nm.

3.4. Absorption behavior

MO adsorbs onto Ag/ZnO/SBA-15, ZnO/SBA-15, Ag/
ZnO, NH2-SBA-15 and pure SBA-15 in the dark. The initial 
concentration of MO was 20 mg/L; the samples were 2 g/L. 
As seen in Fig. 4, the adsorption activities of all five samples 
were low and the adsorption activity of pure SBA-15 was 
also limited. Thus, pure SBA-15 did significantly factor into 
this process. Fig. 4 also shows that the adsorption activi-
ties of Ag/ZnO/SBA-15 and ZnO/SBA-15 were not much 
higher, either.

3.5. Catalytic performance

MO was used as a model pollutant to test the catalytic 
performances of all three samples. Fig. 5 shows the deg-
radation of MO under different conditions for all three 
samples. These results showed that there was no MO deg-
radation using only visible light irradiation for 60 min. 
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Fig. 2. TEM images. A: The morphology; B: HRTEM images of 
Ag/ZnO/SBA-15; C: EDX spectrum of Ag/ZnO/SBA-15 com-
posite. 
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The  degradation activity of MO by Ag/ZnO/SBA-15 using 
visible light was greater than that for ZnO/SBA-15 and 
Ag/ZnO, indicating that Ag loading was an effective way 
to improve photo-catalytic performance. The mesoporous 
structure of SBA-15 benefited the photo-catalytic degrada-
tion of MO as well; however, MO degradation increased 
significantly when H2O2 was added to MO. For instance, 
Ag/ZnO/SBA-15 degraded approximately ~96% of MO 
using visible light in the presence of H2O2 over the course of 
60 min. In contrast, when the same reaction with Ag/ZnO/
SBA-15 was run with simulated solar radiation under argon 
gas, only 42% of MO degraded. 

In order to examine the potential reaction mechanism 
and determine the primary reactive species during pho-
to-catalysis, radical scavengers were added to the reaction 
mixture (Fig. 6). For those experiments, terephthalic acid 
was used to scavenge the ∙OH radical [20], EDTA for the 
H+ ion [21] and p-benzoquinone quenched ∙O2 [22]. Fig. 6 
shows the photo-catalytic activities of the Ag/ZnO/SBA-15 
composite using these different scavengers. As shown to all, 
methanol did not lead significant decreases in photo-cata-
lytic activities; however, EDTA and p-benzoquinone nearly 
completely inhibited the removal of MO. These results sug-
gested that H+ and ∙O2 were the primary reactive species 
during photo-catalysis.

ZnO/SBA-15 has weak photo-catalytic activity under 
visible light due to its limited absorption in the visible 
region (Fig. 3C). Mo degradation under simulated solar 
radiation was virtually nonexistent for the ZnO/SBA-15 
system; this is likely due to its band gap energy of 3.2 eV 
[3]. The Ag/ZnO/SBA-15 hetero-structure sample showed 
much higher photo-catalytic activities because of the sur-
face plasmon resonance of metallic Ag particles.

When radiated by UV or visible light equal to or sur-
passing the semiconductor band gap, the electron-hole 
pairs of the photo-catalyst were synthesized and separated 
on the semiconductor [23]. When the Ag/ZnO hetero-struc-
ture nano-catalyst was dispersed in the solution with MO, 
the Schottky barrier at the Ag/ZnO interface formed in the 
presence of visible light [24]. The Ag particles on the ZnO 
surface were described as a sink, which reduced the elec-
tron holes and their recombination which prolongs the life-
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Fig. 3. N2 adsorption-desorption, Ag 3d XPS spectra and UV-Vis 
absorption properties.

0 10 20 30 40 50 60
0

3

6

9

12

15

18

A:Ag/ZnO/SBA-15
B:ZnO/SBA-15
C:SBA-15
D:Ag/ZnO

De
gr

ad
at

io
n(

%
)

Time(min)

B

A
D

C

E
E:NH2-SBA-15

 

 

Fig. 4. Absorption behavior of MO in darkness.

Table 1
EDX results of Ag/ZnO/SBA-15

Element Atomic %

O 29.19
Zn 25.85
Ag 13.12
Si 30.84
Total 100.0
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times of the generated pairs. Because of surface plasmon 
resonance (SPR), most of the electrons generated during 
photo-catalysis were excited from Ag particle surfaces of 
the conduction band of ZnO, promoting the formation of 
radicals which enhanced photo-catalytic efficiency. The 
superoxide radical (•O2

–) was produced because adsorbed 

O2 readily traps electrons generated during photo-catalysis 
[25–28] and degrades the MO dye to CO2 and other inter-
mediate products.

Stability is an important property for photo-catalysts, 
so in an effort to examine the stability of Ag/ZnO/SBA-15, 
recycling of the photo-catalyst was tested for MO photo-cat-
alytic degradation (Fig. 7A). Those tests showed only a 
small drop in activity after five cycles using visible light and 
demonstrated the stability of these photo-catalysts during 
liquid-solid heterogeneous irradiation. As shown in Fig. 7B, 
there was no obvious change in the structure of the Ag/
ZnO/SBA-15, suggesting that the sample was stable during 
photo-catalysis.

4. Conclusions

In this work, a facile two-step method was used to suc-
cessfully synthesize a Ag/ZnO/SBA-15 composite. The 
composite material was unambiguously characterized by 
several spectroscopic techniques. Surface plasmon reso-
nance (SPR) showed enhanced catalytic activity of Ag/
ZnO/SBA-15 compared to ZnO/SBA-15 for MO degrada-
tion under simulated solar light. Moreover, photo-catalyst 
recycling experiments proved that Ag/ZnO/SBA-15 com-
posites could be used in practical application of pollutant 
treatment because of its good stability. These results also 
suggested that the coupling effect between Ag and ZnO 
would be valuable in the mineralization for the organic pol-
lutants under solar light.

0 10 20 30 40 50 60
0

5

10

15

20

25

De
gr

ad
at

io
n(

%
)

Time(%)

a:ZnO/SBA-15/visible light/H2O2
b:ZnO/SBA-15/visible light 
c:ZnO/SBA-15/visible light/Ar gas
d:ZnO/SBA-15/H2O2
e:H2O2
f:visible light 

 

 

a

b
c

d

e

f

A

0 10 20 30 40 50 60
0

20

40

60

80

100

a:Ag/ZnO/SBA-15/visible light/H2O2
b:Ag/ZnO/SBA-15/visible light 
c:Ag/ZnO/SBA-15/visible light/Ar gas
d:Ag/ZnO/SBA-15/H2O2
e:H2O2
f:visible light 

De
gr

ad
at

io
n(

%
)

Time(min)

a

b

c

d
e
f

B

 

 

0 10 20 30 40 50 60
0

10

20

30

40

50

a:Ag/ZnO/visible light/H2O2
b:Ag/ZnO/visible light 
c:Ag/ZnO/visible light/Ar gas
d:Ag/ZnO/H2O2
e:H2O2
f:visible light 

De
gr

ad
at

io
n(

%
)

Time(min)

a

b

c
d

e

f

C

 

 

Fig. 5. MO degradation. A: ZnO/SBA-15 system; B: Ag/ZnO/
SBA-15 system; C: Ag/ZnO system.
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Fig. 6. Photo-catalytic activities of Ag/ZnO/SBA-15 for the deg-
radation of MO with different scavengers.

Table 2
Textual and structural properties of samples

Materials SBET  
(m2/g)

Pore volume  
(cm3/g)

Pore size 
(nm)

SBA-15 590.2 1.22 5.97
ZnO/SBA-15 300.7 0.81 5.69
Ag/ZnO/SBA-15 290.4 0.78 5.48
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Fig. 7. Sample stability. A: MO degradation by Ag/ZnO/SBA-15 
after 5-cycles; B: XRD patterns of Ag/ZnO/SBA-15 before and 
after the cycles.
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