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a  b  s  t  r  a  c  t

ZnO-incorporated  mesostructured  silica  nanoparticles  (MSN)  catalysts  (ZM) were  prepared  by  the  intro-
duction  of  Zn  ions  into  the  framework  of  MSN  via  a simple  electrochemical  system  in the  presence  of
various  concentrations  of NH4OH aqueous  solution.  The  physicochemical  properties  of  the  catalysts  were
studied  by  XRD, 29Si  MAS  NMR, nitrogen  adsorption–desorption,  FE-SEM,  TEM,  FTIR,  and  photolumine-
scence  spectroscopy.  Characterization  results  demonstrated  that  the  alkaline  aqueous  electrolyte  simply
generated abundant  silanol  groups  on  the  surface  of  the  catalysts  as  a consequence  of  desilication  to
form  the  hierarchical-like  structure  of the  MSN.  Subsequent  restructuring  of  the  silica  network  by  the
creation  of  oxygen  vacancies  and  formation  of  Si–O–Zn  during  the  electrolysis,  as  well  as  formation  of
new  Si–O–Si  bonds  during  calcination  seemed  to be the main  factors  that  enhanced  the catalytic  perfor-
mance  of photodecolorization  of methyl  orange.  A ZM  prepared  in  the  presence  of  1.0  M  NH4OH  (ZM-1.0)
was  determined  to  be the  most  effective  catalyst.  The  catalyst  displays  a higher  first-order  kinetics  rate

−1 −1 −1 −1
hotodecolorization of 3.87  ×  10 h than  unsupported  ZnO (1.13  ×  10 h )  that prepared  under  the  same  conditions  in
the  absence  of MSN.  The  experiment  on effect  of scavengers  showed  that  hydroxyl  radicals  generated
from  the  three  main  sources;  reduced  O2 at the  conduction  band,  decomposed  water  at  the valence  band
and  irradiated  H2O2 in the  solution,  are  key factors  that  influenced  the reaction.  It  is also  noted  that  the
recycled  ZM-1.0  catalyst  maintained  its  activity  up  to five  runs  without  serious  catalyst  deactivation.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Heterogeneous photocatalysis is a promising technology for
he removal of dyes from wastewater [1]. It has great potential
s an environmental friendly, low cost, and sustainable technol-
gy. Various semiconductors, including TiO2, Fe2O3, ZnO, and CuO,
ere used as photocatalysts because of their ability to decolorize

ye-containing wastewater [2,3]. Of the various semiconductor
aterials, ZnO stands out due to its properties and wide appli-

ations. ZnO features a band gap of 3.37 eV, efficient absorption

∗ Corresponding author at: Department of Chemical Engineering, Faculty of Chem-
cal Engineering, Universiti Teknologi Malaysia, 81310 UTM Johor Bahru, Johor,

alaysia. Tel.: +60 7 5535581; fax: +60 7 5588166.
E-mail address: aishah@cheme.utm.my (A.A. Jalil).

ttp://dx.doi.org/10.1016/j.apsusc.2014.12.192
169-4332/© 2015 Elsevier B.V. All rights reserved.
in a larger fraction of solar energy, and has a low cost. Therefore,
it is considered as a favorable semiconductor with potential uses
in photocatalysis [4]. It has been demonstrated that the photocat-
alytic activity of semiconductors are correlated to the morphology,
crystalline phase, porosity, and surface area of the materials [5].
Additionally, the surface defect sites of the catalyst are thought to
be a main factor affecting the electron–hole recombination process
during photocatalysis [6]. To achieve the target, many researchers
have tried to improve the photocatalytic activity of the semi-
conductors by using mesoporous materials as the support.

Recently, studies on the synthesis of mesoporous silica (MS)
materials have received much attention and the field has advanced

rapidly. The MS  materials, such as MCM-41 and SBA-15, have
been extensively investigated due to their unique properties [7]. In
response to this, mesostructured silica nanoparticles (MSN) have
become increasingly important because of their high surface area,

dx.doi.org/10.1016/j.apsusc.2014.12.192
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.12.192&domain=pdf
mailto:aishah@cheme.utm.my
dx.doi.org/10.1016/j.apsusc.2014.12.192
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ighly uniform pore distribution, tunable pore size, and unique
osting properties. Previously, we reported the great potential of
SN  as a support material in ibuprofen delivery [8], CO2 methana-

ion [9], cumene cracking [10], and adsorption of organic pollutant
11].

Although the catalytic ability of the semiconductors could be
nhanced by using these mesoporous materials, many problems
till arise. At times, the pores in these materials are not large
nough to help the fast internal diffusion and mass transfer [12]. It
s believed that the modification of mesoporous material to form
ierarchical structures is a beneficial approach to improve the
roperties and effectiveness of the catalysts without changing the
hemical composition of the materials [13]. Miao et al. reported
n efficient catalytic ability of Fe2O3 supported on hierarchically
orous silica (Fe2O3/HPS) for the degradation of Orange II due to
he excellent pore structure of HPS [14]. Based on this informa-
ion, many researchers have pursued the creation of hierarchically
tructure materials.

In particular, desilication by alkaline treatment was  shown
o be an effective way to prepare hierarchical porous materials
15]. This selective removal of siliceous species has become a
idely used top-down method. The studies on the alkali-treatment

f zeolites, which used Na2CO3 or NaOH solution, showed that
elective removal of the siliceous species from the zeolite frame-
ork occurs without changes to the zeolitic structure [16,17].
owever, these conventional methods required high tempera-

ure, longer reaction times, and included somewhat troublesome
teps [18,19]. We  have previously reported the dealumination
f the aluminosilicate framework of zeolites by a simple elec-
rochemical method under nitrogen atmosphere accompanied by
somorphous substitution of metal ions (Zr4+, Fe3+, and Zn2+).
hese metal-supported catalysts led to enhanced photodecoloriza-
ion of various dyes [20,21]. On the other hand, we also reported

 sequential desilication–isomorphous substitution method to
repare mesostructured silica nanoparticles loaded with ZnO [22].
he dealumination and desilication were achieved successfully
y electrolysis under mild conditions without using strong acidic
onditions, hydrothermal treatment, higher temperature, and/or
eactive compounds [23]. Therefore, in this study, we  further
xplored the possible preparation of hierarchically ordered struc-
ures of MSN  using the similar electrochemical system by altering
he conditions of electrolyte. We  found that by controlling the
eak alkaline concentration, a different degree of desilication was

chieved and subsequent rearrangement of the silica network dur-
ng the electrolysis as well as calcination enhanced the catalytic
erformance for photodecolorization of methyl orange dye. The
atalysts were characterized by XRD, 29Si MAS  NMR, nitrogen
dsorption–desorption, FE-SEM, TEM, FTIR, and photoluminesce-
ce. A proposed structure and involvement of both Zn and NH4OH
olution in the silica structural rearrangement were elucidated in
etail from the characterization results. A proposed mechanism for
hotodecolorization, as well as kinetics studies, is also discussed.

. Experimental

.1. Materials

All chemicals were reagent grade and used without further
urification. For preparation of mesostructured silica nanoparti-
les (MSN), cetyltrimethylammonium bromide (CTAB), ethylene
lycol (EG), tetraethyl orthosilicate (TEOS), 3-aminopropyl tri-

thoxysilane (APTES) as surfactant, co-solvent, silica source and
ore expander, respectively were purchase from MERCK Sdn. Bhd.,
alaysia. Ammonium hydroxide solution (NH4OH) was  obtained

rom QRec, Malaysia. The platinum and zinc plates (99.99% purity)
e Science 330 (2015) 10–19 11

which used in the electrolysis were obtained from Nilaco Metal,
Japan. The supported electrolyte, tetraethylammonium perchlo-
rate (TEAP) was synthesized in accordance with the procedure
reported in the literature [24]. In the photocatalytic experiment,
sodium hydroxide (NaOH) and hydrochloric acid (HCl) were used
to adjust the pH of distilled water for preparation of methyl orange
(MO) solution. These materials were also supplied from MERCK
Sdn. Bhd., Malaysia. The distilled water was  used throughout in
the experiment.

2.2. Catalyst preparation

The mesostructured silica nanoparticles (MSN) were prepared
by a co-condensation and sol–gel method as reported in pre-
vious literature [11], corresponding to the mole composition of
0.0032:0.2:0.2:0.1 for CTAB, EG, NH4OH and water, respectively.
The mixture was stirred vigorously for about 30 min  with heating.
Then 1.2 mmol  TEOS and 1 mmol  APTES were added to the clear
mixture to give a white suspension solution. This solution was then
stirred for another 2 h, and the samples were collected by centrifu-
gation. The synthesized MSN  were dried at 333 K and calcined at
823 K for 3 h to remove the surfactant.

The ZnO/MSN catalysts were prepared according to previous
report protocol with some modification [22,25,26]. A 10 mL  dis-
tilled water with different amount of NH4OH (0, 0.5, 1.0 and 2.0 M)
were added into 1 g of MSN  in an open system electrolysis cell fitted
with a magnetic stirrer and a platinum plate cathode (2 × 2 cm2)
facing a zinc plate anode (2 × 2 cm2). As a supporting electrolyte,
0.1 M TEAP were added into the mixture. The electrolysis undergo
in a constant current of 120 mA  cm−2 and 0 ◦C under air atmo-
sphere. 5 min 26 s was required to load 5 wt% of the ZnO onto the
MSN  as calculated by the Faraday’s law as follows,

t =
(

F

I

)
(z × n) (1)

where t is a total time for the constant current applied (s); F is a
Faraday constant, 96,486 C mol−1; I is an electric current applied; z
is a valency number of ions of substances (electrons transferred per
ion); and n is an amount of substance (number of moles, liberated
n = m/M).  The Zn plate was  weighed before and after the electrolysis
to confirm the exact amount of Zn.

After electrolysis, the obtained mixture was impregnated and
dried at 383 K for 12 h before being calcined at 823 K for 3 h to yield
a white powder catalyst which is ready for a characterization. The
catalysts were denoted as ZM-X, where X is a molarity of the NH4OH
used in the synthesis.

2.3. Characterization

The crystalline structures of the catalysts were confirmed by
X-ray powder diffraction (XRD) analysis carried out at room tem-
perature using D8 ADVANCE Bruker X-ray diffractometer using Cu
K� radiation at a 2� angle ranging from 2◦ to 10◦. The phases were
identified with the aid of the Joint Committee on Powder Diffraction
Standards (JCPDS) files.

The textural properties (i.e., specific surface area and pore vol-
ume) were determined from nitrogen physisorption at 77 K using a
Beckman Coulter SA 3100 surface area analyzer. The samples were
outgassed at 573 K for 1 h prior to the analysis. Specific surface area
(SBET) values were calculated from the BET isotherm plots, while
the total pore volume and pore size distributions were calculated

using Non-Local Density Functional Theory (NLDFT) method from
the isotherm. The morphological properties of the catalysts were
examined by field emission scanning electron microscopy (FESEM)
(JSM-6300F FESEM) and transmission electron microscopy (TEM).
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Fourier Transform Infrared (FT-IR) measurements were carried
ut with Perkin-Elmer Spectrum GX FTIR Spectrometer using the
Br method with a scan range of 400–4000 cm−1. IR evacuated was
lso performed by a self-supported wafer placed in an in-situ stain-
ess steel IR cell with CaF2 windows. The cell was heated at 673 K
or 1 h to activate the catalysts and the spectra were recorded at
oom temperature. In order to compare the surface coverage of the
dsorbed species between different wafer thicknesses, all spectra
ere normalized using the overtone and combination vibrations

etween 2100 and 1550 cm−1 after activation.
The photoluminescence (PL) analysis was performed using

ORIBA Jobin Yvon with excitation energy of 325 nm to study the
lectronic structure, optical and photochemical properties of semi-
onductor materials, by which information such as surface oxygen
acancies and defects can be obtained.

The nuclear magnetic resonance measurements were carried
ut using 29Si magic angle spinning nuclear magnetic resonance
MASNMR) Spectroscopy to determine the chemical status in the
ilica framework of the catalysts. The measurement was  performed
t room temperature on a Bruker Solid NMR  (JEOL 400 MHz) spec-
rometer using tetramethylsilane (TMS) as an external reference.
he spectra were recorded using 4 �s radio frequency pulses, a
ecycle delay of 60 s and spinning rate of 7 kHz using a 4 mm zirco-
ia sample rotor.

.4. Photocatalytic testing

The photoactivities of the catalysts were tested for decoloriza-
ion of an aqueous solution of MO dye in a batch reactor fixed with
V lamp (4 × 9 W;  365 nm emission) and a cooling system. The pho-

ocatalytic testing was performed using 1 g L−1 of catalyst added to
he MO solution with a concentration of 3.06 × 10−2 mM and ini-
ial pH of 2. The solution was stirred for 1 h in a dark to achieve
dsorption–desorption equilibrium. Prior to photocatalytic mea-
urement, the reaction was carried out for another 8 h under light
rradiation with the addition of 3 wt% H2O2 under continuous stir-
ing. The concentration of MO dye in the solution before irradiation
as used as the initial value for the MO  decolorization measure-
ents. Then the samples were collected at regular interval of 1 h

nd centrifuged in a Hettich Zentrifugen Micro 120 at 75,000 rpm
or 10 min  before being analyzed by UV–vis spectrophotometer
Thermo Scientific Genesys10uv Scanning) for the residual concen-
ration of MO.  To ensure the accuracy, each set of experiments was
erformed three times. The MO  decolorization was measured at the

aximum adsorption peak at 506 nm.
The effect of different scavengers on photocatalytic perfor-

ance was also evaluated using isopropanol (IP), sodium oxalate
SO), benzyl chloride (BC) and kalium iodide (KI). An amount of

-140-100-60
29Si Shift (ppm)

Q4
Q3

A

-10 0-60
29Si Shift (p

Q3

Q2

B

Fig. 2. 29Si MAS  NMR spectra of (A) MSN
Fig. 1. Small-angle XRD patterns of ZM catalysts prepared by different amounts
of  NH4OH (a) ZM-0 (b) ZM-0.5 (c) ZM-1.0 and (d) ZM-2.0. Inset figure shows XRD
pattern of MSN.

0.65 mol  L−1 of IP, SO, BC or KI was added to the system before sub-
jected to irradiation. Then, the sample was collected and analyzed
using the same procedure as mention above.

3. Result and discussion

3.1. Characterization of catalysts

3.1.1. Structural studies
The structure of ZnO/MSN (ZM) catalysts prepared with differ-

ent amounts of NH4OH were examined by XRD with a small-angle
pattern in the range of 2� = 1.5–10◦ (Fig. 1). The inset figure shows
the diffractogram of bare MSN, which indexed to a p6mm hexagonal
structure of mesoporous silica with three main diffraction peaks at
2� = 2.39, 4.05, and 4.71◦ relative to the (1 0 0), (1 1 0), and (2 0 0)
reflections, respectively [22]. The (1 0 0) peak decreased consider-
ably, while the (1 1 0) and (2 0 0) peaks eliminated when Zn and
NH4OH were introduced into the MSN  (Fig. 1a–d), demonstrating
the essential role of both species in the silica order rearrangement.
A desilication might have occurred in the silica framework due to
the presence of ammonium salt and/or alkaline solution during the
electrolysis [27]. For the ZM-0 sample (Fig. 1a), the Zn ions may
be isomorphously substituted following desilication, which led to

perturbation of the silica framework and decreased the intensity
of the (1 0 0) peak [20–22]. A similar diffractogram was  reported
by Li et al., in which the peaks for SBA-15 became less pronounce
after the loading with TiO2 [28]. There was  no ZnO characteristic

-14 0
pm)

Q4

-14 0-10 0-60
29Si Shift (pp m)

Q4

Q3

Q2

Q1

C

 (B) ZM-0 and (C) ZM-2.0 catalysts.
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Table 1
Textural properties and kinetics decolorization parameters of the catalysts.

Catalyst Surface area
(m2 g−1)

Pore volume
(mL  g−1)

ka × 10−1

(h−1)
kb × 10−3

(h−1/m2 g−1)

MSN  1137 1.11 0.13 0.011
ZM-0 658 0.656 2.14 0.324
ZM-0.5 643 0.712 2.85 0.443
ZM-1.0 771 0.824 3.87 0.501
ZM-2.0 467 0.671 1.49 0.318
N.W.C. Jusoh et al. / Applied 

eak in the high angle of the XRD pattern (figure not shown), sug-
ested that ZnO might be in the framework or highly dispersed on
he surface of MSN. Occasionally, the presence of diminutive metals
ould not be detected by XRD as similar phenomenon was reported
hen 8 wt% Fe was loaded onto MCM-41 [29]. The intensity of the

1 0 0) peak seemed to be slightly increased by the addition of 1.0 M
H4OH (Fig. 1c), thus suggesting a possible improvement in the sil-

ca network. However, increasing NH4OH to 2.0 M (Fig. 1d) reduced
he peak intensity, showing the limitation in the amount of added
ase.

Next, the catalysts were further studied by 29Si MAS  NMR  anal-
sis. Fig. 2 shows a bare MSN  and ZM catalysts spectra deconvolved
ith Gaussian fitting. The bare MSN  shows an intense signal at
107 and −96 ppm, which is the silicon atoms at the Q4 site

 SiO)4Si and Q3 site ( SiO)3Si, respectively (Fig. 2A) [10]. The
ntroduction of Zn into MSN  appeared to reduce the amount of Q3,

hile slightly increasing the amount of Q4 (Fig. 2B). A shoulder
eak developed between −95 and −90 ppm, indicating the possi-
le formation of a Q2 site ( SiO)2Si. Thus, the desilication could
ave occurred during the electrolysis accompanied by either iso-
orphous substitution of Zn ions with Si in the framework or

eaving abundant silanol nests [22]. A signal corresponding to the
1 site ( SiO)1Si was also observed for the catalyst prepared in the
resence of 2.0 M NH4OH (ZM-2.0; Fig. 2C). This also verified that
ore desilication took place during the alkaline treatment and pro-

uced extra Si–O–Zn bonds or Si–O–H groups. A similar result was
eported by Lihitkar et al., who showed that the Q2 site signal was
bserved for ZnO loaded on mesoporous silica and was due to the
resence of the Si–O–Zn bond [30].

.1.2. Morphological studies
The morphology related to the overall shape and size of the

are MSN  and ZM-1.0 catalysts was illustrated by a field emission
canning electron microscopy (FE-SEM) and transmission electron
icroscopy (TEM), and the results are shown in Fig. 3. Due to the

otential improvement in the silica network as demonstrated by
he XRD result, the ZM-1.0 was chosen as a representative catalyst
or this analysis. The spherical shape of the bare MSN, which had an
verage diameter of 100 nm (Fig. 3A), was slightly reduced and less
ggregated when the ZnO and NH4OH were introduced (Fig. 3B).
he TEM image revealed that the bare MSN  exhibited uniform and
ell oriented hexagonal pores, which represents a typical nano-

ized mesoporous silica (Fig. 3C) [11]. There were some distinct
right spots within the single crystal in Fig. 3D–F, thus demon-
trating the hierarchical-like structure of the mesopores, which
ere generated by the possible desilication after alkaline treatment
ith the NH4OH solution. On the other hand, the dark spots repre-

ented the existence of incorporated ZnO nanoparticles. This was
onfirmed by the fast Fourier transform (FFT) pattern, shown in
he inset Fig. 3E, which exhibited the hexagonal diffraction spots of
nO with the wurtzite structure [31]. Thus, in conjunction with the
bsence of peaks corresponding to wurtzite ZnO phase in the XRD
attern of ZM-0 ∼ ZM-2.0, we believe that the ZnO nanoparticles
ere well dispersed in the mesopores of MSN  [32].

.1.3. Study of textural properties
The adsorption–desorption isotherms of N2 were used to study

he changes of the pore structure of ZM catalysts upon addition of
ifferent amounts of NH4OH solution, and the results are shown in
ig. 4. A summary of the corresponding textural properties of the
atalysts is shown in Table 1. As shown in Fig. 4A, a type IV isotherm
urve and H1 hysteresis loop, which classification of highly uniform

ylindrical pores, was observed for the bare MSN. A remarkable
wo steps of capillary condensation were observed, with the first
tep at P/Po = 0.3 and the second step at higher partial pressure
P/Po = 0.9), which were assigned to intraparticle and interparticle
a First-order rate constant.
b The k values were normalized with the surface area.

mesopores, respectively [9,33]. Based on the red reference line,
Fig. 4B shows that the intraparticle pores of the MSN  were dras-
tically reduced and consequently decreased the pore volume when
Zn was  added to prepare the ZM-0. Table 1 shows that the surface
area of pure MSN  decreased considerably from 1137 to 658 m2 g−1

and the pore volume decreased from 1.11 to 0.656 mL  g−1. These
results implied the perturbation of silica network by the possible
isomorphous substitution of Si with the larger Zn ions [30]. In addi-
tion, from the NLDHT pore width distribution of the catalysts shown
in Fig. 4F, we  observed that the high intensity of the bare MSN  peak
decreased sharply upon the addition of Zn, verifying the pore block-
age effect due to the presence of the new metal ions. However, the
addition of NH4OH to the system seemed to slightly increase the
porosity and interparticle pores of the catalyst (Fig. 4C). The inter-
particle pores continued to increase with increasing amounts of
NH4OH up to 1.0 M (Fig. 4D), indicating an improvement in the
silica network, which may  be associated with the possible forma-
tion of a hierarchical-like structure of the MSN  [34]. This result was
in agreement with the XRD data, which demonstrated the incre-
ment in intensity of the (1 0 0) peak of ZM-1.0 when compared to
ZM-0.5. It was  anticipated that the base treatment would trigger
partial desilication, which can introduce a large number of intra-
particle mesopores and allow for the incorporation of zinc ions
into the mesopores during the electrolysis. The results shown in
Table 1 confirmed the increase in surface area and pore volume of
ZM-1.0 when compared to ZM-0.5. Similar structural enhancement
was reported in the synthesis of the mesoporous ZSM-5 zeolite
incorporating ZnO loading in the presence of NaOH by the wet
impregnation method [31]. Fig. 4F also shows that the addition
of NH4OH up to 1.0 M almost retained the pattern of pore width
of the ZM catalysts. Nevertheless, further addition of NH4OH up to
2.0 M seems eliminated the intraparticle pores at 3.24 nm,  while the
interparticle pores at 4.41 nm were almost unchanged and forma-
tion of higher pores are observed at the range of 5.5–10.0 nm. The
higher concentration of alkaline solution might collapse the smaller
pore walls which then reduced the pore volume (Table 1) and
increased the porosity (Fig. 4E). Similar phenomenon was reported
on desilication of ZSM-5 with NaOH solution, in which the increas-
ing concentration of NaOH increased the fraction of mesoporosity
and decreased the micropore volume of zeolites [35].

3.1.4. Vibrational spectroscopy
Fig. 5A shows the FTIR spectra of MSN  and ZM catalysts in the

region between 4000 and 400 cm−1. All of the catalysts exhibited
bands attributed to –OH stretching (3452 cm−1), water molecules
retained by siliceous materials (1635 cm−1), Si–O–Si asymmetric
stretching (1084 cm−1), external Si–OH groups (966 cm−1), Si–O–Si
symmetric stretching (796 cm−1), and Si–O–Si bending (460 cm−1).
In order to ascertain the desilication and/or isomorphous substitu-
tion in the silica framework for determining the authentic structure

of the catalysts, the percentage of intensity change in the related
band was  calculated based on the intensity of the bare MSN. Four
bands (1084, 966, 796, and 460 cm−1) were selected, and the results
are illustrated in Fig. 5B. The Si–O–Si bands at 796 and 460 cm−1
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ig. 5. (A) FTIR spectra of (a) MSN  and ZM catalysts prepared by different amount
elated  band compared to pure MSN  band which calculated based on intensity of th

ncreased upon the introduction of Zn ions into the system, sug-
esting the calcination might dehydroxylyzed the unsubstituted
ilanol groups to form new Si–O–Si bonds [36]. The 796 cm−1 band
emained unchanged upon the addition of NH4OH solution, indi-
ated that the Si–O–Si symmetric stretching band was  not affected
y the alkaline treatment. However, the Si–O–Si bending band at
60 cm−1 slightly increased for ZM-0.5. This may  also be due to the
ormation of more Si–O–Si bonds as a result of additional desili-
ation caused by the NH4OH. In contrast, the Si–O–Si asymmetric
tretching band at 1084 cm−1 decreased to some extent for the ZM-

 catalyst, representing the possible isomorphous substitution of Zn
nto the silica network. Both bands at 460 and 1084 cm−1 showed

 similar trend of reduction upon the further addition of NH4OH,
articularly the latter, which confirmed that the desilication and/or

somorphous substitution were increased proportionately with the
lkaline concentration. These results were in agreement with the
ore size distribution shown in Fig. 4, indicating the intraparticle
ore blockage effect on the increasing amount of NH4OH, thus sig-
ifying the possible insertion of Zn into the pore of the MSN. The
1 0 0) peak in XRD diffractogram, which became lower in inten-
ity by the increasing alkaline solution, also supported these results
Fig. 1). By comparing the three Si–O–Si bands, we concluded that
he desilication or/and substitution of Si with Zn ions seem favor
o be occurred at Si–O–Si asymmetric stretching band. Notably, the
xternal Si–OH groups at band 966 cm−1 were drastically reduced
y the addition of Zn or NH4OH, illustrating that the insertion of Zn

ons and/or desilication most readily occurred on the external sur-
ace of the MSN. It was also seen that the silanol groups of ZM-1.0
ere slightly increased, which in parallel with the XRD and surface

rea analysis results, indicating the restructure enhancement of the
atalyst under this condition.

Next, in order to determine the actual structure of ZM catalysts,
he uncertain Si–O–H band at 966 cm−1 was further confirmed
y a Gaussian curve-fitting (Fig. S1). For comparison of the band
hanges, an estimation was made based on the height bands inten-
ity by considering all bands have a similar pattern. The results
re listed in the inset table in Fig. S1. For the bare MSN (Fig. S1A),
wo bands were convoluted at 966 and 925 cm−1, which corre-
ate with the bending vibration of the Si–O–H groups. The band
t 966 cm−1 were slightly shifted to a lower frequency (962 cm−1)
or the ZM-0 catalyst, while both bands seemed to have decreased

ntensity when Zn was introduced to the system (Fig. S1B). Accord-
ngly, a new band emerged at 906 cm−1, which likely resulted from
he formation of the Si–O–Zn band [37]. We  found that the addi-
ion of NH4OH further reduced the Si–O–H groups while retaining
4OH (b) ZM-0 (c) ZM-0.5 (d) ZM-1.0 and (e) ZM-2.0. (B) Percentage change of the
d.

the number Si–O–Zn bonds (Fig. S1C). However, the Si–OH groups,
as well as Si–O–Zn bonds, seemed significantly increased when
1.0 M NH4OH was added, confirming the increased desilication and
formation of Si–O–Zn bonds under this condition (Fig. S1D). This
result is also in agreement with the XRD and surface area analysis
results. Although the exact reason is currently unclear, the 1.0 M
NH4OH was determined to be the best concentration for producing
the 5 wt%  ZnO/MSN catalyst with improved hierarchical-like silica
arrangement and rich with Si–O–Si, Si–O–H and Si–O–Zn bonds, as
evidenced by the above characterization data. Similar results were
reported by Mokrzycki et al. for the synthesis of a ZSM-12-type
zeolite via desilication process. They reported that the best struc-
ture was obtained upon increasing the NaOH concentration up to
0.5 M,  which led to the highest catalytic activity when compared
to other NaOH concentrations (0.1 and 1.0 M)  [38]. Further addi-
tion of NH4OH up to 2.0 M seemed to decrease the intensity of all
the three peaks, supporting the pore distribution result which sug-
gested the pore collapse as a consequence of treatment in higher
alkaline concentration.

The MSN  and ZM catalysts were also evacuated at 623 K for 1 h
prior to IR measurements to remove the physisorbed water and
the spectra are shown in Fig. S2. The sole sharp band at 3740 cm−1

corresponded to terminal groups located on the external surface
of the MSN  framework [39]. This band decreased in intensity and
slightly shifted to a lower frequency when compared to the par-
ent MSN  when Zn and NH4OH were added to the system. This also
confirmed the perturbation of the external –OH  groups for the for-
mation of Si–O–Zn and/or new Si–O–Si bonds [30]. In addition, a
new broad shouldered band was also observed at 3590–3480 cm−1,
which was assigned to the presence of Si(OH)4 that resulted as a
consequence of desilication in the MSN  framework [40]. Baseline
correction of the corresponding band revealed the presence of a
broad band, especially for ZM-0 (Fig. S2B/b). However, this band
decreased in intensity by increasing the NH4OH concentration, with
ZM-1.0 showing the lowest peak when compared to the others.
This result also supported the restructuring of the MSN  framework
either by the formation of Si–O–Zn or new Si–O–Si bonds.

3.1.5. Proposed structure of the ZM catalyst
Based on the above characterization data, a probable mecha-

nism for the formation of the ZM catalyst structure is illustrated

in Fig. 6. The presence of TEAP, as well as NH4OH, in the elec-
trolysis cell allowed the desilication to occur, thus producing the
hierarchical-like structure of MSN  with abundant silanol nests on
the surface of the silica framework [40]. The decrease in numbers of
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Fig. 6. Proposed structure of ZM catalysts.

xternal –OH groups signified the subsequent insertion of Zn
ations to form Si–O–Zn bonds. In fact, our previous study con-
rmed that the isomorphous substitution was occurred during the
lectrolysis because the formation of Si–O–Fe bonds could not be
raced when the electrolyzed Fe3+ ions was impregnated with HY
eolite after the electrolysis [21]. The remaining silanol groups were
hen produced new Si–O–Si bonds as a consequence of dehydroxy-
ation during the calcination at 873 K [36]. The degree of desilication
ncreased proportionally to some extent by the amount of NH4OH
dded and affected the hierarchical-like structure. It is believed that
his will lead to different capacities of Si–O–Zn and Si–O–Si bonds,
s well as oxygen vacancies, which affects the photoactivity of the
M catalysts.

.2. Evaluation of photocatalytic activity

The photocatalytic behavior of the catalysts was evaluated
ased on their decolorization of methyl orange (MO), and the
esults are shown in Fig. 7A. A control experiment conducted
n the presence of the bare MSN  showed that no significant
ecolorization was achieved after 8 h. However, the addition of

 wt% ZnO into the system (ZM-0) clearly increased the initial
ecolorization rate up to 6.52 × 10−3 mM h−1 proving the impor-
ant role of ZnO in the reaction. Varying the amount of NH4OH
evealed the photocatalytic efficiency in the following order: ZM-
.0 (11.8 × 10−3 mM h−1) > ZM-0.5 (8.69 × 10−3 mM h−1) > ZM-2.0
4.54 × 10−3 mM h−1).

It was reported that the different photocatalytic efficiencies
ere most likely due to the influence of the hierarchical porous
ilica arrangements of the catalysts [41]. In order to confirm this,
he catalysts were subjected to photoluminescence (PL) analysis
Fig. 7B). The three catalysts (ZM-0, ZM-1.0 and ZM-2.0) showed
imilar spectra trends, which consisted of two main parts: the first
e Science 330 (2015) 10–19

was near the ultraviolet region and the second was an intense
defect-related band in the visible light region. It is well known
that the green-yellow emission band around 480–650 nm origi-
nated from defect emission associated with oxygen vacancies [42].
The larger content of oxygen vacancies or defects in the catalyst
lead to the stronger PL signals in this band. It was also reported
that the oxygen vacancies can become the centers that capture
photoinduced electrons during the photocatalytic reaction, which
inhibited the recombination of photoinduced charge carriers and
lead to the higher photoactivity of the catalyst [43]. Moreover, oxy-
gen vacancies could also promote the adsorption of O2, which also
plays an important role in promoting the oxidation of organic dye
pollutants. Thus, it is possible that the largest number of oxygen
vacancies of ZM-1.0 was  the main reason for its higher photoac-
tivity when compared to other catalysts studied. A similar study
was also reported by Wang et al. for the synthesis of ZnO using dif-
ferent annealing temperatures. They reported that a low annealing
temperature produce high oxygen vacancies in the ZnO samples,
thus leading to higher photocatalytic activity [44]. Accordingly, the
more desilication that occurred resulted in the greater formation of
oxygen vacancies, which then led to the higher photoactivity of the
ZM-1.0, as confirmed by the XRD, FTIR, and surface area analyses.

3.2.1. Kinetic studies
To study the kinetics of MO  decolorization, a linear fitting of

ln(Co/Ct) versus irradiation time (t) over the ZM catalysts was  plot-
ted (Fig. 7C). The linearity of the curves for all the catalysts reveals
that the photodecolorization process follows first order reaction
kinetics and the rate expression is given as follows,

−d [C]
dt

= kC (2)

where k is the pseudo-first order rate constant. With the limit of
C = C0 at t = 0, with C0 being the equilibrium concentration of the
bulk solution, an integration of the Eq. (2) gave Eq. (3),

ln
C0

Ct
= kt (3)

where Ct is the MO concentration at time t. The slope of the
line is the first-order rate constant (ka) and the calculated values
were to be 3.87 × 10−1, 2.85 × 10−1, 2.14 × 10−1, 1.49 × 10−1 h−1,
and 0.13 × 10−1 h−1 for ZM-1.0, ZM-0.5, ZM-0, ZM-2.0, and MSN,
respectively (Table 1). These results provided further verification
supporting the efficiency of the ZM-1.0 compared to the other ZM
catalysts. In addition, a higher rate was  obtained for all ZM catalysts,
displaying an increased activity compared to the unsupported ZnO
(1.13 × 10−1 h−1) that prepared under the same conditions in the
absence of MSN  (figure not shown).

The ka was  also normalized by the surface area in order to deter-
mine the effect of surface area of the catalysts on the photocatalytic
activity (Table 1). It was  found that the order of normalized rate con-
stant kb was similar to the ka, verifying the photocatalytic activity
of the catalysts was not influenced by the surface area but was
most probably due to the effect of the recombination rate of pho-
toinduced electron–hole pairs [45]. This result also supports the
enhanced ZM-1.0 photoactivity due to its higher number of oxygen
vacancies as compared to other catalysts that acted as electrons
acceptor for enhanced electron–hole separation.

3.2.2. Proposed photodecolorization mechanism
Accordingly, the ZM-1.0 catalyst was chosen for further inves-

tigation of the mechanism of MO decolorization. Four scavenging

agents were used in order to identify the key factor in the reaction:
isopropanol (IP), sodium oxalate (SO), benzyl chloride (BC), and
kalium iodide (KI), which act as a hydroxyl radical scavenger (•OH),
hole capturer (h+), electron trapper (e−), and surface hydroxyl
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ig. 7. (A) Performance of catalysts on photodecolorization of MO (B) photolumin
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adical scavenger (•OHad), respectively. Comparing the decoloriza-
ion rate in the absence of a scavenger, the KI slightly inhibited
he initial reaction rate (Fig. 8A). In comparison, the decolorization
ate was reduced by half with the addition of SO or BC. However, a
reater inhibition of photocatalytic activity was observed using IP,
onfirming the significant role of the hydroxyl radical •OH in the
ystem. Based on these results, a mechanism for the photodecol-
rization is proposed as follows (Fig. 8B), an irradiation of the ZM
atalyst generated an electron–hole pair,

M + h� → e− + h+ (4)

The electrons at the conduction band were highly potential and
egative enough to reduce O2 to ensure the formation of superoxide
adical •O2

−, which was subsequently reduced to form H2O2 and
OH [46],

2 + e− → •O2
− (5)

O2
− + e− + 2H+ → H2O2 (6)

2O2 + e− → OH− + •OH (7)

The positively charged hole (h+) at valence band was also
esponsible for the production of free •OH,

2O + h+ → •OH + H+ (8)
In addition, UV-light irradiation also reduced the H2O2 present
n the solution to form free •OH,

2O2
h�−→2 • OH (9)

Fig. 8. (A) Photodecolorization efficiencies of MO in the presence of scavengers (B
ce analysis of (a) ZM-1.0, (b) ZM-0 and (c) ZM-2.0, and (C) kinetics studies of MO

Therefore, it was  anticipated that, due to the abundant •OH
generated from the three main sources that it plays an important
role in the reaction. Similar results were previously reported in
the literature, and described that •OH plays an important role in
the photooxidation of As(III) over natural montmorillonite catalyst
[47].

3.2.3. Stability and reusability study
The potential of catalyst to be recovered and reused in pho-

tocatalytic processes is a great concern since it can contribute to
lower the operational cost of processes, thus bring the photocata-
lysis toward an attractive method for wastewater treatment [48].
Hence, a repeated experiment was carried out using ZM-1.0 catalyst
in order to study the stability of the catalyst for MO decoloriza-
tion (Fig. 9). The initial concentration of MO  was  kept constant
(3.06 × 10−2 mM)  at pH 2 and 8 h of irradiation time, and the cata-
lyst was recycled after filtration and calcination at 823 K for 3 h at
every cycle. It can be observed that after five repeated experiments,
the catalyst was  still active with just small decreases in the initial
rate from 11.8 × 10−3 mM h−1 to 10.5 × 10−3 mM h−1. The results
suggest that formation of Si–O–Zn bond plays an important role in
the photocatalytic reaction.

To verify the results, the effect of zinc leaching into the solu-
tion was studied. The sample was  kept in dark for 1 h and then

irradiated under UV light for 8 h using an amount of 1 g L−1 ZM-
1.0 catalyst in 3.06 × 10−2 mM MO  solution at pH 2. The samples
then were subjected to microwave plasma-atomic emission spec-
trometer (MP-AES). The amount of zinc detected in the solution

) proposed mechanism for photodecolorization of MO over ZM-1.0 catalyst.
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Fig. 9. Reusability of ZM-1.0 catalyst on photodecolorization of MO.

as less than 1.68 × 10−2 mM (<2.3%). Only a small amount of zinc
as leached, signifying the zinc present on the catalyst surface

Si–O–Zn) preserved the stability and efficiency of the catalyst in
he photocatalytic reaction. The similar result was  also observed
y Mahesh et al., which proved the formation of chemical bond-

ng between SiO2/TiO2 composites and polyurethane had avoid the
eaching of SiO2/TiO2 composite during photocatalytic degradation
f acid black 1 (AB 1) [49].

. Conclusion

In this study, a simple electrochemical method was applied
o prepare ZnO-incorporated mesostructured silica nanoparticles
ZM) catalysts with hierarchical-like structure. The physicochem-
cal properties of the synthesized catalysts were studied by XRD,
9Si MAS  NMR, nitrogen adsorption–desorption, FE-SEM, TEM,
TIR, and PL spectroscopy. We  found that the TEAP and NH4OH
lay important roles in the desilication in the MSN  framework
o form abundant silanol nests that created the hierarchical-like
tructure. Subsequent insertion of Zn ions, which were generated
rom dissolution at the anode into the external hydroxyl groups
f MSN, formed Si–O–Zn bonds that improved the arrangement
f the silica network. The degree of the desilication in forming the
ierarchical-like structure could be controlled by the concentration
f the NH4OH solution. The more desilication occurred, the greater
he formation of oxygen vacancies, which then led to enhanced
lectron–hole separation. Therefore, the ZM-1.0 was found to be
he most effective catalyst due to its improved structure and higher
xygen vacancies, which facilitate the photodecolorization of MO
ye. The experiment on effect of scavengers showed that hydroxyl
adicals generated from the three main sources; reduced O2 at the
onduction band, decomposed water at the valence band and irra-
iated H2O2 in the solution, are key factors that influenced the
eaction. The kinetic study showed that the decolorization process
ollowed first-order kinetics, with a reaction rate of 3.87 × 10−1 h−1.
ess than 2.3% Zn was detected to be leached from the ZM-1.0 cat-
lyst during the photocatalytic reaction and its ability to maintain
he activity up to five runs without serious catalyst deactivation
ndicated its potential to be used as a promising catalyst in waste-

ater treatment.
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