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Higher energy consumption, which is a result of increasing
the world population, gives rise to decreasing in fossil fuel
reserves and creating environmental pollutions. Pollution is
the introduction of contaminants into a natural environment
that causes instability, disorder, harm, or discomfort to the
ecosystem and can take the form of chemical substances or
energy, such as noise, heat, or light. Remediation of the envi-
ronmental pollutants is necessary. Since now three decades,
advanced oxidation technologies “in particular photocatal-
ysis” gained much attention by scientifics. In their point
of view, to counter environmental pollutions, a simple and
comprehensive photonic reaction system which converts the
solar energy into the chemical energy of a redox system,
namely, photocatalysis, would be helpful for the detoxifica-
tion processes. Nowadays, heterogeneous photocatalysis is
the most efficient method for destroying organic pollutants
in especially aqueous media. This process is based on the
use of ultraviolet or visible radiations to excite a semicon-
ductor on whose surface the oxidation of the pollutants is
performed. This special issue addresses advances in nanos-
tructured layers for photocatalytic applications.

In the first paper of this special issue, ZnO nanoparticles
were deposited on Si, Si/Au, and Si/Au/ZnO substrates by
mist atomization, and effect of the substrates conditions
on the structural, morphological, and photoluminescence
properties of the nanoparticles was investigated. It was
found that crystallite size and lattice strain were significantly
affected by substrate surface type and temperature. Smallest
crystallite size was obtained on Si/Au/ZnO at 400◦C. The
second paper deals with effect of Ti3+ on photocatalytic effi-
ciency of titanium dioxide. The authors revealed that physical
and chemical properties of TiO2 were dominantly deter-
mined by its surface condition and especially presence of

Ti3+ species on its surface. A formation mechanism for
the aforementioned defect was also proposed in this paper.
Various generation methods for Ti3+ surface defect as well
as its effect on optical and photocatalytic properties were
discussed. It was shown that a detailed picture of Ti3+ surface
defects would help to understand reactivity and overall
material performance in photocatalytic applications. Ag-
Cu bimetallic catalysts were prepared by microemulsion
method, and their catalytic performance in epoxidation of
styrene was evaluated in the third paper of this special issue.
In this study, deposition of Ag-Cu bimetallic nanoparticles by
the coreduction of Ag+ and Cu2+ cations with N2H4·H2O as
reductant on reticulate-like γ-alumina particles was studied.
Ag-Cu bimetallic nanoparticles supported by γ-alumina
showed better catalytic activity on the epoxidation of styrene
as compared with the corresponding monometallic silver
or copper catalysts. Herein, these could also be promising
candidates for applications in many other reactions, namely,
CO oxidation. In the next paper, porous diatomite immo-
bilized Cu-Ni bimetallic nanocatalysts for direct synthesis of
dimethyl carbonate. Upon various characterizations, it was
shown that the bimetallic composite is effectively alloyed
and well immobilized inside or outside the structural pores.
In addition, the authors showed that existence of electron-
rich and electron-deficient centers is resulted from the strong
interaction of diatomite with Cu-Ni, and the synergy of
Cu-Ni alloy may be responsible for the high performance
of this catalyst. Fabrication of photofunctional nanoporous
alumina membrane (PNAM) and its photoinactivation effect
of vesicular stomatitis virus were reported in the fifth paper.
To open the possibility for its environmental application,
PNAM was applied for the removal of a virus without render-
ing cytotoxicity to the cells in vitro. The authors concluded
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with the complete suppression of plaque-forming ability
of vesicular stomatitis virus (VSV) by PNAM-mediated
PACT (photodynamic antimicrobial chemotherapy). In the
next paper entitled “the physical properties of erbium-doped
yttrium iron garnet films prepared by sol-gel method” thin
films of ErxY3−xFe5O12 were deposited through sol-gel
method. These crystalline films were found to be soft
magnetic materials. The saturation magnetization is reduced
with Er substitution because the magnetic moments of Er3+

ions coupled antiferromagnetically to the effective moment
formed by Fe3+ ions. The maximum coercivity was obtained
at x = 1.2. In the next paper, a decrease in NiO-MgO phase
through its solid solution equilibrium with tetragonal
(La1−zSrz)2Ni1−yMgyO4−δ and its effect on catalytic partial
oxidation of methane were investigated. The main concept
of this study is utilizing the solid-state reaction equilibrium
between the two solid solutions: the rock salt NiO-MgO and
the tetragonal (La1−zSrz)2Ni1−yMgyO4−δ (LSNM) phase in
order to reduce the size of NiO-MgO. This size reduction
aimed to improve the coke resistance of the Ni0 catalyst in the
partial oxidation of methane (POM) without compromising
the activity of catalyst. In the eighth paper, catalytic activity
of ZrO2 nanotube arrays prepared by anodizing method was
studied, where nanotubes were prepared in aqueous elec-
trolyte containing (NH4)2SO4 and NH4F. Calcination tem-
perature and electrolyte concentration have a great influence
on catalytic activity. Results indicate that nanotube arrays
have highest catalytic activity when the concentration of
(NH4)2SO4 is 1 mol/L, the concentration of NH4F is 1 wt%,
and the calcination temperature is 400◦C. Finally, modifica-
tion of clays by sol-gel reaction and their use in the ethylene
in situ polymerization for obtaining nanocomposites was
reported. It was given away that the catalytic activity
significantly increases when the clays were modified via sol-
gel reaction under acidic or basic conditions compared with
neutral condition.

M. R. Bayati
A. Kajbafvala
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The nanocomposites formation by in situ polymerization used a metallocene catalyst (butyl-2-cyclopentadienyl zirconium 2-
chlorines) and a hectorite synthetic clay type which is discussed. This research was carried out in two phases. The first phase
consisted of mixing the components of the metallocenic polymerization reaction (metallocene-methylaluminoxane-ethylene) with
clay in a reactor. In the second phase, the metallocenic catalytic system was supported by clay particles and then a polymerization
reaction was made. In this second phase, the clay particles were modified using a sol-gel reaction with different pH values: pH =
3, pH = 8, and pH = 12. The results were compared in terms of the catalytic activity in the different systems (phase 1 and phase 2)
and the nanoparticle morphology of nanocomposites generated in this study.

1. Introduction

Inorganic nanoparticles filled in the polymer composites
have received increased interest from material scientists. The
filler/matrix interface in these nanocomposites might consti-
tute a greater area and hence influence the composites prop-
erties to a greater extent with a low filler concentration, in
comparison with conventional microparticles composites.

A number of polyolefin nanocomposites based on layered
silicates have recently been studied [1, 2] and commer-
cialized, such as the poly(propylene)-clay nanocomposites
pioneered by General Motors, Basell, and Southern Clay in
2002 [3]. Several methods have been employed to produce
polymer nanocomposites with a desired improved mechan-
ical, thermal, optical and gases barriers (O2, N2, etc.), or
other properties. These methods range from simply mixing
polymer with fillers to more elaborated approaches such as
in situ polymerization [4–10]. A key aspect in the prepa-
ration of inorganic/organic nanocomposite materials is the
establishment of a good interaction between the polymer
matrix and the nanoparticle.

Despite the prime importance of polyolefins in diverse
applications, the synthesis of polyolefin-inorganic nanocom-
posites still remains a scientific challenge because of the poor
compatibility of polyolefins with ionic silicates. Although
melting intercalation could generate polyolefin nanocom-
posites [11, 12], in the in situ polymerization it has proved
to be a promising method for preparing fully exfoliated
nanocomposites of polyolefins [13–20]. Tudor et al. [13]
reported that a low molecular weight PP was produced
after the methylaluminoxane (MAO) activation of a cationic
Ziegler-Natta catalyst. This had been ion-exchanged into
the clay interlayer’s, but dispersed nanocomposites were not
obtained. Bergman et al. [15] intercalated a Brookhart cata-
lyst cationic palladium-based into galleries of an organically
modified fluorohectorite and obtained a rubbery polyethy-
lene/clay nanocomposite. More recently, Alexandre et al. [21]
prepared PE/clays nanocomposites using a polymerization-
filling technique with a Ti-based geometry catalyst. During
the polymerization, a chain transfer agent was added to
obtain highly crystalline nanocomposites with improved
mechanical properties.
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Recent research studies have been carried out on the cat-
alytic activity during the formation of polyethylene (PE)/clay
nanocomposites by in situ polymerization with metallocenes.
The modification of the clay with MAO catalyst and the
intercalation with octadecylamine (ODA) surfactant were
found to play an important role during the in situ formation
of PE/clay nanocomposite. ODA-intercalated clay apparently
facilitates the activation and monomer insertion processes
on zirconocene centers located in internal sites of the clay
structure [22].

Nanoparticles are commonly obtained either by the sol-
gel method or by the intercalation method. Sol-gel nanocom-
posites (polymer/silica nanocomposites) are prepared by in
situ hydrolysis and the condensation of mononuclear precur-
sors such as tetraethoxysilane (TEOS) and tetramethoxysi-
lane in organic polymer matrices [23–25]. On the other
hand, nanoparticles are obtained by two different methods:
The exfoliation of clays or the sol-gel method. Sol-gel
nanoparticles are prepared by hydrolysis and condensation
of mononuclear precursors such as tetraethoxysilane (TEOS)
and tetramethoxysilane in organic polymer matrices [26].

In the literature there is a lot of work which uses sol-gel
nanopartı́culas as a nanofiller [27], but no one has explored
the different sol-gel reaction conditions which are aimed to
obtain and modify morphology and different characteristics
of nanoparticles. During this work the modification of clay
was studied using sol-gel reaction at different pH value.
Also the modified clay was used in the obtaining of nano-
composites by in situ polymerization. The present work was
divided in two different phases. In the first phase (PHASE I)
the components of the reaction, MAO, metallocene, and
ethylene, were mixed with clay and the homogeneous poly-
merization was made. In the second phase (PHASE II), the
clay was modified with sol-gel at different pH values and
thereafter the metallocene was supported in the modified
clay and the heterogeneous polymerization was made. The
activity of the different catalytic system was compared with
the dispersion of clay and/or nanoparticles in the nanocom-
posites obtained.

2. Experimental Section

2.1. Materials. The employed clay, synthetic hectorite (HS),
was donated by Netherland Organization for Applied Sci-
entific Research—TNO. The characteristics of this clay are
described elsewhere [28]. For modification of the clay,
tetraethoxy silane (TEOS) of Aldrich and metilaluminox-
ane (MAO; Witco) were used. The metallocene butyl-2-
cyclopentadienyl zirconium 2-chlorine was used for ethylene
polymerization catalyst which had MAO as the cocatalyst.
Ethylene was deoxygenated and dried by passing through
columns of Cu catalyst (BASF) and activated by molecular
sieve (13X), respectively. Toluene (solvent) was purified by
refluxing, and it was freshly distilled under nitrogen from
an Na/benzophenone system. All manipulations during the
catalyst were carried out in an inert nitrogen atmosphere
using the Schlenk technique.

2.2. Methods

2.2.1. Clay. The clays used in the homogeneous polymeriza-
tion were used without previous treatment.

2.2.2. Modified Clays. The clay was modified by a sol-gel re-
action using tetraethylortosilicate (TEOS) at different pH
values. In a typical procedure, ca. 2.0 g of clay was dispersed
in ethanol and stirred for 10 minutes. Then HCl or NH4OH
drops (depending on the pH value) were added wisely up
to reaching pH = 3.0 (T3), pH = 8.0 (T8), or pH = 12.0
(T12). Thereafter, 10 mL of TEOS was added under inert
conditions. After 1 h, the suspension was washed, filtered,
and the particles were dried at 200◦C for a 12-hour period.

2.2.3. Preparation of the Supported Metallocene. Two grams
of modified clay were previously dried with a vacuum for
six hours at 130◦C, then the clay particles were dispersed in
30 mL of purified toluene and placed in contact with 2 mL
of MAO 1.66 mol/L for 3 hours with magnetic bar at 70◦C.
The slurry was then filtered through a glass filter. The solid
was washed several times with toluene at 60◦C and dried for
4 hours in a vacuum at room temperature. Then an amount
of metallocene in solution was added with the metallocene
in toluene solution for 3 hrs at 70◦C. The slurry was filtered
in a Schlenk equipped with a fritted/filter glass, and washed
with toluene. The filtrate was stored and used for the ethylene
polymerization. The samples obtained are:

HsT3 = catalytic system supported with modification
sol-gel to pH = 3.

HsT8 = catalytic system supported with modification
sol-gel to pH = 8.

HsT12 = catalytic system supported with modifica-
tion sol-gel to pH = 12.

2.2.4. Homopolymerization Reaction. The polymerizations
were carried out in a 1-liter Büchi autoclave reactor equipped
with a temperature and internal pressure control system with
a stirrer. The reactor was coupled to a Brook model 5860E
ethylene flowmeter and connected to data recording software
to monitor the consumption of monomer during the course
of the reaction.

Catalyst was dissolved in a solvent (500 mL toluene) and
it was introduced in the reactor by nitrogen overpressure
and the necessary amount of MAO was also added. After
evacuating the nitrogen from the reactor, the reaction started
by introducing the ethylene until the desired pressure was
reached. Reaction time was 30 minutes. The solvent volume
was adjusted in such a way that the total volume inside
the reactor was 500 mL. The reaction was stopped by the
addition of a solution of acidified methanol (HCl 20%). The
polymer was recovered through filtration and washed with
methanol and acetone. Finally, the product was dried at room
temperature.

Phase 1 (homogeneous polymerization in the presence of
clay). The effect of clay addition in the homogeneous
polymerization (interaction of clay with MAO and catalyst
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Table 1: The addition of component sequences to the catalytic sys-
tem of polymerization reactions.

Addition sequence Code

Clay-MAO-catalyst Hs-MAO-Cat

MAO-clay-catalyst MAO-Hs-Cat

MAO-catalyst-clay MAO-Cat-Hs

Table 2: The effect of the addition of catalytic system in the homo-
polymerization reaction.

Code Conditions of preparation

HsT3
Metallocene supported in modification clay using
sol-gel to pH = 3

HsT8
Metallocene supported in modification clays using
sol-gel to pH = 8

HsT12
Metallocene supported in modification clays using
sol-gel to pH = 2

Table 3: The effects of the components addition in the reaction
characteristics using the catalyst (n-BuCp)2Zr Cl2.

System
Activity

(kg·pol/mol∗bar∗h)
Clay
(%)

Temperature of
reactor

Homogeneous 12000 — 49–80

Hs-MAO-Cat 10210 1.2 49–80

MAO-Hs-Cat 10409 1.0 49–80

MAO-Cat-Hs 9100 1.1 49–63

Clay added (g) = 0.32,
mol Zr in the reactor = 3.06E-06,
ratio Al/Zr = 1400,
reaction time (hours) = 0.5.

in different sequence) was carried out on three different
reactions. In all reactions, the ethylene was added at the start
to the reactor. After that, the catalytic system component
was introduced. The addition of component sequences to the
catalytic system of polymerization reactions is shown in the
Table 1. The aim of this study was to determine the condition
of the effect in the polymerization reaction.

Phase 2 (heterogeneous polymerization). The reaction con-
ditions were the same as those of the homogenous polymer-
ization.

Three different samples were obtained and are listed in
Table 2.

2.3. Characterization. The molecular weights and thier dis-
tribution of the produced polyethylene were determined
by gel permeation chromatography (GPC) in a Waters
Alliance 2000 system equipped with a differential optical
refractometer detector. Three separation columns, HT6E,
HT5, and HT3 were previously calibrated with narrow
molecular weight distribution polystyrene standards which
were used. A 1,2,4-trichlorobenzene was used as the solvent.
The flow rate for the analysis was 1 mL min−1 at 135◦C.

The morphology of the silica nanospheres and its
dispersion in the composites were analyzed by transmission

electronic microscopy (TEM: JEOL, JEM-1200EXII). Ultra-
thin specimens with a thickness of about 60 nm were cut
with glass and/or diamond blades by using a cryogenic-
ultramicrotome Leica model EMFCS at −80◦C.

3. Results and Discussions

3.1. Phase 1

3.1.1. Establishment of the Reaction Conditions to Obtain
Polyethylene Nanocomposites by Means of In Situ Polymeriza-
tion. The first phase aimed to establish the optimized condi-
tions for obtaining nanocomposites with clay material (1 wt.-
%). Besides, it also studied the effects of other components
(clay, MAO, and catalysts) in the catalytic activity. With this,
the clay percentage in the nanocomposite can be determined.
Also characteristics such as morphology and dispersion of
the nanoparticles in the nanocomposite were investigated.

3.1.2. The Effects of the Addition of Components in the
Polymerization Reaction. Shown in Table 1 is the influence
of the addition of component sequences to the catalytic
system of polymerization reactions and physical properties
of nanocomposites. The results of polymerization reaction
are shown in the Table 3, where a low decrease in the catalytic
activity for the reactions in which clay was added is observed.

On the other hand, there were not many differences
between the HS-MAO-Cat and MAO-HS-Cat systems. With
MAO-Cat-Hs system a decrease in the catalytic activity was
observed, reaching values of 9100 kg·pol/mol Zr∗bar∗h. It
could be because in Hs-MAO-Cat and MAO-Cat-Hs the
interaction between the MAO and the clay was done first,
which inactivated the polar groups coming from clay that
could deactivate the catalyst. In the MAO-Cat-Hs the clay
was added when both (MAO and the catalyst) were in the
reaction, slightly deactivating the catalyst.

Through observation of experimental data from the
followup of the reaction in the temperature peak, a higher
control in the polymerization reaction was found. For the
Mao-Cat-Hs system, the temperature ranged between 49◦C
and 63◦C (T reactor) while for the two other systems, it was
between 49◦C and 80◦C (similar to the homogeneous reac-
tion). This better control in the polymerization temperature
could be due to the active specie stabilization MAO-Cat-Hs,
because these two components were added in consecutive
order, different to Hs-MAO-Cat and MAO-Hs-Cat systems.
The clay percentage found in all the composites obtained was
around 1%.

The physical characteristics of the resulting nanocom-
posites are shown in Table 4. There are no significant
variations between the properties for the polymers produced
in the presence of clays particles and what was obtained in the
homogenous reaction (neat polyethylene without clay). Only
the molecular weight (Mw) of the obtained polymers shows
a difference according to the catalytic system: for MAO-
Cat-Hs, Mw = 264 kg/mol. It is bigger than that found in
other systems, even for the homopolymerization reaction.
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Table 4: Physical characteristics of polyethylene nanocomposites
obtained with the three different polymerization systems already
studied.

System
Crystallinity

(%)
Tc

(◦C)
Tf

(◦C)
Mw

(kg/mol)
Mw/Mn

Homogenous 75 118 135 164 2.1

Hs-MAO-Cat 76 118 135 176 2.3

MAO-Hs-Cat 74 118 134 167 2.3

MAO-Cat-Hs 72 118 133 264 2.4

This is in agreement with the highest control of the reaction
temperature (49◦C–63◦C) achieved for this system.

This better control of temperature might have minimized
chain transfer and the beta elimination reactions, which
are responsible for decreasing molecular weight during
polymerization reaction. Apparently, for Hs-MAO-Cat and
MAO-Hs-Cat systems, the behavior of the supported catalyst
system is similar to that described by Tait: a bidimensional
liquid, which favors the mobility of the active species. Which
in turn produces polymers with characteristics closer to
those obtained with the homogeneous systems [29]. It is
worth noting that the supported species are indeed different
in the third case, which seems as if it is really acting
as a heterogeneous catalytic: species are immobilized and
there is a lower probability of biomolecular deactivation
reactions. Therefore polymer molecular weight increases
[30]. To sum up, MAO-Cat-Hs showed the best conditions
for the best control in the reaction and produced polymers
of higher molecular weight. Therefore, in the next stage this
system was further exploited. The melting and Crystallinity
temperature of the nanocomposites did not significantly
change compared to the neat PE, indicating the formation
of linear polyethylene.

3.2. Phase 2

3.2.1. The Effects of Clay Modification by Means of the Sol-Gel
Method with Different pH Values and Their Use as a Supported
Metallocene System. Clay modifications were carried out by
means of sol-gel synthesis at different pH values in order
to identify its effect on the particle morphology during the
sol-gel reaction as well as in the properties of resulting
nanocomposites.

It is known that the sol-gel method allows the mor-
phology manipulation of the particles as well as its size,
depending on the pH value in which the synthesis is carried
out [25, 31–33] as follows: for pH basic values (pH = 12)
spherical morphologies are formed; where pH acid fibrillar
morphologies (pH = 3) are obtained. With pH near to neuter
values it is preferred to form morphologies in nets with
fibrillar characteristics (pH = 8).

This modification of clay characteristics is carried out in
order to increase its interlaminar space (due to the formation
of these compounds within the interlaminar region) in
order to easily render the dispersion of the nanosheets
within the polymer. Furthermore, the influence of the
particles morphology in the MAO-metallocene systems was
investigated.

Three new systems were established for this phase by
supporting the metallocene catalysts in the modified clay at
different pH values, the samples are listed in Table 2.

Table 5 shows the reaction conditions established for the
modified clay by means of sol-gel reaction at different pH
values. The impregnation reactions of the catalyst in the
different systems were done with similar amounts (0.72 g).
The quantity of supported catalytic and experimentally
obtained were more effiecient for pH values of 3 and 8 than
for a pH value of 12. When the modification of pH = 12
was used, a lower catalyst loading into the modified clay was
achieved. This smaller incorporation could be due to the
reduced number of OH groups resulting from the treatment
with alkaline pH. One cannot neglect that different texture
properties may also affect further research necessary to clarify
this point.

On the other hand, for all the three cases, a considerable
decrease in catalyst activity was observed when it was
supported in modified clay by sol-gel reaction. Comparing it
with both, the homopolymerization and the heterogeneous
reactions (when the clay was added directly to the reactor
without supporting it), the highest decrease in catalytic
activity was observed in the case of HsT8 (up to 84%). For
HsT3 and HsT12, the decrease in catalyst activity is low
compared to the HsT8 system: its value is roughly one half
of that obtained in the case of homopolymerization reaction.
This decrease effect of catalytic activity with the clay support
has been widely studied [34]. It is probably due to the clay
surface which should work like an extremely huge ligand,
proving more difficult to render access to the monomer.

The catalytic systems, which involved extreme pH values,
that is, HsT3 (pH = 3) and HsT12 (pH = 12), showed
higher catalyst activity in comparison to that carried out with
HsT8 system. This behavior can be attributed to the potential
generation of a higher OH density on the clay surface (when
high basic or acid pH value are used, a higher amount of OH
group are formed) which acts as capacitor plate, depending
on the pH media.

The higher the OH density, the better it can afford a
better interaction between the clay surface and MAO, which
in turn allows the metallocene catalytic to be a more positive
load in their active center and also to present an increase in
the catalytic activity. Comparing this with the HsT8 system
(pH = 8), which does not present a big formation of OH
sites, therefore the MAO stays chemically more available to
interact with catalytic and to decrease the activity as well.

It was observed that the modification with the sol-gel
method in different pH values has a big influence on the
metallocene catalytic system. It was obtained that acid pH
values (pH = 3) and basic (pH = 12) show greater activity
values compared to intermediate pH values (pH = 8). As
one expects, this behavior (that the nanoparticle morphology
depending on the pH) could have big repercussions in the
mechanical properties of the obtained nanocomposites.

3.2.2. Transmission Electronic Microscopy. Figure 1 shows
the TEM images of the different obtained nanocomposites.
It can be appreciated that for the two phases, it found a good
dispersion of nanoparticles in the polyethylene matrix and
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Table 5: The effects of modification to clay using sol-gel, in the reaction conditions of polyethylene nanocomposites.

System System (g)
% Zr

(experimental)
Activity

(kg·pol/mol∗bar∗h)
Clay %

Homogeneous — — 12000 —

HsT3 0.044 0,64 5142 0.3

HsT8 0.046 0,64 1901 0.8

HsT12 0.052 0,53 5250 0.4

Catalytic system (g) = 0.048,
% Zr theoretical = 0.72,
mol Zr in reactor = 3.08E − 06,
ratio Al/Zr = 1400,
time of reaction (h) = 0.5.

System 1

HS-MAO-Cat MAO-Hs-Cat MAO-Cat-Hs

System 2

HsT3 HsT8 HsT12

50 nm

50 nm 50 nm

100 nm 100 nm

100 nm

Figure 1: Transmission electronic microscopy images of different obtained nanocomposites.

various morphology nanoparticles were discovered. This
could be because the clay used was synthetic and it could
suffer a breaking of the laminated structure that changes the
morphologies after of modification with sol-gel reaction.

In Figure 1 the first phase presents agglomerations of
nanoparticles. Only in the MAO-Cat-Hs system is it possible
to see agglomeration with greater size particles to 100 nm
(nanoparticles of sizes lower than 100 nm and aggregates
of approximately 200 nm); this system did not get a total
exfoliation. For the two other studied systems, different
sizes in nanoparticles were principally found, but all of
them were lower than 100 nm in the polymeric matrix.
What is mentioned above allows it to establish an adequate
nanocomposites formation for the three studied systems.

In Figure 1 the second phase shows different morpholo-
gies of particles depending on pH value to which the clays
were modified.

The particles modified with pH = 3 (with this condition
of sol-gel reaction, fiber is the preferable morphology) can
be observed in small aggregates with 5–10 sheets or fibers
dispersed in the polymer. The size of these aggregates average
from 20 mm in thickness and the length can reach 70 mm.

When the clay modification was carried out to a pH = 8 it
was observed that the particles morphology, its distributions,
and its size were similar to the results obtained in phase 1,
showing nanoparticles dispersed in the polymer.

When the clay modification was at a pH = 12, it was
possible to observe a preferably spherical morphology, which
is normal in the morphology that was obtained for the sol-gel
reaction at basic pH values. The different size particles were
obtained from 5 nm to approximately 100 nm.

Evidently, the clay particles adopted a particle morphol-
ogy generated by the sol-gel reaction; this would imply
very strong sol-gel reaction conditions to be supported by
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synthetic clay as the case in this research. Due to this fibril-
lates, layered, or spherical morphologies can be obtained,
depending on the conditions of modification. On the other
hand, smaller-sized particles were obtained through clay
modifications with the sol-gel method, without taking into
account the pH value used to compare it with the clay
addition to the catalytic system.

4. Conclusion

The modifications of the layer of clays using the sol-gel
technique at different pH values present new characteristics
for the modification of the clays.

The clays modified with sol-gel technique at different
pH values, present big modifications in the morphology,
when used as catalytic support in the obtention of in situ
polyolefins nanocomposites.

The catalytic activity presents large increases when the
lays was modified with sol-gel reaction in acidic or a basic
condition compared with neutral condition and with other
works of the literature.

Best dispersion of nanoparticles is obtained when the
clays are modified with sol-gel technique in the obtention of
in situ nanocomposites.
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Titanium dioxide (TiO2) is the most investigated crystalline oxide in the surface science of metal oxides. Its physical and chemical
properties are dominantly determined by its surface condition. Ti3+ surface defect (TSD) is one of the most important surface
defects in TiO2. According to publications by other groups and the studies carried out in our laboratory, the formation mechanism
of TSD is proposed. The generation, properties, and photocatalytic application of TSD are overviewed; the recent exploration of
TSD is summarized, analyzed, and evaluated as well in this paper.

1. Introduction

Titanium dioxide (TiO2) has been studied extensively in
the field of surface science due to the wide range of its
applications and the expectation for insights into surface
properties on the fundamental level [1]. These studies
have been motivated in part by the discovery that TiO2

is a photocatalyst with relatively high efficiency for the
decomposition of water [2–8] and the degradation of organic
species [9–19]. The photocatalytic activity of TiO2 is often
dependent on the nature and density of surface defect
sites. Liu et al. [20] have shown that the dominant defects
in TiO2 surfaces are Ti3+ defects and oxygen vacancies.
Much work has been focused on the TSD and the possible
effect of the TSD in TiO2. It has been shown that the
chemistry of stoichiometric TiO2 surfaces differs markedly
from surfaces containing Ti3+. Ti3+ is considered to be an
important reactive agent for many adsorbates; hence many
surface reactions are influenced by these point defects [21].
Sirisuk et al. [22] reported that Ti3+ sites play an essential
role in photocatalytic process over TiO2 photocatalyst. Sakai
and coworkers [23–25] reported that TSD in anatase is an
important parameter controlling the hydrophilic property.
Also, as a support with high-surface area of anatase, TSD

plays a significant role in enhancing the dispersion and
stability of supported metal such as gold cluster and cobalt
via the strong interaction between defect site and metal
cluster [26]. Furthermore, for practical applications, pristine
TiO2 is not a good candidate, because it is only active under
ultraviolet (UV) irradiation in order to overcome the band
gap of above 3.0 eV. Reduced TiO2 (TiO2−x), which contains
the Ti3+, however, has been demonstrated to exhibit visible
light absorption [27–31]. It is therefore highly important to
have a comprehensive understanding of the methods and the
techniques of Ti3+ generation and monitoring as well as Ti3+

property exploration.
TSD is not hard to be produced because its generation

does not need harsh preparation conditions. The reported
methods to produce TiO2 containing TSD include UV
irradiation [29, 32, 33], heating TiO2 under vacuum [34,
35], thermal annealing to high temperatures (above 500 K)
[36], reducing conditions (C [37], H2 [20]), plasma-treating
[38], laser [39], and high-energy particle (neutron [40–
42], Ar+ [43], electron [44], or γ-ray [45],) bombardment.
Averaging spectroscopic techniques like X-ray photoelectron
spectroscopy (XPS) [46–48], electron spin (or paramag-
netic) resonance (ESR or EPR) [49–59], and temperature-
programmed desorption (TPD) [22, 60] have given valuable
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information for monitoring Ti3+ defects in TiO2 surfaces.
In addition, TiO2 with TPD shows not only the properties
of acidic oxide but also reducing characteristics. Besides
photocatalysis, it can also be applied to gas absorption
[61, 62], photochromism [30, 31], biology [63], and energy
storage [28, 64].

Since Ti3+ strongly influences the surface chemistry of
TiO2, a detailed picture of TSD may help to understand
reactivity and overall material performance in photocatalytic
applications. Up to now, the knowledge of TiO2 has been
reviewed extensively, but that of TiO2 containing TSD
has not yet been mentioned until now. According to the
publications by other groups and studies carried out in our
laboratory, we will present a general overview of the subject
on the generation, properties, and photocatalytic application
of Ti3+ in the surface of TiO2.

2. Generation of Ti3+ Surface Defects

2.1. Formation Mechanism of Ti3+ Surface Defects. TSD can
be generated by reduction of Ti4+ ions. There are two typic
processes for Ti4+ reduction to Ti3+.

One is that a Ti4+ ion receives a photoelectron, which is
usually generated due to UV irradiation on TiO2. As shown
in Figure 1 [33], photogenerated electrons and holes are
produced in TiO2 under UV irradiation. The electrons can
be trapped and tend to reduce Ti4+ cations to Ti3+ state, and
the holes oxidize O2− anions for the formation of O− trapped
hole or even oxygen gas [65]. The charge transfer steps are as
follows:

TiO2 + hν −→ e−CB + h+
VB (1)

e−CB + Ti4+ −→ Ti3+ trapped electron (2)

h+
VB + O2− −→ O− trapped hole (3)

4h+
VB + 2O2− −→ O2. (4)

Another process for Ti4+ reduction to Ti3+ is usually
accompanied by a loss of oxygen from the surface of TiO2.
TSD can be introduced deliberately by annealing in vacuum
condition, thermal treatment under reducing atmosphere
(H2, CO), or by bombardment using electron beam, neutron,
or γ-ray. In these processes, Ti4+ ions receive electrons from
these reducing gases or lattice oxygens which are usually
removed from stoichiometric TiO2. Figure 2 [20] shows
the EPR intensity of Ti3+ and oxygen vacancies versus H2

treatment temperature during the H2 treatment. Liu et al.
[20] proposed that the interaction between H2 and TiO2 fell
into three types. Firstly, hydrogen interacted physically with
the adsorbed oxygen on the surface of TiO2 at a temperature
below 300◦C. Secondly, when the temperature was higher
than 300◦C, electrons were transferred from the H atoms
to the O atoms in the lattice of TiO2. Then, the oxygen
vacancies were formed when the O atom left with the H atom
in the form of H2O. Thirdly, when the temperature was up to
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Figure 1: Scheme of UV induced charge separation in TiO2 [33].
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Figure 2: EPR intensity of Ti3+ and oxygen vacancies versus H2

treatment temperature during the H2 treatment [20].

450◦C, the interaction between H2 and TiO2 proceeded more
drastically, in which the electrons transferred from oxygen
vacancies to Ti4+ ions, and then Ti3+ ions were formed.
In this case, the higher the temperature is, the more Ti3+

ions were produced. Furthermore, when the temperature
increased to 560◦C, more energy was supplied, and the
electrons already in the oxygen vacancies were driven away
and transferred to Ti4+. This result is in accordance with the
EPR data which indicated the intensity of oxygen vacancies
decreased and that of Ti3+ increased.

Chen et al. [66] reported that some Ti4+ ions in the
surface of TiO2 were reduced into Ti3+ state by carbon
formed from pyrolysis of titanyl organic compounds. The
mechanism for this reduction reaction is that the carbon
from organic component carbonizing could reduce Ti4+ to
Ti3+ at high temperature, which is similar to Liu’s report.
However, Chen et al. may hold a wrong idea that TSD is the
same as oxygen vacancies. According to the publications by
Berger et al. [33] and Liu et al. [20], the TSD is quite different
from the oxygen vacancies because both TSD and oxygen
vacancies can be generated, respectively. Here, we can see
that the principal character of the second reduction process
different from the first one is that Ti4+ ions are not reduced
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by photoelectrons generated by UV irradiation, but reduced
by electron donators such as H2, C, or lattice oxygen in TiO2.

2.2. Generation Methods for Ti3+ Surface Defects

2.2.1. UV Irradiation. Figure 1 is a scheme for the generation
of TSD in anatase TiO2 powder at 140 K and below by
UV irradiation. As discussed in Section 2.1, photogenerated
electrons and holes are produced by UV radiation in TiO2,
and the electrons can be trapped and tend to reduce Ti4+

cations to Ti3+ state. However, it has been shown that only
a limited fraction of electrons are actually localized as in Ti3+

state, while the major fraction remains in the conduction
band after UV excitation [36]. After discontinuation of UV
exposure, the electrons trapped in Ti3+ can be stored for
hours when TiO2 particles are electronically isolated and
kept at low temperatures. A high quantum yield and much
longer life of the Ti3+ ions can be achieved in wet TiO2 gels.
Kuznetsov et al. [67] reported that the quantum yield of Ti3+

as high as 22–25% has been independently obtained from
the absorption delay and extinction measurements. These
Ti3+ centers can be produced by the wet TiO2 gels under
the UV irradiation in the spectral range between 3.25 and
4.4 eV. All photo-induced Ti3+ centers are chemically active
and long lived. Under a prolonged UV-laser irradiation,
their lifetime can be extremely long and exceeds months
at room temperature in the absence of oxygen [28]. The
electrons are stored in the gel network as small polarons,
Ti3+ centers, whereas the holes are stored in the liquid phase
as H+ ions or radicals. Some other research groups also
reported the generation of Ti3+ defects by UV irradiation
[68, 69].

2.2.2. Annealing or Calcination. Vacuum annealing and cal-
cination are widely used to generate TSD [34–36, 63, 70–
72]. Guillemot et al. [63] reported that low-temperature
vacuum annealing could create a controlled number of
TSD ranging from low concentration (<3% Ti3+/Ti4+) to
high concentration (around 21% Ti3+/Ti4+) at 323 and
573 K, respectively. Figure 3 shows the variation of the
Ti3+ to Ti4+ ratio with vacuum annealing temperature.
Nevertheless, TSD stability has been ascertained by first UHV
annealed at 523 K and stored under different conditions.
In fact, in relation to storage conditions, one night under
UHV or one week under a laboratory atmosphere, the
initial Ti3+/Ti4+ only decreased from 9.1% to 8.7 or 3.4%,
respectively.

Xu and coworkers [70] prepared TiO2 ultrafine particles
by the colloid chemical method. They found that as the
calcining temperature decreased, the size of TiO2 ultrafine
particles decreased, and the contents of TSD and the number
of hydroxyl active species increased, which were considered
to be essential to the photocatalytic activity of the samples.
Huizinga and Prins [71] reported that the reduction of
Pt/TiO2 at 573 K led to the formation of a Ti3+ ESR signal.
After reduction at 573 K, 0.3% of the total number of Ti4+

ions in TiO2 was reduced to Ti3+. They found that the
reduction of the TiO2 by hydrogen was catalyzed by the

300 350 400 450 500 550
0

5

10

15

20

25

T
i3+

to
T

i4+
ra

ti
o

(×
10

0)

Annealing temperature (K)

Figure 3: Variation of the Ti3+ to Ti4+ ratio with vacuum annealing
temperature [63].

platinum. The reduction mechanism has been proposed as
follows:

1
2

H2
Pt−−→ H (5)

Ti4+ + O2− + H −→ Ti3+ + OH−. (6)

2.2.3. Particles (Electron, Neutron, and γ-Ray) Bombardment.
Zhang et al. [47] prepared TiO2/Si films on silicon substrates
by the DC reactive sputtering method. The TiO2/Si struc-
tures with different TiO2 film thickness were irradiated by
electron beams. It is found that the number of Ti3+ ions
increased and Ti4+ ions decreased after the irradiation. The
relative abundance can be calculated. The number of Ti3+

increased to 10% and that of Ti4+ decreased from 98% to
90%. This implies that in the transition layer, a fraction of
Ti4+ ions turned to Ti3+ ions and the chemical composition
changed as follows:

e + Ti4+ −→ Ti3+ (7)

2TiO2 −→ Ti2O3 + O. (8)

Jun et al. [44] reported the improvement of the pho-
toactivity of TiO2 which underwent electron beam (EB)
treatment (1 MeV) as a function of the absorbed radiation
dose (MGy). The radiation-induced effects on the TiO2

crystal structure, for example, change of the Ti3+/Ti4+ ratio,
were investigated. As shown in Figure 4, the quantitative
analyses of Ti4+ and Ti3+ surface states in EB-treated TiO2

at different radiation doses are presented by XPS data. It
shows that a maximum decrease of Ti4+ amount treated at
higher EB doses and approximately the same amount of Ti3+

on the surface state in Ti2p up to about 3 MGy is observed.
Both Ti2p1/2 and Ti2p3/2 states showed a change in Ti3+

and Ti4+, and the Ti3+ states increased by about 15% as a
consequence of EB treatment. The Ti3+ state on TiO2 surface
is important because it can play a similar role as observed
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Figure 4: Surface of Ti as Ti3+ and Ti4+ of unirradiated and EB-
treated TiO2 samples as a function of absorbed radiation doses [44].

in TiO2 doped with metal atoms, which can trap the photo-
generated electrons and thereafter leave behind unpaired
charges to promote photoactivity.

Figure 5(a) [45] shows the ESR signals of O− anion
radicals and Ti3+ cations on TiO2 powder after γ-ray
irradiation of 150 MR under N2 atmosphere. Before γ-ray
irradiation, no signal could be observed in the ESR signals,
while after γ-ray irradiation, the ESR signals attributed to
the O− anion radicals and associated Ti3+ were observed. It
increased with the increase of the γ-ray irradiation dosage
shown in Figure 5(b) [45].

Huang et al. [30] reported that upon exposure to γ-
radiation, a concentrated TiO2 sol changed from colorless
to deep blue with an absorption maximum at 540 nm.
The absorption has been assigned to trapped electrons or
Ti3+ ions in the solid matrix based on its spectroscopic
similarity to the samples irradiated with UV light. The origin
of the trapped electrons during γ-ray irradiation may be
traced to a series of reducing species produced by the high-
energy electrons, which in turn are the direct result of γ-ray
irradiation. The absorption intensity is linearly related to the
duration of exposure to γ-ray irradiation.

The reduction effect (from Ti4+ to Ti3+) in rutile induced
by neutron irradiation is also reported. Lu et al. [72] found
that Ti4+ ions reduced to Ti3+, Ti2+, and even Ti+ after the
neutron irradiation by means of characteristic techniques of
UV-VIS-IR, XPS, XRD, and AFM.

TiO2 irradiated by UV light can create TSD with ease.
However, a special gel structure, which has a poor chemical
stability, is definitely needed for a high quantum yield of
TSD. Thus, this method is subjected to the certain restriction
in the practical photocatalytic application. Annealing and
calcination can effectively control concentration of TSD and
morphology of TiO2. Thus, both of them are extensively
studied and used although they are still tedious, for example,
high temperature, high vacuum, and atmosphere frequently
needed. The bombardment method is atypical, but impor-
tant.

3. Properties of Ti3+ Surface Defects

3.1. Structural Properties of Ti3+ Surface Defects. Lu et al.
[72] described the structure of ideal rutile single crystal
and rutile with insufficient oxygen. In the ideal rutile single
crystal, each titanium ion is located in the center of oxygen
octahedron. The symmetry of the oxygen octahedron is
rhombic symmetry (D2h). The parallel (R◦||) and vertical
(R◦⊥) Ti4+-O2− bonding lengths are 1.988 and 1.944 Å (see
Figure 6), and the bonding angle in the vertical plane is about
80.83◦. When a host Ti4+ ion is changed to Ti3+ ion, the local
electrostatic balance is broken, and an OV (oxygen vacancy)
should be introduced because of charge compensation. In
order to determine the position of the OV as well as the local
structure of the [Ti3+-OV] center in the reduced rutile crystal,
the structure model is established, and the optical spectra is
calculated by using the crystal field theory. In this structure
model, the axial OV is located on the nearest position of
central Ti3+ ion. When an OV appears on the nearest position
of central Ti3+ ion along the R◦|| direction of the oxygen
octahedron, the local symmetry would change from D2h to
C2v. Since the effective charge of the OV is positive, the
central Ti3+ is expected to shift away from the OV along
the R◦|| direction by an amount ΔRc due to the electrostatic
repulsion. Similarly, the four O2− ions on the vertical plane
would also move towards the OV by an amount ΔRp due
to the electrostatic attraction (see Figure 6). Considering the
much larger distance between the OV and the remaining O2−

ion of the R◦|| direction, the displacement of the only axial
O2− ion may be much smaller than ΔRc or ΔRp and can be
omitted for simplicity.

This model is in accordance with those proposed by
Weyl and Forland [73] and Breckenridge and Hosler [74].
In their models, Ti3+ ions are also on sites adjacent to the
oxygen vacancy. In addition, Weyl and coworkers have drawn
a schematic picture of the structure of Ti3+ ions (Figure 7).
Figure 7 [73] shows schematically what happens when a
crystal of Ti4+O2

2− loses one oxygen atom, and the two
electrons of the O2− ion change two Ti4+ to Ti3+ ions. These
Ti3+ ions are strongly polarized and a state is assumed, in
which its extreme can be described as two Ti4+ ions and two
additional electrons. The latter may assume the position of
the missing O2− ion. The intensive light absorption in such
partly reduced crystals is the result of the strong distortion
of the outer orbitals of the Ti3+ ions. Ti3+ ions in this state
absorb light more intensively than undeformed Ti3+ ions.

3.2. Optical Properties of Ti3+ Surface Defects. Optical prop-
erties of TSD lie in two aspects. One is that Ti3+ ions
are the origin of the blue coloration or coloration center
[27, 58, 64, 74] and the other is that Ti3+ species has a
characteristic visible absorption spectrum [27–31, 75–78].
Ookubo et al. [58] developed a method that examined the
quantitative relation between degree of blue coloration and
the concentration of the Ti3+ ions. The method has been
proposed based on the phenomenon that a Ti3+ salt was
hydrolyzed slowly with the presence of urea in an aqueous
solution. With this method, a blue TiO2 was obtained,
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Figure 6: The schematic diagram model, that is, the central Ti3+ ion
associated with an oxygen vacancy on its nearest position along the
parallel direction [72].

and the degree of the coloration has been controlled by
changing the period of refluxing the solution in the synthetic
procedure. In addition, numerous studies have verified that
the Ti3+ species induced oxygen vacancy states between the
valence and the conduction bands, which would contribute
to the visible response. Xiong et al. [64] identified the
conversion of Ti4+ to Ti3+ in the TiO2/Cu2O bilayer film after
the visible-light irradiation by the UV-vis diffuse reflectance
measurement. Because Ti4+ has no response to visible light
while Ti3+ does, the presence of Ti3+ ions leads to a weaker

O2−

Ti4+

Deformed Ti4+

Figure 7: Schematic picture of a flaw on partly reduced TiO2 [73].

absorbance of the bilayer film in the short wavelength range
while stronger in the long wavelength range. It was also
found that the transparent TiO2 film turned blue under the
irradiation (Figure 8(a)).

Bityurin et al. [29] proposed several models fitting
the experimental data on the kinetics of UV laser-induced
darkening in TiO2 gels. Samples were exposed to various
average laser intensities in the range of 0.05∼0.5 W/cm2 by
using beam attenuators. After irradiation of a sample by
a laser beam, the modified area looked like a dark spot
on the transparent material surface (Figure 8(b)). The dark
color spot was believed to be caused by the transformation
of Ti4+ to Ti3+. TiO2 sol was also shown to change from
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Figure 8: Light-induced color change in (a) TiO2/Cu2O bilayer film [64] and (b) titanium-oxide gel [29].

colorless to deep blue with an absorption maximum at
540 nm upon exposure to γ-radiation [29]. The absorption
has been assigned to trapped electrons or Ti3+ ions in the
solid matrix based on its spectroscopic similarity to the
samples irradiated with UV light.

3.3. XPS Properties of Ti3+ Surface Defects. According to
the standard binding energy of Ti2p3/2 in TiO2, that for
Ti3+ is usually located at 457.7 eV and that for Ti4+ is at
459.5 eV. The O (1 s) binding energy for TiO2 is 529.3 eV
[79]. Generally speaking, the binding energy peak of Ti2p
in stoichiometry TiO2 is not broad and no shoulder peak.
However, that for TiO2 containing Ti3+ in the surface is
usually tortured and turns into much broader. In this case, a
fitting skill such as Gaussian of the Gauss-Lorentzian fitting
can be taken to obtain the information of Ti3+ and Ti4+ in
the surface of reduced TiO2. The relative contents of Ti3+ in
the surface of reduced TiO2 can also be obtained according
to the XPS peak areas.

Greenlief et al. [46] reported the Ti2p binding energy
data of TiO2 thin films with different monolayers on poly-
crystalline Pt after vacuum annealing by XPS technique. The
measured binding energy 458.9 eV was the Ti2p3/2 peak for
the TiO2 thin films with coverages more than 3 monolayers
(1 monolayer is assumed to be an evenly dispersed film 2.6 Å
thick). The O (1 s) binding energy for these TiO2 thin films
were 530.3 eV. The O/Ti ratio (as determined by XPS peak
areas) was stoichiometric (2.0) for these TiO2 thin films.
After vacuum annealing, the ratio dropped to between 1.0
and 1.5, and a mixture of Ti3+ and Ti4+ was obtained. The
binding energy 458.9 eV was observed and attributed to Ti3+

state.
Recently, our group [64] found that the TSD can be

generated in TiO2/Cu2O bilayer film under visible-light
irradiation. By means of XPS (Figure 9), it can be seen
that the binding energy of Ti2p3/2 in bilayer film without

the irradiation was 458.7 eV (Figure 9(a)). It is difficult to
simulate this peak since the peak was not so broad, and
there was no shoulder peak. The binding energy of Ti2p3/2 in
the bilayer film after the irradiation was 458.1 eV. Compared
with the peak for Ti2p3/2 in the same bilayer film without
the irradiation, the one after the irradiation was much
broader and there was 0.6 eV shift. This Ti2p3/2 spectrum
can be simulated with Gaussian simulation. The peaks at
457.8 eV and at 459.2 eV were attributed to Ti3+ and Ti4+,
respectively (Figure 9(b)). The result is in accordance with
the reported data [79]. The content of Ti3+ ions was as high as
74% in TiO2/Cu2O bilayer film after visible-light irradiation
according to the comparison of the peaks area.

3.4. EPR Properties of Ti3+ Surface Defects. EPR is a highly
sensitive technique which allows investigation of paramag-
netic species having one or more unpaired electrons either in
the bulk or at the surface of various solids. EPR technique is
already widely used by many researchers to characterize TSD.
The data of EPR signals assigned to Ti3+ in some published
paper are shown in Table 1.

Tijana et al. also presented some published data of
EPR signals of Ti3+ in the book edited by Kokorin and
Bahnemann [90]. They proposed that Ti3+ in the surface
and that in the bulk of TiO2 can be distinguished by the
differences of their EPR parameters. The values of the g-
factors for surface Ti3+ particles are significantly lower than
those usually found in bulk TiO2. Similar result was also
reported by Nakaoka and Nosaka [91]. There is a small
change in the g-values of the axially symmetrical g-tensor
(previously identified as interstitial interior Ti3+ ions) upon
the sample heating (g|| = 1.957, g⊥ = 1.990 for untreated
sample and g|| = 1.961, g⊥ = 1.992 for sample heated at
700◦C for 5 h). They attributed the first signal to the photo-
generated electron trapped on the surface Ti3+ ions, and the
second one to the inner Ti3+ ions.
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Figure 9: XPS of Ti2p of TiO2/Cu2O bilayer film before (a) and after irradiation (b). XPS of Ti2p is simulated by Gaussian equation [64].

In addition, Tijana et al. found the difference of EPR sig-
nal shapes for surface and inner Ti3+ ions. According to the
characters of EPR signals, they proposed two general types of
traps (Ti3+ ions): internal, having a narrow axially symmetric
EPR signal, and surface, with broad EPR lines. Magnetic
resonance parameters of the internal, interstitial (inner)
Ti3+ ions slightly vary due to the different delocalization
of the unpaired electron density and symmetry of the local
surroundings (presence of vacancies and impurities in the
nearest coordination sphere). It also happens for the surface
electron trap. In this case, g-values and the linewidth of the
surface Ti3+ ions mainly depend upon surface modification.

3.5. Temperature Program Reduction (TPD). Temperature-
programmed desorption using carbon dioxide (CO2-TPD)
as a probe can be employed to monitor surface defects in
TiO2 [22, 60, 84, 92]. CO2-TPD analysis indicates a signal
of CO2, which desorbs from the TiO2 surface between the
ranges of 123 and 253 K and results in two peaks: one peak at
about 170 K attributed to CO2 molecules bound to a regular
five-coordinate Ti4+ site which was a perfect TiO2 structure,
and another peak at about 200 K corresponding to CO2

molecules bound to Ti3+ which was a defected TiO2 structure
[60, 84] (Figure 10). The positions of the peaks are shifted
slightly from those reported by Sirisuk and coworkers [22].
Thompson et al. [60] have observed the characteristic two-
step desorption process which is indicative of the presence
of both Ti3+ defects and nondefective TiO2 sites. Moreover,
they have measured the activation energy for both of the
desorption peaks of CO2. For CO2 desorption from the fully
oxidized (or perfected) surface, where the CO2 is bound
to Ti4+ sites, a zero-coverage activation energy for CO2

desorption of 48.5 kJ/mol is measured. It is in approximate
agreement with theoretical calculations value of 65 kJ/mol
[93]. For CO2 desorption from the Ti3+ sites produced by
annealing TiO2 (110) in vacuum, a zero-coverage activation
energy of ∼54 kJ/mol was measured. This indicates that Ti3+
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Figure 10: Thermal desorption spectra for CO2 adsorbed on TiO2

calcinations [84].

sites bind CO2 slightly more strongly (TPD peak at 200 K)
than the fivefold coordinated Ti4+ sites (TPD peak at 170 K)
do.

4. Photocatalytic Application

4.1. Photocatalytic Reaction Mechanism of Ti3+ Surface De-
fects. The photocatalytic reaction mechanisms are widely
studied. The principle of TiO2 photocatalytic reaction is
straightforward. Upon absorption of photons with energy
larger than the band gap of semiconductor materials,
electrons are excited from the valence band to the conduction
band, producing electron-hole pairs. These charge carriers
migrate to the surface and react with the chemicals adsorbed
on the surface to decompose these chemicals. This photode-
composition process usually involves one or more of radicals
or intermediate species such as •OH, O2−, H2O2, or O2,
which play important roles in the photocatalytic reaction.
The photocatalytic activity of a semiconductor is largely
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Table 1: The data of EPR signals assigned to Ti3+ in some published paper.

ESR parameters (g-value) Condition Ref.

g|| g⊥

1.9495 1.9640
Anatase nanoparticles exposure
to UV light

[33]

1.9600 1.990
Anatase nanoparticles exposure
to UV light

[33]

1.902 1.953 Laser-irradiated TiO2 [39]

1.962 1.960 Titanium silicalite [49]

1.905 1.912 Ti-SiO2 by a sol-gel method [49]

1.88 1.925
Fe3+-doped colloids: 6 g dm−3

TiO2, 0.5 wt% Fe, irradiated 6 h
[54]

1.988 1.897
Fe3+-doped colloids: 5 g dm−3

TiO2, 0.1 wt% Fe, irradiated 3 h
[54]

1.975 1.944 Self-doped TiO2 [78]

1.996 1.901 KTa0.9Nb0.1O3 [80]

1.994 1.896 Hydrated TiO2 [81]

1.9482 1.9707 Carbon-doped TiO2 [82]

1.975 1.963 Ultrafine-powdered TiO2 [83]

1.996 TiO2 powder was heated in
hydrogen (H2) gas

[20]

1.990, 1.990, 1.960 Hydrated anatase [32]

1.970, 1.965 The untreated fresh and used
TiO2 catalysts

[51]

1.93 TiO2 exposure to flowing H2 at
573 K for 4 h

[53]

1.908, 1.981 Pt/TiO2 reduced at 623 K [56]

1.975 sol-gel processing of Ti(i-OPr)4
(i-OPr isopropoxy group)

[69]

1.92 Anatase reduction at 573 K [75]

1.9605, 2.0059 Nitrogen-doped TiO2 [76]

1.996 TiO2 calcined at 21% O2 [84]

1.98 TiO2 nanotubes [85]

1.996 TiO2 obtained under vacuum [86]

1.964 Silver/TiO2 (1.026 wt.% loading) [87]

1.9880 ± 0.0005 Carbon-Doped TiO2 [88]

1.996 Nanocrystalline TiO2 via
solvothermal synthesis

[89]

controlled by (i) the light absorption properties, for example,
light absorption spectrum and coefficient, (ii) reduction and
oxidation rates on the surface by the electron and hole, (iii)
and the electron-hole recombination rate [92].

As for TiO2 containing TSD, its photocatalytic activity
is definitely dominated by TSD. TSD improves the pho-
tocatalytic activity of pure TiO2 from the following two
aspects: (i) it extends the photoresponse of TiO2 from UV to
visible light region, which leads to visible-light photocatalytic
activity; (ii) it provides important reactive agents for many
adsorbates and results in the reduction of an electrohole pair
recombination rate [44].

Park et al. [83] proposed the mechanism of TSD
participating in photocatalytic reaction. When the TiO2

photocatalysts were irradiated, e−/h+ pairs were formed. In

the absence of the electron and hole scavengers, most of them
recombined with each other within a few nanoseconds. If the
scavengers or surface defects were present to trap the electron
or hole, e−/h+ recombinations could be prevented, and the
subsequent reactions caused by the electrons and holes were
dramatically enhanced. In this case, electrons donors reacted
with holes. The electron can be trapped by Ti4+ to generate an
isolated Ti3+ ion. In the presence of O2, the Ti3+ sites easily
react with O2, leading to the formation of radicals such as
•O2

−, HO2
•, and •OH. The charge transfer processes may

be as follows:

ecb
− + Ti4+OH −→ Ti3+OH (9)

Ti3+OH + O2 −→ Ti4+OH + •O2
− (10)
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•O2
− + H+ −→ HO2

• (11)

HO2
• + H+ + ecb

− −→ H2O2 (12)

H2O2 + ecb
− −→ •OH + OH−. (13)

4.2. Photocatalytic Application of Ti3+ Surface Defects

4.2.1. Ion-Doped TiO2 Photocatalyst. A great deal of research
has been focused on ion-doped TiO2 with both transi-
tion metal and nonmetal impurities in order to lower
the threshold energy and improve photocatalytic activity.
Doping with transition metals has shown both positive and
negative effects. Indeed, these metal-doped photocatalysts
have been demonstrated to suffer from thermal instability,
and metal centers acting as electron traps have reduced the
photocatalytic efficiency [94].

Stimulated by the report of Asahi et al. in 2001 [95],
there has been an explosion of interest in TiO2 doping with
nonmetal ions, N, C, S, B, especially with nitrogen. Livraghi
et al. [96] reported the origin of photocatalytic activity of N-
doped TiO2 under visible light. As shown in Figure 11, the
material contains single-atom nitrogen impurities that form
either diamagnetic (Nb

−) or paramagnetic (Nb
•) centers.

Both types of Nb centers give rise to localized states in
the band gap of the oxide. The relative abundance of these
species depends on the oxidation state of the solid since upon
reduction, electron transfer from Ti3+ ions to Nb results in
the formation of Ti4+ and Nb

−. The presence of Ti3+ ions is
helpful to form the N paramagnetic centers at the expense of
the Ti3+ ions oxidized to Ti4+. The photocatalytic activity of
the N-doped TiO2 catalyst was thought to be the synergistic
effect of nitrogen and Ti3+ species [76, 97].

Sun et al. [76] reported that the N-doped TiO2 catalyst
showed higher photocatalytic activity for degradation of 4-
CP than pure TiO2 under not only visible but also UV
irradiation due to the presence of Ti3+. Qin et al. [98]
demonstrated that the enhancement of methyl orange and
2-mercaptobenzothiazole photodegradation using the N-
doped TiO2 catalysts is mainly involved in the efficient
separation of electron-hole pairs owing to the presence
of Ti3+ and the improvement of the organic substrate
adsorption in catalysts suspension and optical response in
visible-light region. However, it is found that excessive Ti3+

acted as a recombination center for holes and electrons,
which is the reason for an optimal content of Ti3+ in

the nitrogen-doped TiO2. The N-doped TiO2 with N/Ti
proportioning of 20 mol% calcined at 400◦C exhibited the
highest visible-light activity. Therefore, the presence and
optimal content of Ti3+ might be the critical factors for the
improvement of the photoactivity.

Carban-doped TiO2 has also shown much better pho-
tocatalytic activity due to the presence of TSD [37, 66, 82,
88, 92]. Chen et al. [66] reported that the C from pyrolyzing
process of titanyl organic compounds could reduce the part
of Ti4+ in the surface of TiO2 into Ti3+, and some OH
groups were formed on crystal surface with the presence of
water from pyrolysis. This allowed TiO2 to possess abundant
TSD, which acted as the active center for both photocatalytic
reaction and matching OH at its surface. When Ti3+/OH
ratio in the surface of nanometer crystalline TiO2 approaches
1, there is more effective photocatalytic activity. Li et al.
[82] reported that the carbon-doped TiO2 with high surface
area and good crystallinity showed an obvious enlarged
range of absorption up to 700 nm and had much better
photocatalytic activity for gas phase photo-oxidation of
benzene under artificial solar light than pure TiO2. The
visible-light photocatalytic activity is ascribed to the presence
of oxygen vacancy state because of the formation of Ti3+

species between the valence and the conduction bands in
the TiO2 band structure, which results in the as-synthesized
carbon-doped TiO2 responsive to the visible light.

4.2.2. Self-Doped TiO2 Photocatalyst. Here, self-doped TiO2

photocatalyst can be interpreted as Ti3+-doped TiO2, in
which nothing but Ti and O ions exists. As discussed in
Section 2.2, self-doped TiO2 photocatalyst can be produced
by UV irradiation, heating under vacuum, thermal annealing
to high temperatures (above 500 K), reducing conditions
(C, H2), plasma treating, laser, and high-energy particle
(neutron, Ar+, electron, or γ-ray,) bombardment. Abundant
presented data and numerous valuable conclusions indicate
that TSD in self-doped TiO2 photocatalysts is responsible for
the enhancement of photocatalytic activity [20, 34–36, 38–
40, 42–44, 70, 83, 89, 99–102].

In addition, our group reported the high photocatalytic
degradation of methylene blue by TiO2/Cu2O composite film
[79] and photocatalytic water splitting by TiO2/Cu2O bilayer
film owing to the presence of Ti3+ [64]. For photocatalytic
degradation reaction, electrons excited from TiO2/Cu2O
composite film under visible light were transferred from
the conduction band of Cu2O to that of TiO2. The
formed intermediate state of Ti3+ ion was observed by X-
ray photoelectron spectroscopy (XPS) on the TiO2/Cu2O
composite film. Additionally, the accumulated electrons in
the conduction band of TiO2 were transferred to oxygen
on the TiO2 surface for the formation of O2− or O2

2−,
which combines with H+ to form H2O2. The evolved H2O2

with FeSO4 and EDTA forms Fenton reagent to degrade
methylene blue. With regard to photocatalytic water splitting
process, the photogenerated electrons from the conduction
band of Cu2O were captured by Ti4+ ions in TiO2, and Ti4+

ions were further reduced to Ti3+ ions. The Ti3+ ions have a
long lifetime and bear the photogenerated electrons as a form
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of energy. The electrons trapped in Ti3+ ions as stored energy
lead to evolve H2 from H2O. The electron transfer processes
may be as follows:

Cu2O + hν (λ > 420 nm) −→ hVB
+ + eCB

− (14)

eCB
− + Ti4+H −→ Ti3+OH (15)

2Ti3+OH + 2H+ −→ H2. (16)

5. Concluding Remarks

An overview on current literature on the subject of TSD
in TiO2 has been provided here, but the works that have
been done and the progresses that have been achieved on
this subject are far from being completely resolved. While
some of these results reviewed here might be turned out
to be of mere fundamental interest and irrelevant for the
particular environment and applications, some might help
to understand the behavior of this material. Since TiO2 is
used in so many different fields, TSD would attract more
attention. It is expected that this paper will help to link the
more fundamental and more applied lines of research on this
subject.
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A series of diatomite-immobilized Cu–Ni bimetallic nanocatalysts was prepared under ultrasonication and evaluated for the direct
synthesis of dimethyl carbonate under various conditions. Upon being fully characterized by TPR, TPD, BET, SEM, XRD, and
XPS methodologies, it is found that the bimetallic composite is effectively alloyed and well immobilized inside or outside the
pore of diatomite. Under the optimal conditions of 1.2 MPa and 120◦C, the prepared catalyst with loading of 15% exhibited the
highest methanol conversion of 6.50% with DMC selectivity of 91.2% as well as more than 10-hour lifetime. The possible reaction
mechanism was proposed and discussed in detail. To our knowledge, this is the first report to use diatomite as a catalyst support
for direct DMC synthesis from methanol and CO2.

1. Introduction

Dimethyl carbonate (DMC), an environment-friendly chem-
ical, has attracted much attention as methylating and
carbonylating agents, fuel additives, as well as polar solvents
[1–4]. Several commercial processes have been introduced
for synthesis of DMC, including methanolysis of phosgene
[5], ester exchange process [6, 7], methanolysis of urea
[8], and gas-phase oxidative carbonylation of methanol [9].
However, all these processes use toxic, corrosive, flammable,
and explosive gases such as phosgene, hydrogen chloride, and
carbon monoxide. Therefore, direct synthesis of DMC from
CH3OH and CO2 is highly desired since such an approach is
environment friendly by nature [1].

Carbon dioxide, the main greenhouse gas, can be con-
verted into synthetic gas, methanol, acetic acid, carbonate,
and so forth, [10]. However, it is still a big challenge for
synthetic chemists to utilize CO2 effectively due to its in-built
thermodynamic stability and kinetic inertness. Recently,
a large number of catalysts have been reported for the

direct synthesis of DMC from CO2 and CH3OH including
organometallic compounds [11], potassium methoxide [12],
ZrO2, Ce0.5Zr0.5O2 and H3PW12O4-CexTi1−xO2, [13–15],
H3PO4-V2O5 catalyst [16], and so forth. However, the
highest DMC yield was still very low without addition of
strong base and dehydrating agent due to the difficulties in
activation of CO2 and the deactivation of catalysts by in
situ produced water. Copper and nickel composite, a type of
novel bimetallic catalyst, was firstly proved highly active for
direct synthesis of DMC by the Zhong Group [17]. In our
group, Wu et al. further optimized the preparation condition
and catalytic process of the catalysts [18]. For enhancing
the efficiency of Cu–Ni catalysts, Wang et al. tested the
similar Cu–(Ni,V,O)/SiO2 catalyst with UV irradiation and
pushed DMC yield close to 5% [19, 20]. Recently Bian et
al. pioneered to support Cu–Ni composite on conductive
carbon materials and firstly improved the methanol conver-
sion to 10.13% with DMC selectivity of 90.2% [21, 22]. The
catalysts above mentioned offer different advantages over
others before them but also have considerable shortcomings
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such as complicated preparation process, expensive support,
and bleak prospect for industrialization. Therefore, new
catalysts with low cost, high catalytic performance, and
simple preparation process are urgently required.

Diatomite, a type of widespread natural porous material,
has been widely used as filler aid, adsorbent, and catalytic
support in the reaction such as hydrogenation [23], oxi-
dation [24], Fischer-Tropsch synthesis [25], CO2 reduction
[26] and so forth due to its unique high-adsorption capacity,
high surface area, and cheap availability. In this connection, a
series of Cu–Ni/diatomite bimetallic catalysts were prepared
and evaluated under variable reaction conditions in this
work.

2. Experimental

2.1. Catalyst Preparation. Natural diatomite was pretreated
by calcining at 500◦C for 3 h, soaking in 5% hydrochloric
acid for 24 h, and washing and drying at 110◦C overnight.
Cu–Ni/diatomite nanocatalyst was prepared by the wetness
impregnation method. Firstly Cu(NO3)2·3H2O (0.517 g)
and Ni(NO3)2·6H2O (0.311 g) were dissolved in 25 mL of
25 wt% ammonia solution by stirring, then 5 g of diatomite
was dispersed in metallic ammonia solution. The resulting
mixture was stirred at room temperature for 24 h, ultrasoni-
cated for another 3 h, followed by rotavaporation to remove
the solvent. Thereafter, it was dried at 110◦C overnight. The
fully dried solid was calcined at 500◦C for 5 h and further
reduced by 5% h2/N2 mixture at 550◦C for 6 h.

2.2. Catalyst Characterization. The surface area of the sam-
ples was detected in liquid N2 by the Brunauer-Emmett-
Teller (BET) approaches using a Micromeritics ASAP 2010
instrument. Thermogravimetric analyses (TGA) of samples
were performed on a PerkinElmer Pyris Diamond SII ther-
mal analyzer (high-purity N2, 20◦C/min). The morphologies
of the samples were examined using a scanning electron
microscopy (SEM) (JSM-5600LV system of JEOL) equipped
with an energy dispersive X-ray spectrometer (EDX) to
check the components of the catalysts. The phase struc-
ture of the samples were determined by X-ray diffraction
(XRD) on a D/Max-IIIA power diffractometer using Cu
(Kα) (0.15406 nm) radiation source. X-ray photoelectron
spectrum (XPS) of the catalysts was obtained by ESCALAB
250 (Thermo-VG Scientific) analyzer using the monochrom-
atized Al (Kα) radiation source. Temperature-programmed
reduction (TPR)/temperature-programmed desorption of
ammonia (NH3-TPD) experiments of the samples were
detected by Quantachrome ChemBET 3000 apparatus
equipped with a thermal conductivity detector (TCD)
[22].

The evaluation of the catalysts was performed in a
continuous tubular fixed-bed microgaseous reactor with 2 g
of the fresh catalyst and 2/1 molar ratio of CH3OH/CO2

(30 mL/min flux). It was carried out at different temperatures
and different pressures. The product was analyzed by on-line
GC (GC7890F) equipped with a flame ionization detector
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Figure 1: TPR test of the samples.

and GCMS-QP2010 Plus. The final results were calculated
by the following equations:

CH3OH conversion (%) = [CH3OH reacted]
[CH3OH total]

× 100%,

DMC selectivity (%) = [DMC][
DMC + Byproduct

] × 100%,

DMC yield (%) = CH3OH conversion

×DMC selectivity× 100%.

(1)

3. Results and Discussion

3.1. Structural Investigation of the Catalysts. Natural dia-
tomite was simply pretreated to further enlarge the surface
area. Intensive stirring and more than 3 h strong ultrasoni-
cation were pretty favorable for impregnation of bimetallic
solution. TPR of the samples was shown in Figure 1. The
supported bimetallic catalyst shows two closely overlapped
reduction peaks, one was the reduction of CuO (292◦C)
and the other was the reduction of NiO (332◦C). Moreover,
the reduction temperature of supported bimetallic catalyst
shifted to lower temperature than monometallic catalyst,
indicating the tremendous contribution of strong interaction
of copper and nickel. In addition, the reduction temperature
of supported bimetallic catalyst was higher than unsupported
bimetallic composite (CuO 264◦C, NiO 289◦C), attributing
to the strong interaction of bimetallic composite with
support.

Morphology of the samples was observed by SEM as
presented in Figure 2. Diatomite was porous disc with some
blocked pore before pretreatment (a). After pretreatment,
it was disintegrated into fragment with allover straightway
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Figure 2: SEM of the samples. (a) Natural diatomite, (b) treated diatomite, (c) 15% (2Cu–Ni)/diatomite (×10000), and (d) 15% (2Cu–Ni)/
diatomite (×25000).

pore (b), which was quite preferable for bimetallic disper-
sion and catalytic activity improvement. As shown in (c),
diatomite was homogenously covered by bimetallic nanopar-
ticles not only immobilizing on the surface, but also a great
deal of them inlaying, the inner wall of the pore (d) which is
quite preferred for bimetallic dispersion and stabilization.

Quantitative element analysis of the catalyst was per-
formed by EDS (Figure SM1 which is available online
at doi:10.1155/2012/610410). The average results of area
analysis were Cu 8.12%, Ni 3.86%, Si 38.73%, O 47.87% with
a little amount of Fe, Al, Mn which further confirmed that
the bimetallic components were effectively loaded. Oxidative
state of the element was determined by XPS (Figure 3). The
survey scan spectra indicated bimetallic components of Cu
and Ni was dispersed throughout the surface of the support
besides a little ferric, manganic and aluminous oxides were
also included in this system coming from diatomite which
may be good active additives (c). Cu 2p scan (a) and
Ni 2p scan (b) displayed that binding energy of Cu and
Ni was located at 932.73 (Cu 2p3/2), 852.80 (Ni 2p3/2),

951.70 (Cu 2p1/2), 858.60 (Ni 2p1/2), 918.70 (Cu LMM),
and 846.20 (Ni LMM) respectively, which indicated that Cu–
Ni composite was almost fully reduced. The XRD patterns
of the samples were shown in Figure 4. Curve (a) was the
typical patterns of diatomite with some weak diffractions
of ferric oxide, alumina, and manganese dioxide. Compared
with curve (a), curve (b) displayed new peaks of CuO and
NiO accompanied by little diffraction of Cu2O. Instead of
diffraction of CuO and NiO, these newly emerged peaks
in curve (c) (2θ = 43.62, 51.06, 74.94, and 91.04) were
characteristic diffraction of Cu–Ni alloy. Interestingly it was
not two close diffraction peaks of Cu and Ni as depicted in
[27] but a single peak of Cu–Ni alloy, which may be due to
the highly homogeneous distribution of Cu and Ni in Cu–Ni
nanoparticles resulting from the contribution of ultrasonic
dispersion and support effect.

3.2. Adsorption Behavior of the Support and Catalyst. The
specific surface area of the support and catalyst was con-
ducted by the BET method. Natural and treated diatomite
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Figure 3: XPS of 15% (2Cu–Ni)/diatomite catalyst. (a) Cu 2p scan, (b) Ni 2p scan, and (c) survey scan.

20 40 60 80 100 120

a

b

c

: CuO
: NiO

2θ (deg)

(a) Diatomite: Cu-Ni alloy

(b) 15% (2CuO–NiO)/diatomite

(c) 15% (2Cu–Ni)/diatomite

Figure 4: XRD patterns of the samples. (a) treated diatomite, (b)
15% (2CuO–NiO)/diatomite, and (c) 15% (2Cu–Ni)/diatomite.

were 58.36 and 77.57 m2/g, respectively. NH3-TPD profiles
of the samples were presented in Figure 5, it can be
found that the desorption peak area of bimetallic catalyst
was larger than those of monometallic catalyst, and all
desorption was divided into three stages that were physi-
cal desorption, hydrogen-bonding desorption, acid-centered
desorption around 130◦C, 180◦C, and 270◦C, respectively.
Physical desorption mainly results from surface sorption of
the catalyst in order to reduce its surface free energy. In
addition, bimetallic catalyst showed a little stronger physical
desorption than monometallic catalyst. Hydrogen-bonding
desorption comes from the strong interaction between free
Si–OH and NH3. Strong acid-centered desorption arises
from the nude M+ center (M = Si, Cu, Ni, Al, etc.), and the
number of the acid center increases with increasing of ther
desorption peak area. Meanwhile, the higher the temperature
of the peak is, the stronger the acid center represents. It
was worth noting that the acid strength increased with the
order of 15% (2Cu–Ni)/diatomite, 15% Cu/diatomite, and
15% Ni/diatomite, which was consistent with the order of
their catalytic activity (see Table 1) and the acid-base catalysis
mechanism [13, 28].
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3.3. Study on Performance of the Catalyst. The effect of
loading on DMC synthesis was listed in Table 1. The loading
ranges from 3 wt% to 25 wt% with 2/1 of Cu/Ni [21], and
the optimum loading was 15%. The bimetallic catalysts were
superior to monometallic catalysts which further verified the
synergetic effect of the Cu–Ni alloy [21].

The effect of pressure, temperature, and space velocity on
highly active 15% (2Cu–Ni)/diatomite catalyst was evaluated
as the most important factors (Figure 6). The CH3OH con-
version, DMC yield, and selectivity were enhanced noticeably
with pressure increase (6a). Nevertheless, it leveled off when
pressure climbed over 1.2 MPa, indicating much higher
pressure would have less effect on the reaction. Under set
conditions of 1.2 MPa and 600 h−1, it gives the highest
methanol conversion of 4.50% with DMC selectivity of
88.4% at 120◦C (6b). Although increasing temperature was
more favorable for activation of CH3OH and CO2, the
catalytic performance decreased obviously over 120◦C likely
due to the CO2 and methanol desorption and the change
of catalytic transition state. When the reaction was fixed at
120◦C and 1.2 MPa, methanol conversion increased a little
with increasing space velocity from 300 to 600 h−1 (6c), after
that it collapsed gradually from 600 to 1500 h−1 because the
reaction time correspondingly decreased with the increase of
space velocity.

Stability test of the catalyst was conducted at 120◦C,
1.2 MPa and 600 h−1 (6d). The variation of CH3OH con-
version and DMC selectivity with time was represented by
stream on hour (5c). The CH3OH conversion climbs to
the highest value of 4.57% within 2 h likely due to the
initiation of active species in the initial reaction stage, finally
it decreased slowly to 2.95%. Simultaneously the DMC
selectivity fluctuated from 92.0 to 88.6% probably resulting
from the active center was poisoned by in situ produced
water and surfcial oxidation of the catalyst. The byproducts
were CO, HCHO, and dimethyl ether (DME) detected by
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Figure 6: (a) Dependence of 15% (2Cu–Ni)/diatomite perfor-
mance on pressure (120◦C, 600 h−1 GHSV). (b) Dependence of
15% (2Cu–Ni)/diatomite performance on temperature (1.2 MPa,
600 h−1 GHSV). (c) Dependence of 15% (2Cu–Ni)/diatomite
performance on space velocity (1.2 MPa, 120◦C). (d) Stability test
of 15% (2Cu–Ni)/diatomite (120◦C, 1.2 Mpa, 600 h−1 GHSV). 2 g
catalyst and nCH3OH/nCO2 = 2/1 were used for all tests.

GC-MS in this reaction. CO presumably came from the
cleavage of C–O bond of the activated CO2, whilst HCHO
and DME may result from the activated CH3OH.

4. Proposed Reaction Mechanism

In view of the above experimental results, a different reaction
mechanism from the literatures [21, 22] was proposed based
on the results of GC-MS and in situ FTIR. As shown in
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Table 1: Influence of bimetallic loading on the direct synthesis of DMC.

Entry Loading (wt%)a (2CuO + NiO) Methanol conversionb (%) DMC selectivity (%) DMC yield (%)

1 3 2.32 89.4 1.86

2 5 2.73 90.2 2.17

3 10 3.96 90.9 2.42

4 15 4.50 91.2 3.93

5 20 4.05 88.7 3.36

6 25 3.67 86.1 2.88

7c 15 2.31 92.0 2.13

8d 15 0.58 91.5 0.53
a
Molar ratio of CuO/NiO is 2/1; breaction conditions: 120◦C; 1.2 MPa; conly Cu was loaded; donly Ni was loaded.

Figure 7, a large number of basic (M−) and acid (M+)
centers existed on the surface of Cu–Ni nanocomposite or
the interface between Cu–Ni and support, which were the
residual bonds resulted from the synergetic interaction of
Cu with Ni or Cu–Ni with support. CH3OH and CO2

were firstly adsorbed on those M+ and M−, respectively,
simultaneously accompanied by methanol dehydrogenation
and CO2 deoxygenation, which was the rate-determining
step. DMC was formed by reaction path 1; CO and HCHO
came out by path 2; DME was produced by dehydration
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of two methanol molecules through path 3. M+ and M−

centers were regenerated and recycled by desorption of
those produced molecules under heating. Otherwise those
active centers were deactivated by O or –OH groups which
were responsible for the loss of catalysis activity and the
oxidization of Cu–Ni, so the existence of H2O may be lethal
for this reaction. Although the real reaction path was not well
understood and verified, this proposed reaction mechanism
compared to the literatures [21, 22] will help us to better
understand and explain the reaction results, and it offers us a
direction to improve the catalytic efficiency of this reaction.

5. Conclusions

In this work, low-cost and porous natural diatomite can
be effectively introduced as a catalyst support by simple
pretreatment for direct synthesis of DMC from carbon
dioxide and methanol. The 2Cu–Ni/diatomite catalysts prove
highly active for direct synthesis of DMC, and 15% (2Cu–
Ni)/diatomite gives the highest methanol conversion of
4.50 with DMC selectivity of 91.2% together with more
than 6-hour lifetime (120◦C, 1.2 MPa). From the results of
experiments, the bimetallic nanoparticles are well dispersed
and presumably alloyed under the preparation conditions.
The existence of electron-rich and electron-deficient centers
resulted from the strong interaction of diatomite with Cu–
Ni, and the synergy of Cu–Ni alloy may be responsible for
the high activity of this catalyst. This work can facilitate us to
better understand the mechanism of this reaction and speed
the scientific progress of peers in direct synthesis of DMC.
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ZnO nanoparticles were prepared on Si substrates by a mist-atomisation technique. Precursor of aqueous solution zinc nitrate
and HMTA were released on substrates heated at 200, 300, and 400◦C confined in chamber box. The surface of Si substrate was
varied, that is, gold-seeded Si (Si/Au), ZnO nanorods on Si/Au (Si/Au/ZnO), and just Si. The samples were subsequently analysed
by X-ray diffraction, scanning electron microscopy, and photoluminescence (PL) spectroscopy to study their structural, surface
morphology, and PL emission properties. Analysis from the XRD patterns of the films showed strong a- and c-axis lattice and of
pure ZnO hexagonal wurtzite type. The crystallite size varied from 6 to 43 nm and was found to generally increase with increasing
substrates’ temperatures(Ts). SEM micrographs revealed granular-like structure throughout. Shifts pattern of PL emission at
ultraviolet and visible range was found to support size changes observed. Both substrate surface type and deposition temperature
were found to significantly affect crystalline growth of ZnO nanoparticles. Chemical equations and justification for growth patterns
are also suggested.

1. Introduction

Zinc oxide (ZnO) is a very versatile material with a wide
variety of usage (due to its properties such as white appear-
ance, nontoxicity, antibacterial, polarity, and high thermal
conductivity). ZnO is a thermally stable semiconducting
metal oxide with wide energy band gap of 3.37 eV. In the
field of electronics, some of its optoelectronic usages are
as sensor, laser diode, light emitting diode (LED), and
dye-synthesised solar cells. Nanostructured ZnO has been
found to form various kinds of growth morphologies, like
nanorods, nanowire, nanobelts, nanoflower, and tetrapods
[1–3]. Synthesis of ZnO are carried out by many methods
like chemical vapour deposition (CVD) [4, 5], pulsed
laser deposition (PLD) [6, 7], magnetron sputtering [8],
microwave irradiation [9, 10], hydrothermal [11], sol-gel
[12], solution method [13] and also spray pyrolysis [14].
Mist-atomisation is a process similarly known as spray

pyrolysis. It is a physicochemical synthesis method used by
advanced material researchers to produce thin film metal
oxide nanostructures. Not restricted to metal oxides, this
method may be used for production of simple oxides, binary,
ternary oxides and superconducting oxides [15]. The process
involves spraying precursor solution onto heated surface
and the constituents react to form the intended products
[16]. In this investigation, ZnO nanoparticles have been
successfully grown by mist-atomisation deposition technique
on Si substrate.

It was stipulated that besides concentration of precursor
solution, deposition time and gas flow rate, temperature of
the substrate significantly affects the final morphology and
thickness of ZnO nanoparticles [15, 17]. A good quality
nanostructured thin film is attainable by the formation of
mist with small droplets and uniform distribution. In this
investigation, by keeping the spraying rate constant, the
temperature of substrate was varied at 200, 300, and 400◦C



2 Journal of Nanomaterials

Bare Si substrate

(Si)

Gold-seeded Si substrate

(Si/Au)

ZnO nanorods on gold-seeded Si 

Substrate (Si/Au/ZnO)

Si

Au
ZnO

Figure 1: Type of surfaces used to deposit ZnO nanostructured thin films by mist-atomisation.
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Figure 2: Schematic diagram of a mist-atomisation technique.

and deposited on Si substrate. It was also investigated if ZnO
formed by mist-atomiser is sensitive to the type of surface
of Si substrate, that is, bare polished Si (Si), gold-seeded Si
substrate (Si/Au), and ZnO nanorods grown by immersion
sol-gel method on gold-seeded Si substrate (Si/Au/ZnO)
(Figure 1).

2. Experimental

ZnO nanoparticles were obtained by a mist-atomisation
technique in air atmosphere. This cost-effective method is
suitable to deposit large area of substrates with metal-oxide
nanostructures at low temperature. The setup consisted
of three components, that is, a steel pneumatic atomiser,
hot-plate deposition surface, and our own designed acrylic
chamber, 50 × 50 × 50 cm3 (Figure 2). The distance of
the atomiser to hot-plate surface is thus fixed at 39.5 cm.
Temperature inside the chamber was measured using IR
thermometer Brand Fluke 62 Mini IR and was detected to be
approximately 30◦C less than temperature of regulated sub-
strate surface. The initial solution is zinc nitrate hexahydrate
(Zn(NO3)2 · 6H2O dissolved in deionised (DI) water and
mixed with aqueous solution of hexamethlyenetetramine
(C6H12N4) (HMTA) at 0.05 M concentration at 1 : 1 ratio.
The precursor solution was released under high pressure
through a tiny orifice with aspiration of atomic magnitude
and subsequently contained as mists at ambient before it
landed on the chosen substrates forming nanostructures of
product. The growth was performed with a spray rate of
10 mL/min on three different types of Si substrate surfaces
at three different hot-plate temperatures of (Ts) 200, 300,
and 400◦C with an accuracy of ±5◦C. The first surface is
bare silicon (Si), the second surface is 6 nm of gold layer

on Si substrate (Si/Au), and the third surface is 1 um ZnO
nanorods on Si/Au (Si/Au/ZnO) (Figure 1). The preparation
techniques for the substrates have been explained elsewhere
[18]. The obtained films were dried and annealed at 600◦C
for 1 hour and showed good adhesion to the substrate
surface.

Structural characterisation was carried out by X-ray
diffraction (XRD) using Rigaku RINT 2200/Ultima IV,
Cu Kα radiation over the range 2θ = 30−40◦ at room
temperature. The surface morphology was investigated using
JEOL JSM-636 OLA scanning electron microscope (SEM).
Photoluminescence (PL) measurement was performed on
PL-Raman (Horiba Jobin Yvon) at room temperature using
a He-Cd lamp with excitation wavelength 325 nm.

3. Result and Discussion

This simple method was carried out at ambient without
the need of a vacuum rendering it suitable for large-scale
industrial applications [19].

3.1. XRD. The XRD spectra on different substrate tempera-
tures were presented in Figure 3. The results obtained were
line-indexed with ZnO powder sample reported in JCPDS
card no. 36-1451. All spectra showed strong prominent
crystal diffraction planes of (100), (002), and (101) except for
weak diffractions shown on Si/Au substrate at Ts = 400◦C.
The observed diffractions are similar to those found in bulk
ZnO.

ZnO prepared on Si (Figure 3(a)) at 400◦C exhibited high
domination of (002) lattice orientation showing preference
of c-axis orientation. This occurrence has been established to
be due to lowest surface energy according to Wulff ’s theorem
[20]. The theory stated that the equilibrium of crystal
formation was to achieve minimum total surface energy for a
given volume. Lowest surface energies are represented by the
largest crystal surfaces and interplanar distances.

The XRD spectra of ZnO on Si/Au (Figure 3(b)) exhib-
ited extra lattice peaks belonging to gold (Au) peaks which
are also noticeable at 33.096 and 38.215◦. At 400◦C, the
intensity of lattice peaks of ZnO was completely reduced.
The eutectic point of Au with Si substrates is 363◦C [21].
Therefore, at this higher temperature of 400◦C, the two solid
of Au and Si coexist and may have caused the anomaly in the
XRD pattern. This may also caused violent movements of Zn
and O atoms led to improper growth of ZnO. However, the
lattice ratio c/a remained the same of 1.601 at 200 and 400◦C,
and 1.602 at 300◦C.
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Figure 3: XRD data of ZnO nanoparticles deposited by mist-atomisation technique on (a) bare Si (b) gold-seeded Si (Si/Au) and (c) ZnO
nanorods on gold-seeded Si substrate (Si/Au/ZnO), at substrate temperatures of 200, 300, and 400◦C.

XRD pattern of ZnO grown on Si/Au/ZnO (Figure 3(c))
at Ts = 300◦C revealed prominent (002) lattice which
appear to provide the optimum substrate temperature to
grow vertically aligned ZnO possibly. The combination of
this temperature and types of surface has definitely favoured
the movement and placement of Zn and O atoms into proper
site.

Lattice constants a, c, lattice ratios c/a, crystallite size,
and % strain obtained from the XRD data of all the samples
are presented in Table 1. Crystallite sizes were calculated by
Williamson-Hall method. The lattice values are found to be
very close to hexagonal ZnO powder sample standard values
of a = 0.3249 nm and c = 0.5205 nm [22], indicating that
the material prepared is pure ZnO hexagonal wurtzite type
structure. Crystallite size and % strain of all the prepared
samples obtained from the analysis of XRD data [23], plotted
as a function of temperature as shown in Figures 4(a) and
4(b).

Earlier works has shown that lattice parameters are
temperature dependent. Expansion of lattice and particle size
are in accordance with increase in temperature [24]. In this

work we found that crystallite size of ZnO nanoparticles
increased as Ts increased for sample deposited on Si and
Si/Au. Increment of particles size with increasing tempera-
ture of substrate has also been reported by other literature
for semiconducting material by spray-pyrolysis methods
[25, 26]. The increase in size may be caused by integration
of smaller particles into larger particles as indicated by
Ostwald’s ripening, which resulted to be due to potential
energy difference among large and small particles via solid
state diffusion.

However, the crystallite size showed shrinkage at higher
Ts of 400◦C on Si/Au/ZnO substrate. The predeposited ZnO
layer may have acted as an insulation layer resulting in similar
effect to the thermal decomposition of the precursor droplets
as it approaches the surface of substrates as those of lower Ts.

Upon calculation of % strain between ZnO nanoparticles
to the substrate (Figure 4(b)), ZnO on Si/Au substrate
matched excellently as it was strain-free and simultaneously
produced the smallest crystallite size. The predeposited ZnO
layers were made up of ZnO nanorods with (002) lattice
orientation. Lattice matching is another factor for superior
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Figure 4: (a) Crystallite size, (b) % strain of ZnO on three types of Si surface plotted as a function of substrate temperature.

growth of ZnO on substrates. A study carried out by Li et
al. [27] comparing growth of ZnO on Si (111) and (100) has
shown that ZnO grown on Si (111) exhibited greater growth
density of ZnO nanorods compared to on Si (100). Thus
predeposited ZnO film with other lattice orientation should
also be considered for further studies.

This result suggests that the assumption of compatibility
is not limited to type of material but rather also on the
crystal orientation of the material, and thus needs further
investigations.

From the result, deposition of Zn2+ solution by mist-
atomisation technique has proven to be capable of producing
nanosized crystals of ZnO. Thermogravimetric analysis
(TGA) of the precursor solution showed that it degraded
at 160◦C [18], thus at the chosen substrate temperature of
200◦C and above, the precursor would have been dissociated
as it reaches the surface of substrates [17]. (Temperature
inside chamber has been described at experimental.) Opti-
mum deposition condition may have been achieved since
the solvent was completely removed just before the droplet
reaches the substrate [15]. The surfaces of the substrates
were of dissimilar temperatures therefore the chemical
reaction may have taken place either prior to, throughout,
or subsequent to the mists of precursors reach the surface of
the substrate.

The chemical reaction that took place is as suggested in
the equations below

Zn(NO3)2 · 6H2O(aq) + C6H12N4(aq)

−→ Zn(C6H12N4)(OH)2(aq) + 4H2O
(
g
)

+ 2HNO3(aq)

(1)

Zn(C6H12N4)(OH)2(aq) −→ Zn(OH)2(s) + C6H12N4(g)

(2)

Zn(OH)2(s) −→ ZnO(s) + H2O(g) (3)

It is suggested that zinc nitrate hexahydrate combined with
HMTA molecule and formed a hydroxide complex (1).
HMTA is an amine molecule which helped to chelate the
Zn2+ ion [18] (2) and adsorbed on the sample and helped
to determine growth morphology and irrelevant to the
transition process [28]. The complex then dissociated into
solid Zn(OH)2 while HMTA vapourised. Upon heating,
Zn(OH)2 transform into ZnO and excess H2O removed (3).

3.2. SEM. The surface morphology of deposited nanos-
tructured ZnO was captured by SEM. The mist-atomiser
deposition of ZnO produced nanogranular structure in the
range of 50–120 nm in most samples. The granules are
rounded grains which interconnect if remain heated.

Figure 5(a) (i)–(iii) show the SEM micrographs of ZnO
deposited on Si at 200, 300, and 400◦C. Thermal oxidation
of Si substrate has been reported to occur at temperature
higher than 400◦C, for example, from 800◦C thus the
substrate surface may be safely assumed to remain inert
at the selected substrate temperatures [29, 30]. It is clearly
seen that with increasing substrates’ temperature there is
a tendency for the granules to interconnect as higher
energy allows the grain boundary to expand and thus
blend with other granules and form bigger grains. The
interconnecting granules (50–120 nm) are also observed on
samples deposited on Si/Au. This is thought to be due to the
better efficiency of gold in conducting heat, having thermal
conductivity of ∼310 W/mK [31] relative to Si which is less
than 200 W/mK [32]. For the same reason, ZnO deposited on
Si/Au (Figure 5(b)) at 400◦C showed bigger clusters of grains
at ∼200 nm with greater disbanded granular boundaries.

The predeposited ZnO layer may have acted as an
insulation layer resulting in similar effect to the thermal
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Table 1: Characteristics of ZnO nanostructured thin film from XRD analysis, grown on different Si substrate.

Type of surface Bare Si (Si) Gold-seeded Si (Si/Au) ZnO nanorods on gold-seeded Si (Si/Au/ZnO)

Substrate
temperature
(◦C)

Lattice constant
(Å) and c/a ratio

Crystallite size
(nm) and %
strain

Lattice constant
(Å) and c/a ratio

Crystallite size
(nm) and %
strain

Lattice constant
(Å) and c/a ratio

Crystallite size
(nm) and % strain

200
a = 3.244

20.6
0.109

a = 3.246
7.6
0

a = 3.246
32.2
0.257c = 5.199 c = 5.196 c = 5.103

c/a = 1.603 c/a = 1.601 c/a = 1.572

300
a = 3.242

29.3
0.300

a = 3.243
11.6
0

a = 3.246
32.9
0.069c = 5.196 c = 5.195 c = 5.193

c/a = 1.603 c/a = 1.602 c/a = 1.600

400
a = 3.245

43.0
0

a = 3.444
19.3
0

a = 3.247
6.34
0c = 5.202 c = 5.517 c = 5.202

c/a = 1.603 c/a = 1.601 c/a = 1.602

100 nm

100 nm EHT = 10.00 kV
WD = 8.4 mm

Signal A = InLens

Mag = 50.00 KX

Date: 22 Apr 2010

Time: 17:16:25
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Figure 5: SEM micrographs ZnO nanoparticles deposited by mist-atomisation technique on (a) Si at substrate temperatures (Ts) of (i) 200,
(ii) 300, (iii) 400◦C, (b) Si/Au substrate at Ts = 400◦C and (c) Si/Au/ZnO at Ts = 400◦C.

decomposition of the precursor droplets as it approaches the
surface of substrates as those of lower Ts.

The effect of heat to ZnO nanoparticles on Si/Au/ZnO
was different compared to those on Si and Si/Au substrates.
Heating at 400◦C has not caused the expansion of the grain
boundaries for the reason that ZnO has thermal conductivity
value of less than 2 W/mK [33], therefore the effect of 400◦C
was not as intense as it was on Si or Si/Au substrates.
Heat transport phenomena upon reduction of particles size,
phonon modes, and phonon densities need to be carried out
in a separate investigation as it proved to be a very interesting
and important technological area [34].

3.3. Photoluminescence Emission. Figure 6(a) illustrated the
room-temperature PL spectra (excitation at 325 nm) of
the samples deposited on Si at 200, 300, and 400◦C,
Figure 6(b) on sample deposited on Si/Au and Figure 6(c)
on sample deposited on Si/Au/ZnO. Two emission bands
could be observed from these samples, that is, (i) near
band edge emission (at ultraviolet (UV) range) due to free-
exciton recombination and (ii) visible emission, a deep-
level-emission (DLE) mostly in yellow-orange region was a
consequence of presence of structural defect and impurities
on the surface of samples [35–37]. Visible peaks at yellow-
orange emission band around 580 nm were generally emitted
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Figure 6: PL spectra of ZnO nanocrystalline thin film prepared by mist-atomisation technique on substrate (a) Si, (b) Si/Au, and (c)
Si/Au/ZnO at 200, 300, and 400◦C.
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Figure 7: Intensity ratio of UV to visible emission (IUV/IVis) at
various substrates’ temperature and on various types of Si substrate
surfaces.

by all samples. This band is common among solution-based
grown ZnO, and has been considered to be due to oxygen
interstitial (Oi) related defects [38], that is, excess oxygen and
presence of hydroxyl group and is related to the amount of
exposed polar surface of Zn- and O-atom [39].

The UV emission of ZnO nanostructures deposited on
Si and Si/Au substrate on dissimilar temperatures showed
a red-shift, that is, to a lower energy when the substrates’
temperature changed from 200 to 400◦C. The result was
consistent with the XRD, SEM findings, which revealed
that the grain size were smallest at 200◦C and expanded
when the temperature of substrate increased [23, 40, 41].
The UV emission peaks of ZnO deposited on Si/Au/ZnO
blue-shifted with increased substrates’ temperature, showing
coherent findings that as size decreases UV emission moved
to higher energy level. An almost negligible UV emission
can be seen for sample deposited on Si/Au substrates at 300
and 400◦C which some attribute to excess –OH group that
is responsible for quenching of the exciton emission [39].
The –OH group may have originated from solvent trapped
in empty octahedral site in the hexagonal lattice structure of
ZnO.

The ratio of the intensities of UV to visible emission
(IUV/IVis) as a function of substrate’s temperature (Figure 7)
was also analysed. It can be seen that prominent ratios are
found on Ts = 200◦C for all samples while bare Si surface
has higher IUV/IVis ratio relative to Si/Au and Si/Au/ZnO.

4. Conclusion

Mist-atomiser has been successfully developed to prepare
ZnO nanoparticles. This technique is economical, simple,
and practical for mass-production purposes of ZnO thin

films. Effects of Si substrates’ surface type and substrates
temperature, on the structural, morphological, and pho-
toluminescence emission of ZnO nanoparticles have been
investigated. X-ray diffraction patterns confirmed that all
samples showed that polycrystalline nature corresponds to
ZnO wurtzite structure. It was found that crystallite size
and lattice strain were significantly affected by substrate
surface type and temperature. Smallest crystallite size was
found on Si/Au/ZnO at Ts = 400◦C, gold layer on substrate
revealed no lattice strain at all deposition temperatures and
at Ts = 400◦C there was negligible strain on all substrates. PL
emission study was in agreement with the expansion of crys-
tallite size study. The chemical reaction that took place has
been suggested as well as explanation for growth outcome.
Both substrate surface type and deposition temperature has
been found to significantly affect crystalline structure of ZnO
nanoparticles.
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Fabrication and photophysical study of photofunctional nanoporous alumina membrane (PNAM) were performed, and its
application of photodynamic antimicrobial chemotherapy (PACT) was investigated. Nanoporous alumina membrane (NAM) was
fabricated by two-step aluminium anodic oxidation process. Surface of the fabricated NAM was modified with organo-silane
agent to induce covalent bonding between NAM and a photosensitizer (PtCP: [5,10,15-triphenyl-20-(4-methoxycarbonylphenyl)-
porphyrin] platinum). PtCP was covalently bonded to the surface of the modified NAM by nucleophilic acyl substitution reaction
process. The morphology and the photophysical properties of the fabricated PNAM were confirmed with field emission scanning
electron microscope (FE-SEM), steady-state spectroscopies, and nanosecond laser-induced time-resolved spectroscopy. For the
efficacy study of PNAM in PACT, an enveloped animal virus, vesicular stomatitis virus (VSV), was utilized as a target organism.
Antiviral effect of the PNAM-PACT was measured by the extent of suppression of plaque-forming units (PFU) after the light
irradiation. In the cultures inoculated with PACT-treated VSV, the suppression of PFU was prominent, which demonstrates that
PNAM is a potential bio clean-up tool.

1. Introduction

Reactive oxygen species (ROS) have been a subject of the
extensive studies due to their broad applications such as
photodynamic therapy (PDT), photovoltaic device, light
harvest coating, and photocatalyst [1, 2]. Recently, the
application area of ROS has been expanded into elimi-
nation of environmental pollutants such as toxic chemi-
cals, endocrine disruptors, virus, and bacteria [3, 4]. The
environmental applications require the high efficiency of
ROS generation along with repeatability, the prevention of
secondary contamination, and the easy recycling. In order to
meet some of these factors, ROS generation of mesoporous
materials has been demonstrated with zeolite and MCM-41
functionalized with photosensitizers [5]. By the fixation of
photosensitizers onto zeolite or MCM-41, thermal stability
and handling advantage could be achieved. However, both
porous materials have a powder like property and a few

nanometers of very small pore diameter which disturbs
the good contact between the ROS and the target systems
[6]. However, the nanoporous membranes can provide the
good contacts between the ROS and the target, and the
easy handling advantage and recycling together due to their
advantages of pore diameter control, unidirectional ordered
pore direction, and free-standing nature of membrane.

In this work, we report a fabrication of the photo-
functional nanoporous alumina membrane (PNAM) and
its photophysical property. The nanoporous alumina mem-
branes were fabricated by two-step aluminum anodic oxi-
dation process [7]. The inner and the outer surfaces of
the fabricated NAMs were modified with organo-silane
agent [8–11]. The photosensitizer (PtCP: [5,10,15-triphenyl-
20-(4-methoxycarbonylphenyl)-porphyrin] platinum) was
covalently bonded to the amine-terminated NAM surface by
a nucleophilic acyl substitution reaction [12]. The singlet
oxygen, an active component of the ROS generated from the
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Scheme 1: Preparation of photofunctional nanoporous alumina membrane.

fabricated PNAM, was directly monitored with laser-induced
time-resolved spectroscopic method. To open the possibility
for its environmental application, PNAM was applied for
the removal of a virus without rendering cytotoxicity to
the cells in vitro. It resulted in the complete suppression of
plaque forming ability of vesicular stomatitis virus (VSV)
by PNAM-mediated PACT (photodynamic antimicrobial
chemotherapy).

2. Experiment

2.1. Materials. The fabrication procedure of the PNAM is
shown in Scheme 1. Preparation details of the photosen-
sitizer (PtCP: [5,10,15-Triphenyl-20-(4-methoxycarbonyl-
phenyl)-porphyrin] platinum) and the nanoporous alu-
mina membrane (NAM) were reported in the references
[7, 13]. All solvents were purchased from Aldrich and
used without further purification. For the surface mod-
ification of NAM, NAM was immersed into the APTES
((aminopropyl)triethoxysilane, 0.1 M)/CHCl3 solution at
room temperature for 1 h [8–11]. After washing and
drying, the surface-modified NAM was immersed in PtCP
(10−5 M)/toluene at 50◦C for 24 h and then washed with pure
toluene and distilled water.

2.2. Methods

2.2.1. Spectroscopic Measurements. Surface morphologies of
NAMs were observed by a field emission scanning electron
microscopy (FESEM, JEOL, 6500F). Surfaces of the modified
NAM and the fabricated PNAM were confirmed by ATR-IR
spectra with a ATR-IR spectrophotometer (Nicolet, impact
400). Steady-state absorption and luminescence spectra were

obtained by using a UV-Vis spectrophotometer (Hitachi, U-
2800) and a spectrofluorimeter (Hitachi, F-4500), respec-
tively. For the membrane sample, the diffuse reflectance
spectra were recorded by a UV-Vis spectrophotometer (Jasco,
V-550) equipped with an integrating sphere (Jasco, ISV-469).
The Nd-YAG-pumped OPO laser (BMI, OP-901, 10 Hz,
5 ns FWHM pulse) was utilized as an excitation source
for the detection of time-resolved singlet oxygen phospho-
rescence. The phosphorescence signal was collected at the
perpendicular angle to the excitation beam and detected
with a monochromator (Optometrics LLC, mini-chrom04)
and NIR-PMT (Hamamatsu, H9170-45). The signal was
acquired by 500 MHz digital oscilloscope and transferred to
a computer for further analysis [13, 14].

2.2.2. Biological Activity

General. The established cell lines of A549, Vero, and vesic-
ular stomatitis virus (VSV, Indiana serotype) were originally
purchased from ATCC (Rockford, Md, USA) and have been
maintained at −70◦C and 1 atm. For the evaluation of the
efficacy with PNAM-mediated PACT on viral inactivation,
A549 cells were used throughout the experiments. For
viral preparation, VSV was propagated in Vero cells. Both
the cell lines were maintained in Eagle’s minimal essential
medium (MEM) supplemented with 10% fetal bovine serum
(both supplied by Gibco RBL, Grand Island, NY, USA),
penicillin (100 units/mL), and streptomycin (100 μg/mL).
The viral suspension free from the host cell debris was
ultracentrifuged at 100,000 g for 2 h at 4◦C (Beckman, Calif,
USA). After centrifuging, protein content of the VSV pellet
was determined by using the Bio-Rad protein assay (Bio-
Rad Laboratories, Alfred Nobel Drive, Hercules, Calif, USA).
The A549 cell grown in MEM was used as a host cell
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Figure 1: FE-SEM images of (a) the top surface view of nanoporous alumina membrane with the pore diameter of 250 nm and (b) its
cross-section view.
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Figure 2: ATR-IR spectra of (a) pure NAM, pure APTES, and the surface modified NAM with APTES, (b) pure PtCP, pure PNAM, and the
surface modified NAM with APTES.

for various assays. The light source for irradiation was a
nanosecond Nd-YAG-pumped OPO laser (BMI, OP-901,
10 Hz, 5 ns FWHM pulse). The total power output for the
irradiation was measured with a laser power meter (Ophir
opironics Ltd., Nova, Israel). Virus in suspension (1 mL
in a 1 × 1 quartz cell) was treated by PNAM irradiated
with 5mWof light for 1 hr. The virus solution treated with
photo-irradiated PNAM was kept in dark in order to protect
the samples from ambient light exposure. All experiments
were performed under the light-controlled condition in a
biosafety box.

Plaque-Forming Assay. For a plaque-forming assay, A549
cells were seeded (2 × 105) in 6-well tissue culture plates
in the growth media and allowed to form a confluent
monolayer. All viruses that were treated with light only,
PNAM only, and the irradiated PNAM in 1 mL of the
solutions were inoculated into the cells and allowed to attach
to the cells by rocking randomly for 1 h at 37◦C under 5%
CO2 humidified atmosphere. For a negative control, the cells
treated with a phosphate-buffered saline (PBS) were used to
assure the viability of the cells. The culture fluid was removed
by aspiration and washed twice with MEM. Each well was

overlaid with 2 mL of a mixture of 2% agarose and 2×MEM
(1 : 1) and then incubated for 48 h at 37◦C under 5% CO2-
humidified atmosphere. Thereafter, the cells were rinsed by
PBS and fixed in 2% paraformaldehyde for 15 min. These
were then rinsed twice with PBS for staining with crystal
violet. The titers of virus were estimated by use of the plaque-
forming assay [15]. Statistical evaluation was done by using
the Mann-Whitney U test. Results were presented as the
means ± the standard errors of the means (SEMs).

3. Results and Discussion

SEM images of the fabricated pure NAM are shown in
Figure 1. The pore diameter of nanochannels is controlled
to be 250 nm by the electrolyte solution of 0.3 M H3PO4 at
the applied voltage of 40 V. Thickness of NAM is made to be
60 μm after the oxidation time of 10 hours. NAM is prepared
as a free-standing film [7].

The surface modification of NAM with hydrophobic
silane, APTES, and PtCP are confirmed with ATR-IR spectra.
Figure 2(a) shows ATR-IR spectra of APTES, NAM, and
the APTES-bounded NAM. The peaks of APTES in the
spectrum are assigned to be the −CH3 symmetric vibration
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mode at 2973 cm−1, the −CH2 symmetric and asymmetric
vibration modes at 2879 and 2924 cm−1, respectively, from
the references [8, 16]. The spectrum of NAM shows the
−OH stretching vibration modes at 3400 cm−1[8, 9]. In the
spectrum of the APTES bounded NAM, the peaks of the
−CH2 symmetric (2879 cm−1) and asymmetric vibration
modes (2924 cm−1) remain same as the peaks of pure APTES.
On the other hand, the –CH3 (2973 cm−1) vibration peak
disappears significantly in its intensity. It is due to the
removal step of the methyl group (−CH3) of APTES during
the attachment reaction process of APTES and NAM [11,
16, 17]. The increased peak intensity of the −OH (3650
∼3200 cm−1 ) stretching vibration in Figure 2(a) implies
that the hydroxyl group of the NAM surface is enhanced
throughout the surface modification process. Therefore, the
result confirms that the APTES is attached to the NAM
surface by the silanisation reaction between the hydroxyl
group of NAM and the ethoxy group of APTES. Figure 2(b)
shows ATR-IR spectra of the surface modified NAM with
APTES, PtCP, and the PtCP bounded surface modified
NAM (PNAM). The peaks of PtCP in the spectrum are
assigned to be the carbonyl stretching mode of the carboxyl
group at 1690 cm−1, the stretching vibration mode of the
conjugated C=C bond at 1605 cm−1, and the C–H stretching
vibration mode at 1360, 1315 cm−1 from the references [18–
20]. The spectrum of the surface modified NAM shows the
stretching vibration mode of −NH2 group at 1639 cm−1[21,
22]. In the spectrum of the PtCP-bounded surface modified
NAM, the peaks of the stretching vibration mode of C=C
(1605 cm−1), and the stretching vibration modes of C–
H (1360, 1315 cm−1) remain same. On the other hand,
the carbonyl (1690 cm−1) stretching mode peak disappears
significantly in its intensity. And the C=O stretching mode
and the N–H bending mode of new amide group are
appeared at the 1600, 1585 cm−1, respectively. It is due to the
removal step of the carboxylic acid group (−COOH) of PtCP
during the nucleophilic acyl substitution reaction process of
PtCP and the surface modified NAM [12]. The appeared
peaks of the C=O and the N–H (1600, 1585 cm−1) stretching
vibration imply that the amide group of the modified NAM
surface is enhanced throughout the surface modification
process. Therefore, IR data in Figure 2 confirms that PtCP
is covalently bonded to the modified NAM surface by the
nucleophilic acylation reaction between the carboxylic acid
group of PtCP and the amine group of APTES [12].

Diffuse reflectance UV-Vis absorption spectrum of
PNAM is presented in Figure 3(a) with the comparison of
the absorption spectrum of the pure PtCP molecules in
toluene. Absorption spectrum of the PtCP-bounded surface-
modified NAM (PNAM) was obtained by using diffuse
reflectance spectrophotometer to avoid the big scattering
of the membrane. Diffuse reflectance spectrum is a type
of the absorption spectrum measured by scattering from
the surface of sample. This diffuse reflectance spectrum is
translated into the absorption spectra by the Kubelka-Munk
method [23]. The spectrum of PtCP shows one B band
(400 nm) and two Q bands (510, 538 nm) [13]. The diffuse
reflectance absorption spectrum of PNAM also includes
the B and Q bands at the similar wavelengths but with

the broader shape and the red-shifted peak position. Such
difference in the peak width and position is possibly due
to the self-coupling of the PtCP molecules attached on the
surface and the inhomogeneous broadening nature of PtCP
to the surface of PNAM [11, 24, 25]. The fluorescence was
not observed for the pure PtCP and PNAM. Whereas the
phosphorescence spectrum of PtCPin Figure 3(b), at 510 nm
excitation, presents the peaks at 660 nm and 725 nm. In case
of PNAM, the phosphorescence spectrum shows a similar red
shift due to the same nature for the excited state of the PtCP
molecules bonded to NAM as in their ground states [11].

The most critical factor for the proof of the singlet
oxygen generation from PNAM is the direct detection of
the phosphorescence from the singlet oxygen molecules
generated by the photoexcited PNAM. The singlet oxygen
phosphorescences of PtCP and the PtCP-bounded PNAM
were measured at the detection wavelength of 1270 nm in
air-saturated toluene and distilled aqueous solution. The
measured phosphorescence signals are presented in Figure 4.
The decays are fitted to a single exponential function,
resulting in the lifetime of the singlet oxygen that depends on
the environmental condition [14]. Singlet oxygen lifetime of
the pure PtCP molecules in toluene solution is measured to
be∼29 μs (Figure 4(a)) that is a characteristic relaxation time
of singlet oxygen in toluene solvent [13]. However, the singlet
oxygen lifetime for PNAM with the pore diameter of 250 nm
is 7.9 μs in toluene solution (Figure 4(b)). Assuming a typical
diffusion coefficient for oxygen to be 2.69 × 10−9 m2s−1 of
D, the average distance that the singlet oxygen can diffuse in
toluene is estimated to be approximately 394 nm during 29 μs
of its lifetime from the root-mean-square linear displacement
of (2 Dt)1/2 [26]. The fast lifetime of 7.9 μs measured from
PNAM in toluene corresponds to 206 nm with the same
diffusion coefficient of PtCP in toluene. Although the solvent
conditions are the same as toluene, the lifetimes of the singlet
oxygen molecules generated from the pure PtCP and PNAM
are much different. The diffusion distance of 206 nm for
the 7.9 μs is approximately similar to the pore diameter of
250 nm of the PNAM. The inner pore surface of PNAM
is expected to be much covered by the hydroxyl groups
that provide the efficient quenching for singlet oxygens.
Therefore, it is suggested that 7.9 μs of the singlet oxygen
lifetime is due to the collisional quenching of singlet oxygen
to the hydroxyl groups on the surface of PNAM. [11].
Interestingly, the singlet oxygen life time from PNAM in
aqueous solution is measured to be 2.8 μs (Figure 4(c)). It is
the value that well correlates with the reported values of 2∼
4 μs which are the typical singlet oxygen lifetimes in aqueous
solution [27]. When the same diffusion distance estimation is
done, the lifetime of 2.8 μs from PNAM in aqueous solution
corresponds to 94 nm (here, D equals to 1.57 × 10−9 m2s−1

in aqueous solution). Since the estimated diffusion distance
of 94 nm is much shorter than the pore diameter of PNAM,
most singlet oxygens are expected to be more efficiently
quenched by the nearby solvent water molecules.

Vesicular stomatitis virus is a very well-characterized
lipid-enveloped virus which, together with its sensitivity for
photodynamic treatment, makes it a suitable candidate for
the study of photodynamic inactivation [28]. Therefore, in
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Figure 3: (a) Absorption and (b) phorescence spectra of the pure PtCP in toluene solution (thin solid line) and PNAM (thick solid line).
The absorption spectrum of PNAM is obtained by applying the Kubelka-Munk function to the diffuse reflectance spectrum. The excitation
wavelength was 510 nm for the emission spectra.
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Figure 4: Phosphorescence decays of the singlet oxygens from (a) the pure PtCP in toluene, (b) PNAM with pore diameters of 250 nm in
toluene, and (c) PNAM with pore diameters of 250 nm in aqueous solution at the detection wavelength of 1270 nm. The solid lines are the
fitted lines with a single exponential decay.
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Figure 5: Plaques formed in A549 cells by the VSV treated with
PNAM and light (5 mW). Extent of the VSV-induced PFU in A549:
(control) normal level of PFU in A549 cells caused by VSV, (light
only) virus treated with light only without PNAM, (PNAM only)
virus treated with PNAM only without light, and (PNAM w/Light)
virus treated with PNAM and light.

this study, the inactivation of VSV by the photo-irradiated
PNAM was investigated to determine the PACT efficiency
for the preliminary evaluation of the fabricated PNAM. As
shown in Figure 5, the extent of the VSV-induced PFU in
A549 cells was not changed by the light only factor. VSV
(5 × 108 PFU/mL) caused the normal level of PFU in A549
cells (Figure 5 (control)). The same level of PFU in A549
cells as the control case was reproduced by the virus treated
with light only without PNAM. The slightly decreased level
of PFU in A549 cells was observed by the virus treated with
PNAM without light (5 × 107 PFU/mL). Such a slightly low
value of 5 × 107 PFU/mL is possibly expected due to the
experimental condition of physical contact during stirring
process of solution and also a residual room light effect.
However, the virus treated with PNAM with light produced
the PFU level of 5 × 105 PFU/mL in A549 cells, which is the
significantly lower value than 5 × 108 ∼ 5 × 107 PFU/mL.
Therefore, it clearly indicates that the fabricated PNAM in
this study is an effective tool for PACT.

4. Conclusions

It has successfully been demonstrated that the singlet oxygen
of highly oxidative species is generated from PNAM which is
fabricated by the surface modification of NAM with organo-
silane agents, APTES, and the photosensitizer of PtCP. The
singlet oxygen lifetimes depending on the pore diameter of
PNAM and the solvent environment were also investigated
to understand their dynamics in restricted condition that
directly affects the efficiency of PACT. The photo-irradiated
PNAM for the application of PACT was performed with the
inactivation of VSV. The VSV was significantly inactivated
by PNAM-PACT under 5 mW of light condition. Therefore,
it suggests that the developed PNAM from this study
has a high possibility to be utilized as a photodynamic

antiviral system. Furthermore, based on the experimental
results of the controlled singlet oxygen lifetimes by the pore
diameter of the membrane, this ROS generating nanoporous
membrane can be developed as the spatial distance selective
photocatalytic membrane for biological and environmental
hazards as well as selective photocatalytic reaction.
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Ag/Cu bimetallic nanocatalysts supported on reticulate-like γ-alumina were prepared by a microemulsion method using
N2H4·H2O as the reducing agent. The catalysts were activated by calcination followed with hydrogen reduction at 873K, and
the properties were confirmed using various characterization techniques. Compared with metal oxides particles, Ag-Cu particles
exhibited smaller sizes (<5 nm) after calcination in H2 at 873K. XPS results indicated that the binding energies changed with the
Ag/Cu ratios, suggesting that increasing the copper content gave both metals a greater tendency to lose electrons. Furthermore,
Ag-Cu bimetallic nanoparticles supported on γ-alumina showed better catalytic activity on the epoxidation of styrene as compared
with the corresponding monometallic silver or copper. The styrene oxide selectivity could reach 76.6% at Ag/Cu molar ratio of 3/1,
while the maximum conversion (up to 94.6%) appeared at Ag/Cu molar ratio of 1/1 because of the maximum interaction between
silver and copper.

1. Introduction

In recent years, research on silver, copper and gold nanopar-
ticles used as catalysts in CO redox reactions [1–3], NOx
reduction [4, 5] and epoxidation of alkenes [6–9] has made
great progress. Because of an altered electronic or surface
structure of the metal particles, metal nanoparticle catalysts
composed of two (or more) different metal elements may
result in improved catalyst quality or properties and hence
are of great interest from both technological and scientific
views [10]. There have been several reports on the synthesis
and assembly of bimetal materials such as Pd-Pt [11], Au-
Ag [3], Pt-Co [12], and Ni-Mo [13]. Especially, Agrawal et
al. [14] made a series of studies on bimetallic or multime-
tallic nanoparticle catalysts, for example, Au-Ag, Au-Cu, and
Au-Ag-Cu. Alumina-based supports are often used in these
catalysts because of their mechanical and chemical resistance
under reaction conditions. For instance, an alumina sup-
ported silver/copper catalyst has a higher ammonia oxidation

activity than catalysts with pure silver or copper particles
[15].

Although the Ag-Cu catalyst system has shown excellent
catalytic activity in many oxidation reactions, an attempt
about using Ag-Cu as catalyst for oxidation of styrene is
rarely reported. Oxidation of styrene may be regarded as a
very strategic reaction in industrial applications, because sty-
rene oxide (a main product of oxidation of styrene) is one of
the most important fine chemical intermediates for produc-
ing perfume, drugs, sweeteners, epoxy resins, and so forth
[16]. However, it is difficult to find a catalyst that accelerates
both conversion and selectivity for this reaction. To solve this
problem, Ag-Cu systems are tested herein to see whether this
catalyst could meet the requirements.

In order to better understand the working mechanism
of such catalysts, it is essential to prepare model systems
with a high degree of control over the particle size of the
active material. In the past decade, several methods have
been used to produce supported catalysts, but it is difficult
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to immobilize the nanoparticles on catalyst supports without
large aggregates. Water-in-oil microemulsions are transpar-
ent, isotropic, and thermodynamically stable nanosized wa-
ter droplets that are dispersed in a continuous oil phase
and stabilized by surfactant molecules at the water/oil inter-
face [17]. This technique has been used for synthesizing vari-
ous of nanosized particles, such as Cu [18], Au-Ag [17],
KCoFePBA [19], and γ-Al2O3 nanoparticles [20]. It is suit-
able for the preparation of particles, because not only the
size but also the shape of the particles can be controlled by
altering the water-to-surfactant molar ratio (ω) appropriate-
ly. The unique advantages of this method, compared to other
techniques for controlled nanoparticle preparation, are that
the particles can be formed at atmospheric pressure and at
room temperature and that large sample volumes can be ob-
tained relatively easily [21].

In this study, we have investigated the deposition of Ag-
Cu bimetallic nanoparticles by the coreduction of Ag+ and
Cu2+ with N2H4·H2O as reductant, prepared in w/o microe-
mulsions, on reticulate-like γ-alumina particles which are
obtained through the microemulsion technique by our group
[22]. After calcination and reduction at 873 K for one hour by
H2, these materials were characterized by several techniques
in order to determine their physicochemical compositions.
Finally, the performances of catalysts with different molar
ratios of Ag/Cu supported on γ-alumina were tested by epox-
idation of styrene under mild conditions.

2. Experimental Section

2.1. Chemicals. The nonionic surfactant Triton X-100 [p-
tert-C8H17C6H4(OC2H4)9.5OH] was obtained from Sigma-
Aldrich. Cyclohexane (C6H12, A.R.) used as oil phase and n-
butanol [CH3(CH2)2CH2OH, A.R.] used as the cosurfactant
were both purchased from Tianjin Chemical Reagent Limited
Company. Silver nitrate (AgNO3, A.R.) was product from
Beijing Beihua Fine Chemical Reagent Co., Ltd., Cupric
nitrate [Cu(NO3)2·3H2O, 99.5%, A.R.] was received from
the Third Branch of Tianjin Chemical Reagent Liu Chang.
Aluminum nitrate nonahydrate (Al(NO3)3·9H2O, A.R.) was
purchased from Xi′ an Chemical Reagent Factory. Ammonia
(NH3·H2O, 30%, A.R.) was Baiyin LiangYou Chemical Rea-
gent Limited Company products. Styrene (C8H8, C.P.) and
bromobenzene (C6H5Br, A.R.) were bought from Sinopharm
Chemical Reagent Limited Company. Hydrazine hydrate
(H2N·NH2·H2O, 80.0%, A.R.) was reductant from Tian-
jin Institute of Fine Chemicals Retrocession. Acetonitrile
(CH3CN, A.R.) used as solvents was received from Tianjin
Chemical Reagent Limited Company and tert-butyl hydrop-
eroxide (TBHP)[C4H10O2, 70%, C.P.] used as oxidant was
bought from Shanghai Sanpu chemical Co., Ltd., Double dis-
tilled water was used throughout the experiments.

2.2. Instrumentation. The actual total metal loadings and the
Ag/Cu molar ratios of various Ag-Cu/Al2O3 samples were
determined by the inductively coupled plasma spectrometer
on an IRIS ER/S PHEMO instrument. Energy-dispersive X-
ray spectroscopy (EDS) (JSM-5600LV, KEVEX) and induc-
tively coupled plasma (ICP) (IRIS ER/S, U.S. PHEMO

company) confirmed the molar ratios of Ag/Cu. Chemical
composition information about the samples was obtained by
X-ray photoelectron spectroscopy (XPS). The measurement
was carried out on a PHI-5702 multifunctional spectrometer
using Al Kα radiation, and the binding energies were refer-
enced to the C1s line at 284.8 eV from adventitious carbon.
All the peaks were fitted using the XPSPEAK version 4.0
peak-fitting program. The specific surface areas of the cat-
alysts and the γ-Al2O3 support were calculated by applying
the BET method to the N2 adsorption isotherms, measured
at liquid nitrogen temperature on a micromeritics ASAP
2010 apparatus. Rigaku D/MAX-2400 XRD with graphite
monochromatized Cu Kα radiation (λ = 0.15406 nm) was
used for recording X-ray diffraction (XRD) pattern operat-
ing at 40 kV and 40 mA in the 2θ range of 10◦–90◦. Transmis-
sion electron microscopy (TEM) was performed by using
a Hitachi H-600 at an accelerating voltage of 100 kV to
examine the morphology and dimension of the Ag-Cu nano-
particles as well as nanoalumina. Whether the Ag-Cu nano-
particles supported on the alumina or not was shown clearly
via this testing technique. The infrared spectroscopy (IR)
spectra were recorded on a NEXUS670 FT-IR spectrometer
with samples prepared as KBr pellets. The products of reac-
tion were detected by Gas Chromatography (GC) on a CP-
3380 instrument.

2.3. Synthesis. Catalysts of Ag-Cu nanoparticles supported
on γ-alumina were synthesized by microemulsion tech-
nology (Triton X-100/n-butanol/cyclohexane/water system)
[22]. Briefly, AgNO3 and Cu(NO3)2 microemulsion with
different Ag/Cu atomic ratios as well as the hydrazine hydrate
microemulsion were obtained with the same component
ratio as the Al(NO3)3 microemulsion. Ammonia microemul-
sion was added dropwise into Al(NO3)3 microemulsion with
a speed at 4-5 s/d accompanied by stirring. After ammonia
microemulsion was dropwised up, 40-minute more reaction
time was needed. At the fixed temperature of 293 K, various
atomic ratios AgNO3 and Cu(NO3)2 microemulsion were
added directly, meanwhile, vigorously stirred for one hour.
Thereafter, hydrazine hydrate microemulsion was thrown
into the mixture at the same speed 4-5 s/d in order to obtain
Ag-Cu bimetallic nanoparticles supported on Aluminum hy-
droxide. After the total mixture was continuously stirred for
2.5 hours at 293 K, the precipitates were centrifuged one
time at 12000 rpm for 40 s and then calcined in air at 893 K
for 4 hours. Finally, the solids were reduced at 873 K in H2

(0.15 mL/min) for one hour, subsequently cooled to room
temperature under N2 flow (0.15 mL/min) to obtain the Ag-
Cu/Al2O3 catalyst. In all cases, the nominal total metal load-
ing was 2 wt%.

2.4. Catalytic Reaction Tests. The activity of the supported
Ag-Cu materials was investigated in the epoxidation of
styrene. Before the measurement, the catalyst was prereduced
in situ in 99% H2 at 873 K for 1 h. In a typical oxidation
test, 0.5 mmol styrene, 1.5 mmol TBHP, and 5 mg catalyst
were added to a 25 mL flask, acetonitrile used as solvents,
and the temperature maintained at 355 K. The mixture was
kept vigorous stirring for another 6 hours and thereafter was
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centrifuged in order to remove the catalyst. The main pro-
ducts were styrene epoxide and phenylaldehyde, as verified
by GC using bromobenzene as internal standard.

3. Results and Discussion

3.1. Physical Properties of Catalysts. Table 1 lists the BET sur-
face area, pore volume and average pore size of the catalysts
with different Ag/Cu molar ratios. All samples display
typical Langmuir type-IV isotherm with a clear adsorption-
desorption hysteresis loop (Figure 1). The pore sizes are be-
tween 16 and 21 nm; The BET surface areas and the pore
volume of the catalysts are in the range of 250∼330 cm2/g
and 1.05∼1.67 cm3/g, respectively. Compared with the re-
sults reported by Tian [20], the surface areas and the pore
volume are higher than pure reticulate-like γ-Al2O3 with the
values of 209 m2/g and 0.58 cm3/g, which understandably
provides plenty of opportunities for molecular collisions
when the bimetallic samples used as a catalyst.

In addition, the EDS results show that the measured
molar ratios are slightly larger than the nominal ratios, while
the results confirmed by ICP are slightly lower than the nom-
inal ratios. The difference may result from that Cu is more
highly dispersed in alumina than Ag [15], which may be ob-
served more directly compare Ag/Cu molar ratio of 1/0 to 0/1
from ICP results so that the area with large black particles
contains larger amounts of Ag relative to Cu.

3.2. Morphology and Distribution. We used the microemul-
sion method to prepare the γ-alumina predecessor, then
two metal salts microemulsion were added and chemically
reduced using the N2H4·H2O microemulsion as reductant.
When the N2H4·H2O microemulsion was slowly added to
reduce the two metal ions, the colorless solution slowly
turned yellow or golden brown during the reduction proc-
ess, which indicated the formation of metal colloidal nan-
oclusters. γ-alumina with different morphologies, such as
nanofibers, anomalistic spherical particles, and reticulate-
like nanostructure [20] used as supports, have been investi-
gated. Overall, it is noticed that reticulate-like nanostructure
γ-Alumina has a better distribution for silver and copper be-
cause of an ordered pore structure. Figure 2(a) shows the
TEM images of Ag/Cu bimetallic particles in reticulate-like
γ-Alumina. Because of the formation of silver oxide and
copper oxide, the size of bimetallic particles without being
reduced by H2 is between 20 to 60 nm. After being reduced,
the metallic oxides turn into metallic state, so the diameter
of Ag-Cu is reduced, as shown in Figure 2(b). Unfortunately,
because the Ag-Cu nanoparticles are highly dispersed in
alumina supports, it is impossible to distinguish the supports
and the bimetallic particles from the TEM micrograph.

SEM micrographs (Figures 2(c) and 2(d)) show that the
reticulate-like nanostructure is composed of much smaller
materials in the presence of bimetallic particles. As catalyst
carriers, the reticulate-like nanostructure makes the reactant
molecules diffuse easily into the channels and contact conve-
niently with the internal active components.

In general, it is well known that the smaller particles are
normally responsible for high catalytic activities.
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Figure 1: N2 adsorption–desorption isotherms with different Ag/
Cu molar ratios. (a) 1/0, (b) 3/1, (c) 1/1, (d) 1/3, (e) 0/1.

3.3. XPS Spectra. We conduct an X-ray photoelectron spec-
troscopy (XPS) characterization of the catalysts with various
Ag/Cu ratios after reduction with H2, and the results are
given in Figure 3 and Table 2. The most intense peak of Ag
3d occurs at about 368.1 eV for the pure Ag/γ-Al2O3 catalyst,
and the maximum binding energy of Cu 2p in the pure Cu/γ-
Al2O3 is 932.4 eV. Considering the sufficient pretreatment
by H2, we propose that both silver and copper are in their
respective metallic state, which are confirmed by the results
of IR measurement. With the increase of copper component,
for the bimetallic catalyst samples, the positive peak shift
(e.g., 932.4 eV→ 933.7 eV) compared with pure Cu/γ-Al2O3

suggests that there is an intimate contact between silver and
copper, and the interaction from each other seems to give
Cu a slightly greater tendency to lose electrons. Similarly,
the binding energy of Ag3d5/2 for the bimetallic catalyst
samples also has the same positive peak shift (e.g., 368.1 eV→
368.8 eV) compared with pure Ag/γ-Al2O3, which means the
interaction of two metals also enables Ag to exhibit a greater
tendency to lose electrons [23]. At an Ag/Cu molar ratio
of 1/1, the interaction between silver and copper comes to
the maximum value. In summary, that the binding energy
changes with the Ag/Cu molar ratios in bimetallic catalyst
samples suggests that the interaction between silver and cop-
per leads to greater tendency to lose electrons for both metals.

3.4. Microstructural Characterization. Figure 4 shows the
XRD patterns of the calcined and reduced samples with
various Ag/Cu ratios. All the samples contained four peaks
positioned at 2θ = 37.4◦, 45.9◦, 60.7◦, and 67.4◦, consistent
with the report by He et al. [24], and correspond to (311),
(400), (333), and (440) lattice planes of γ-Al2O3, respectively.
Three peaks corresponding to the (110), (111), and (311)
reflections of Ag are only visible in b and c. In addition, the
peaks corresponding to Ag decrease rapidly until disappear
completely with the increase of the copper content. The
peaks attributable to Cu or other copper compounds do not
appear at all on the copper-containing samples, which is also
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Table 1: Chemical composition and textural properties of catalysts.

Ag/Cu (molar ratio) ICP analysis
Pore size (nm) Pore volume (cm3/g)b BET surface area (m2/g)

Nominal EDS analysisa Ag wt% Cu wt% Ag/Cu molar ratio

1/0 1/0 1.52 — 1/0 16.08 1.05 261

3/1 3.17 1.34 0.31 2.55 17.17 1.37 319

1/1 1.58 1.13 0.76 0.88 18.39 1.35 293

1/3 0.42 0.65 1.22 0.31 20.51 1.48 288

0/1 0/1 — 1.89 0/1 20.68 1.67 323
a
Determined before reduction by H2.

bTotal pore volume obtained from p/p◦ = 0.99.

200 nm

(a)

50 nm

(b)

5.0 kVSEI 100 nmJSM-6701F × 30,000 WD 7.9 mm

(c)

5.0 kVSEI × 30,000 100 nmJSM-6701F WD 8.1 mm

(d)

Figure 2: (a) TEM image of the catalysts without reducing by H2, ω = 100 calcined at 893 K. (b) TEM image of the catalysts reduced by
H2 at 873 K, Ag/Cu = 1/1, ω = 100. (c) SEM image of the reticulate-like γ-Alumina, ω = 100, calcined at 893 K. (d) SEM image of the
Ag-Cu/γ-Alumina, ω = 100, Ag/Cu = 1/1, reduction by H2 at 873 K.

Table 2: Binding energies of catalysts determined by XPS.

Molar ratio Ag3d5/2 (eV) Ag3d3/2 (eV) Cu2p3/2 (eV) Cu2p1/2 (eV)

Ag/Cu = 1/0 368.1 374.1 — —

Ag/Cu = 3/1 368.6 374.2 932.5 955.7

Ag/Cu = 1/1 368.8 374.4 933.7 957.1

Ag/Cu = 1/3 368.2 374.2 933.0 953.8

Ag/Cu = 0/1 — — 932.4 953.2

noticed by another group [15]. We hypothesize that a wider
diffraction peaks of Cu leads to overlapping of the diffraction
peaks of alumina.

The average crystalline size of γ-Al2O3 and Ag-Cu mixed
colloids calculated by Scherrer equation [25] is to be all less
than 5 nm (Table 3). The change of Ag/Cu molar ratios has
little effect on both of the crystalline size and the crystalline

phase. It is clear that the average crystalline size of the Ag-Cu
mixed colloids is much smaller than the pore size of γ-Al2O3,
which implies that the crystalline size is determined by the
thermodynamics associated with the special nanostructure of
the particles, rather than by the pore size of the support [26].

3.5. FT-IR Spectroscopy. Figure 5 shows FT-IR spectra of
alumina and different molar ratio of Ag/Cu supported on
alumina. The IR absorption peaks at 3471 cm−1 and 1635∼
1350 cm−1 for all samples are due to H-OH vibrations of
H2O, whilst the bands at 584 cm−1 and 778 cm−1 are attrib-
uted to Al-O vibration of γ-Al2O3 [27], consistent with the
result of XRD. No peaks of other compounds appear in all
samples, which are generally regarded as the proof of totally
reduction of Ag/Cu by H2.

3.6. Oxidation of Styrene. Styrene epoxidation catalyzed by
Ag-Cu/γ-Al2O3 complex at various molar ratios has been
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TBHP, 70%. T = 82 C

CH3CN, Ag-Cu/γ-Al2O3

Styrene

+O
CHO

Styrene epoxide Benzaldehyde Phenyl acetaldehyde

+

O

Scheme 1: Reaction of styrene oxidation by Ag-Cu/γ-Al2O3 catalysts.

Table 3: The crystalline size of Ag and Al2O3. Angle 2θ, corrected half width (β), corresponding to (111) peak of Ag and (440) peak of
γ-Al2O3 and particles diameter “d” after Scherrer equation for Ag-Cu colloids supported on γ-Al2O3.

Ag/Cu
For Ag colloids For Al2O3 colloids

2θ (◦) β (◦) “d” (nm) 2θ (◦) β (◦) “d” (nm)

Al2O3 n.c. n.c. n.c. 66.005 0.056 2.92

1/0 37.690 0.029 4.98 65.846 0.059 2.77

3/1 37.382 0.029 4.99 67.846 0.042 3.93

1/1 37.382 0.029 4.99 67.846 0.063 2.62

1/3 n.c. n.c. n.c. 65.905 0.063 2.59

0/1 n.c. n.c. n.c. 66.136 0.046 3.56

Table 4: Styrene epoxidation at different ratio of Ag/Cu supported on γ-Al2Oa
3.

Entry Ag/Cu molar ratio Conversion (%)b Selectivity (%)b

Epoxide Benzaldehyde Phenyl acetaldehyde

I No catalyst 37.4 None >99.9 c

II γ-Al2O3 42.1 49.6 46.6 3.8

1 Ag : Cu = 1 : 0/γ-Al2O3 89.7 65.6 34.4 c

2 Ag : Cu = 3 : 1/γ-Al2O3 93.5 76.6 23.4 c

3 Ag : Cu = 1 : 1/γ-Al2O3 94.6 66.9 33.1 c

4 Ag : Cu = 1 : 3/γ-Al2O3 87.5 62.0 38.0 c

5 Ag : Cu = 0 : 1/γ-Al2O3 83.7 20.4 79.6 c
a
Reaction conditions: Ag-Cu/γ-Al2O3 catalyst 5 mg, CH3CN 2 mL, styrene 0.5 mmol, TBHP 1.5 mmol, 82◦C, 6 h.

bDetermined by GC; use bromobenzene as internal standard, the correction factor is 1.27.
cProduct not detected.

studied using tert-butyl hydroperoxide (TBHP) as oxidant
(based on reaction Scheme 1). The mixed organic phase
after reaction is sampled for off-line GC analysis, and it is
confirmed that benzaldehyde and styrene oxide are the main
products in this catalytic system. Using bromobenzene as
internal standard, the correction factor is 1.27, and the results
of the styrene oxidation are summarized in Table 4. As can
be seen from the results, the conversion of styrene has been
improved with addition of either Ag or Cu. In contrast, in
the simultaneous presence of copper and silver, that is, Ag-
Cu bimetallic catalysts, much higher catalytic activity was
shown than that of the corresponding monometallic silver
or copper supported on γ-Al2O3 catalysts. It is proposed that
the addition of copper can help to improve the conversion
of styrene, whereas the role of silver is to adjust the select-
ivity of styrene epoxide. Therefore, the selectivity of styrene
epoxide can be controlled by adjusting the Ag/Cu molar
ratio. The maximum selectivity of styrene epoxide (up to
76.6%) appears at Ag/Cu molar ratio of 3/1, as the conver-
sion of styrene is up to 93.5%. Additionally, owing to
the maximum value of the interaction between silver and
copper at Ag/Cu molar ratio of 1/1, the maximum conver-
sion (94.6%) appears. A possible mechanism may be that

peroxidic oxygen adsorbs on Ag, while styrene molecules are
adsorbed on the crystal surface of Cu; initial complex forma-
tion between bimetallic catalyst and tert-butyl hydroperoxide
renders the peroxidic oxygen more electrophilic and hence
more labile to attack by an olefinic double bond [6]; mean-
while, XPS results demonstrate that the silver and copper
components are in intimate contact with each other so
that the O2

− adsorbed on the silver surface can migrate
to the copper surface and react with the adsorbed styrene
easily. However, on the basis of the ratio of 1/1, further
larger copper content causes lower conversion, styrene oxide
selectivity for Cu is more metallic activity than Ag, and a
number of copper oxides might be formed during the reac-
tion process for the excess oxidant. Then, the presence of cop-
per oxides perhaps prevent the further reaction [28], and
wherefore Cu shows the lowest conversion, and the conver-
sion of 1/3(Ag/Cu) catalyst is lower than that of Ag/Cu at
the ratio of 1/0. In addition, the styrene oxide selectivity
decreases with addition of copper component from Ag/Cu
molar ratio of 3/1 to 1/3, which may be attributed to the
unstable styrene oxide product in the presence of massive
copper. In such conditions, the oxidation of metallic Cu by
styrene oxide perhaps becomes a favored reaction.
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Figure 3: XPS spectra of Ag-Cu/γ-alumina with different Ag/Cu
molar ratios.

4. Conclusions

In summary, we have developed a microemulsion method
for loading Ag-Cu bimetallic nanoparticles confined in γ-
alumina at room temperature, and the physicochemical
properties have been investigated. Detailed studies by XRD,
TEM, and SEM methodology reveal that the new Ag-Cu bi-
metallic nanoparticles supported on the reticulate-like γ-
alumina distribute evenly and have smaller size. It is
interinterestingesting to note that there is an interaction
between silver and copper that makes both metals have
a greater tendency to lose electrons. Furthermore, high
activity in the oxidation of styrene is observed using the
synthesized materials as catalysts, which may be due to the
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interaction between silver and copper: Ag plays a key role in
adsorption of O2

− and mainly catalyzes styrene epoxidation
to styrene epoxide. Instead, Cu provides more active sites
for adsorbing styrene, whilst O2

− adsorbed on the silver
surface can migrate to the copper surface and react with the
adsorbed styrene easily. So, the selectivity of styrene oxide
has a close relationship with the amount of Ag and can be
controlled by adjusting molar ratio of Ag/Cu. In addition, the
minimum consumption of noble metals makes the catalysts
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cost effective. Bimetallic catalysts prepared herein may also
be promising candidates for applications in many other reac-
tions such as in CO oxidation.
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Calcination of an oxide mixture consisting of 0.4 La2O3, 0.2 SrCO3, (1 − x)NiO, and xMgO at 800◦C results in an equilibrium
between tetragonal (La1−zSrz)2Ni1−yMgyO4−δ phase and NiO-MgO phase. Forming rock-salt NiO-MgO facilitates the NiO to join
the tetragonal phase. The size of the NiO-MgO phase in the resulting composite is reduced with the increase in MgO (the x value).
The composite thus obtained is used to catalyze partial oxidation of methane, and the maximum methane conversion of ca. 93%
is achieved when x = 0.2. A further rise in x value results in a monotonic decrease in the methane conversion. X-ray diffraction,
electron microscopy, and chemosorption all confirm a decrease in both size and amount of the supported Ni0 clusters with the
increase in MgO dosage. The reduction in size promotes the dispersion of Ni0 sites and gives rise to both high activity and strong
coking resistance.

1. Introduction

Reforming of natural gas (mainly CH4) into syngas (a
mixture of H2 and CO) is an important industrial process.
Syngas is the feedstock of hydrogen, synthetic liquid fuel
with ultra-low sulfur, and other value-added chemicals [1–
5]. In addition, it can also be used to power solid oxide
fuel cells (SOFC). The techniques of transforming methane
to syngas include steam reforming, CO2 reforming and
partial oxidation. Steam reforming (CH4 + H2O → CO +
3H2, ΔH0

298 K = +206 kJ/mol) and CO2 reforming (CH4 +
CO2 → 2CO + 2H2, ΔH0

298 K = +247 kJ/mol) are highly
energy intensive reactions. The steam reforming of methane
(SRM) has still been the primary commercial process of
syngas production despite its high capital cost [6–10]. On
the contrary, the partial oxidation of methane (POM), being
mild exothermic in nature (CH4 + (1/2)O2 → CO + 2H2;
ΔH0

298 K = −36 kJ/mol), is attractive for the production
of syngas. Nevertheless, a lack of POM catalyst with both
acceptable cost to industry and long-term stable catalytic

performance is the major barrier to the commercialization
of the POM process [11–13].

Supported Ni catalysts are very attractive for industrial
application because of their low cost and high POM catalytic
activity. Nevertheless, most of the Ni-based catalysts are vul-
nerable to carbon deposition over the metallic Ni particles.
Thus, ameliorating chemical resistance of the supported-
Ni catalysts against coking has become an area of intensive
research since the publication of Prettre et al. [14]. In
consequence, different approaches have been developed to
date to tackle this problem. Amid them, amalgamation of
alkali elements [15], alkaline earth elements [16, 17], or
rare earth elements [18] with different types of supports
has received positive impacts. Doping Ni surface with other
metals to form a surface alloy was also found effective [19–
21]. More recently, Ni-containing perovskite oxides were
identified to be a unique type of catalytic system for POM.
This finding is related to the in situ generation of very tiny
metallic Ni nuclei under the POM reaction condition [22–
28]. The other noticeable progress was the development
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of a protective chemical environment for the Ni catalytic
site in nanoscale. Ruckenstein and Hu found that MgO
support can stabilize the nickel catalytic sites in the POM
reaction due to the formation of a NiO in MgO solid
solution [16]. Alternatively, Takenaka et al. [29] disclosed
the water-in-oil microemulsion method for the preparation
of nanosized nickel metal particles (5 nm) encapsulated by
a 10 nm-thick silica shell. This thin shell was confirmed
to enhance the POM catalytic stability of the Ni particles
enclosed. More recently, Iriondo et al. also proposed that
interactions between Ni0 and MgO promoted the yield of H2

in the product of steam reforming of glycerol [30].
To achieve nano-Ni metal particles that are embedded on

the surface of an appropriate support, we have developed a
K2NiF4-supported Ni0 catalyst that displays promising POM
catalytic activity and stability. This outcome originates from
preserving a small amount of NiO during the preparation
of the precursor of catalyst, a double perovskite-type oxide
(La0.5Sr0.5)2FeNiO6−δ [31]. In this study, the concept is fur-
thered through utilizing the solid state reaction equilibrium
between the two solid solutions: the rock salt NiO-MgO and
the tetragonal (La1−zSrz)2Ni1−yMgyO4−δ (LSNM). The latter
one is the major phase in the oxide composite. This design
came from the observation of the calcination of an oxide
mixture of 0.4 La2O3, 0.2 SrCO3, (1 − x)NiO and xMgO
with the stoichiometry as indicated. The presence of a small
amount of MgO changes the path of this solid state reaction.
Namely, the reaction no longer produces orthorhombic and
then perovskite structures with the increase in calcination
temperature. Instead, the reaction produces a mixture com-
prising the tetragonal (La1−zSrz)2Ni1−yMgyO4−δ phase, the
NiO-MgO solid solution phase, and residues of the other two
oxides. With the increase in the stoichiometry of MgO from
x = 0.1 to x = 0.5 in the feed, it is found that more NiO-MgO
phase will be assimilated into the tetragonal phase at the
same calcinations temperature. Hence, this phase transition
allows realizing a low-volume fraction but highly dispersed
NiO-MgO phase with dilute NiO in it at equilibrium. As
a result, this leads to small sizes of Ni(0) clusters that are
imbedded in the MgO phase after the mixture is subjected
to the reducing atmosphere of POM. Through this synthetic
route for Ni(0) clusters, the effect of MgO stoichiometry on
the performance of the catalyst in POM was investigated
from the fundamental perspective in this work.

2. Experimental

2.1. Preparation of Catalyst Precursors. An oxide mixture
of 0.4 La2O3, 0.2 SrCO3, (1 − x)NiO, and xMgO (x =
0, 0.1, 0.2, 0.3, 0.4, 0.5) were prepared by the Pechini
method [31]. Stoichiometric amounts of metal (La, Sr, Mg,
and Ni) nitrates were dissolved in deionized (DI) water,
followed by the addition of citric acid and glycine. The
mole ratio of total metal (La, Sr, Mg, and Ni) nitrates : citric
acid : glycine was 2 : 1 : 1. The solution was then thickened
at 80◦C until a gel was formed. The gel was subjected to
calcination at 400◦C for 2 h, after which a fine powder was

produced. The powder was further calcined at 800◦C for 1 h
under ambient atmosphere to produce the catalyst precursor.

2.2. Partial Oxidation of Methane. POM was carried out in
a fixed-bed microreactor under an atmospheric pressure.
The catalyst precursor (100 mg) was loaded in a tubular
quartz reactor (I.D. = 8 mm). With the purpose of running
POM at isothermal condition, CH4 and air was mixed with
an excess of He to form the feed stream with the volume
ratio of CH4 : O2 : N2 : He = 2 : 1 : 4 : 38. Although a low
concentration of CH4 in the feed stream was used, a very high
hourly space velocity (GHSV) of 45,780 cm3/(g-h) at STP,
which is equivalent to 2,035 cm3/g-h of pure methane, was
set to operate the POM. The reaction temperature was set at
850◦C in this work, since it is known as the upper middle
temperature for POM. The compositions of the reactant
and product streams were analyzed by gas chromatography
(Perkin Elmer ARNEL, Clarus 500) equipped with TCD
detector. The methane conversion (XCH4 ), CO selectivity
(SCO), and H2 selectivity (SH2 ) were calculated by the
following formulae:

XCH4 =
{

CH4,in
}− [CH4,out

]
[
CH4,in

] × 100%

SCO = [COout][
CH4,in

]− [CH4,out
] × 100%

SH2 =
0.5× [H2,out

]
[
CH4,in

]− [CH4,out
] × 100%.

(1)

2.3. Characterization of Catalysts. Crystalline structures of
the catalyst precursor formed after being calcined at 800◦C
and used subsequently in a POM run at 850◦C were
determined by X-ray diffraction (XRD, SHIMADZU XRD-
6000, and Cu Kα radiation) using a scanning rate of 2◦/min.
The micromorphologies of the catalyst precursors were
scrutinized on a field emission scanning electron microscope
(FESEM, JEOL JSM-6700F). The images of the nanoscaled
Ni clusters were obtained from a transmission electron
microscope (TEM, JEOL JEM-2100F). Investigation of the
surface state of oxygen species was conducted on an X-ray
photoelectron spectrometer (Kratos AXIS HSi System XPS)
equipped with Al Kα X-ray source (1486.6 eV) and the take-
off angle of 90◦ with pass energy of 40 eV. C1s (284.6 eV) was
used as the internal reference for this characterization.

The adsorption/desorption isotherm of N2, the temper-
ature-programmed reduction with H2 (H2-TPR) and the
temperature-programmed desorption with He (O2-TPD)
were performed on a physicochemical adsorber (Quan-
tachrome Autosorb-1 instrument). The specific surface area
of a sample was determined by applying the multipoint BET
method. The pore volume and average pore diameter of
catalyst precursors were obtained from the N2 desorption
isotherm using the BJH method. The H2-TPR was performed
using a sample of 50 mg and a gas (5% H2 in N2) flow rate of
80 mL min−1. The O2-TPD was performed using a sample of
200 mg and a He flow rate of 80 mL min−1. The heating rate
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Figure 1: X-ray diffraction (XRD) patterns of the catalyst precur-
sors made of 0.4 La2O3–0.2 SrO–(1−x)NiO–xMgO (Ttetragonal
(La1−zSrz)2Ni1−yMgyO4−δ , Oorthorhombic (La1−zSrz)2NiO4−δ ,
∗La2O3, �SrCO3, �NiO/MgO solution, �NiO): (a) x = 0, (b)
x = 0.1, (c) x = 0.2, (d) x = 0.3, (e) x = 0.4, (f) x = 0.5.

for both TPR and TPD was set as 15◦C/min below 850◦C and
1◦C/min above 850◦C.

3. Results and Discussion

3.1. Impacts of MgO on the Solid State Reaction Equilibrium.
When a mixture of the metal oxides generated from metallo-
organic gel (Section 2.1) is subjected to calcination, solid
state reaction among the oxides takes place. The reaction
extent and the composition of product depend on both
the identities of the oxides and the calcination temperature.
When the tricomponent mixture of 0.4 La2O3, 0.2 SrCO3,
and NiO is subjected to calcination, an orthorhombic
structure (La1−zSrz)2NiO4−δ (LSN) is generated at 800◦C,
and then, a pure perovskite solid solution is resulted at
900◦C [32]. However, introduction of a small amount of
MgO into the above trioxide mixture, for instance, 0.4
La2O3, 0.2 SrCO3, 0.9 NiO, and 0.1 MgO, a tetragonal phase
(La1−zSrz)2Ni1−yMgyO4−δ (LSNM) becomes predominant
(Figure 1) in the resultant composite after calcination at
800◦C. A rise of the NiO/MgO stoichiometry ratio in the
4-oxide feed to 8 : 2, the tetragonal phase becomes solely
present. Besides the tetragonal phase, the La2O3, SrCO3,
and NiO-MgO solid solutions are also found in the XRD
diagram. Moreover, with the increase in MgO in the feed,
the NiO-MgO phase in the composite decreases. This trend
can be discerned from the reduction in intensity of the peaks
at 37.5◦ and 63◦ as the other peaks of the NiO-MgO phase
overlap with those of the tetragonal phase. Accompanying
this change, more tetragonal phase was formed in accordance
with the rise of its main XRD peak areas (e.g., 2θ = 31.5◦ and
33◦). The other role of MgO is to impede the generation of
perovskite structure even when the calcination temperature
was raised beyond 900◦C. Moreover, accompanying the
increase of MgO in the feed, the composite resulted from the
solid state reaction at 800◦C becomes slightly more porous
(Figure 2). However, the BET surface area analysis shows just
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(a)

SEI WD 7.7 mm5.0 kV × 10,000 1 μm

(b)

SEI WD 7.7 mm5.0 kV × 10,000 1 μm

(c)

Figure 2: The FESEM images of the catalyst precursors made of 0.4
La2O3–0.2 SrO–(1−x)NiO–xMgO: (a) x = 0 (b) x = 0.1 and (c)
x = 0.5.

little difference in the pore volumes and pore diameters amid
the six samples, while the MgO content promotes the BET
surface area of the samples to a finite extent (Table 1).

In light of the H2-TPR analysis of the six samples of
the composite, according to their XRD identifications, only
the orthorhombic LSN and NiO or tetragonal LSNM and
the NiO-MgO phases can be reduced under the condition
of analysis. Each sample shows three characteristic peaks on
its TPR diagram (Figure 3). The peak at the temperature
around 400◦C (peak I) is ascribed to the reduction of Ni3+
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Figure 3: H2-TPR curves of the catalyst precursors made of 0.4
La2O3–0.2 SrO–(1−x)NiO–xMgO.

Table 1: Surface area, pore volume, and pore diameter of the solid
reaction products from the oxide mixtures: 0.4 La2O3–0.2 SrO–
(1−x)NiO–xMgO.

Parameters∗ x = 0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5

SBET (m2/g) 8 9 10 12 14 17

Vp (cm3/g) 0.07 0.09 0.09 0.09 0.13 0.09

Dave (nm) 35 37 38 32 37 22
∗

The multipoint BET surface area (SBET), BJH desorption pore volume
(Vp), and the average pore diameter (Dave) of the prepared catalyst
precursors.

ions in the orthorhombic (x = 0) or in tetragonal phase to
Ni2+ [27, 33]. It is important to note that this peak becomes
weaker with the increase in Mg2+ doping extent. Peak II
arising in the temperature range from 500◦C to 600◦C is
due to the reduction of NiO, which is alone when x = 0
but mixed with MgO when x > 0, to form metallic Ni0.
Peak III at the temperature higher than 700◦C is related
to the reduction of a part of Ni2+/Ni3+ ions in above LSN
and LSNM solid solutions into metallic Ni0 [34]. Thus, the
last TPR peaks have basically similar peak areas except the
first TPR diagram. The first diagram exhibits the strongest
first reduction peak and the smallest last peak amid the
six. It implies that a significant part of Ni3+ ions in the
orthorhombic phase has been directly reduced to Ni0 in the
lower temperature range as proposed above. The decrease
in peak I with increasing of the x value is an indication

of the drop of reducibility of Ni3+ ions with more MgO
being assimilated in the tetragonal phase. It is noteworthy
that peak II also becomes weaker and shifts toward high
temperature side also with the increasing of MgO. This
variation is in agreement with the XRD results as exhibited
in Figure 1, which shows that the NiO-MgO solid solution
diminishes with increasing of the MgO component. The
rise of reduction temperature implies the NiO is better
protected by MgO because of more MgO present in the solid
solution. It is a clear message for the change of chemical
environment of Ni0 metal clusters generated through the
reduction in the NiO domains. In this context, the higher the
TPR temperature will be the smaller and the better protected
Ni0 clusters will be produced, and hence, the less reactive they
are. As a result, an optimal tradeoff between reactivity and
stability of Ni0 clusters exists, which will be found when the
resulting catalysts are assessed in POM. Furthermore, TRP
peak III also signifies the degradation of the orthorhombic
phase or a part of the tetragonal phase to La-Sr-O oxide,
in which the Ni0 clusters produced were to be imbedded in
situ. This point will be further elaborated in the following
evaluation of POM. Furthermore, we also examined the
six samples downloaded from TPR measurement by TEM.
Three samples (with x = 0, 0.1 and 0.5) were selected to
check the generation of Ni0 phase (Figure 4). Indeed, it can
be seen that the Ni0 clusters formed in the La-Sr-O oxide
and in the MgO oxide decrease in number and size with
the increase in MgO content. Typically, the heavy presence
of Ni0 particles in the first sample verifies the strongest first
TPR peak this sample exhibits, which has been ascribed to
the reduction of Ni3+ to Ni0, since its third TPR peak is the
weakest among the six samples.

3.2. The Oxygen Desorption of the Catalyst Precursors . TPD
diagrams of the six samples all exhibit two oxygen desorption
peaks (Figure 5). As to the first peak, which appears in the
temperature range from 360◦C to 440◦C, its apex moves
toward a higher temperature with the increase in MgO in
the 4-oxide feed, 0.4 La2O3–0.2 SrO–(1−x)NiO–xMgO. This
desorption peak has been ascribed to the oxygen molecules
adsorbed at surface oxygen vacancies (α oxygen) [35–37].
Likewise, an apparent increase in the peak area is also
observed with the increase in the x value, meaning that
more molecular oxygen desorbs. The above discussion has
concluded that the B-site composition, Ni1−y Mgy , in the
tetragonal LSNM has a higher y stoichiometric coefficient
with the increase in the x value in the feed. This divalent-
ion doping is to cause a higher concentration of oxygen
vacancies in the LSNM phase, that is, δ. As a result, the
concentration of molecular oxygen adsorbed at the surface
vacancies including nonstoichiometric oxygen increases, or
the oxygen storage capability mounts. Correspondingly,
with the increasing of the y value, the adsorbed molecular
oxygen requires higher temperature to leave the adsorbent.
Regarding the desorption peak arising in temperature range
from 600◦C to 800◦C, it is attributed to the desorption of
lattice oxygen (O2−, β oxygen) [36–38]. This desorption
occurs accompanying the reduction of a certain number
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Figure 4: TEM images of the H2-reduced catalyst precursors made
of 0.4 La2O3–0.2 SrO–(1−x) NiO–xMgO: (a) x = 0, (b) x = 0.1,
(c) x = 0.5, in which the dark micro-domains are embedded Ni0

clusters.

of Ni3+ ions to Ni2+ ions in order to balance the positive
charge generated. It is worthy of note that the MgO content
(the x value) in the solid reaction mixture affects the extent
of desorption and desorption temperature as well. When
x = 0, this TPD peak was substantially weak, but it turns
to much stronger and shifted to a higher temperature with
the increase in the x value to 0.1. After that, the peak
area increases gradually with the increase in the content
of MgO. It is expected that substitution of Mg2+ for Ni3+

in the B-site of LSNM would enhance the ionic bonding

In
te
n
si
ty
(a
.u
.)

I

II

0 200 400 600 800

T ( C)

x = 0

x = 0.1

x = 0.2

x = 0.3

x = 0.4

x = 0.5

Figure 5: O2-TPD curves of the catalyst precursors made of 0.4
La2O3–0.2 SrO–(1−x)NiO–xMgO.

Binding energy (eV)

In
te
n
si
ty
(a
.u
.)

Olattice

Oads

535 533 531 529 527

x = 0

x = 0.1

x = 0.2

x = 0.3

x = 0.4

x = 0.5

Figure 6: O1s XPS of the catalyst precursors made of 0.4 La2O3–0.2
SrO–(1−x)NiO–xMgO.

nature, which can be proved by the increase of the charge
on the lattice O2− ions by O1s XPS, and hence promote
the mobility of lattice oxygen. At the same time, with the
increase in the concentration of lattice oxygen vacancy, the
desorption temperature increases, implying the restriction
to the desorption of lattice oxygen. From the TPD result,
the restriction factor can be overcome at a relatively higher
temperature.

The chemical environments of oxygen species in the
composite were also investigated by XPS. All the six samples
exhibit two peaks at 529.5 eV and 531.5 eV in the O1s
spectrum (Figure 6). The former peak has been ascribed to
the lattice O2− (Olattice) while the latter one to the surface
adsorbed oxygen species (Oads) such as –OH [39]. The
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Table 2: XPS ratios of Olattice/Oads species in the different catalysts
made of the oxide mixtures 0.4 La2O3–0.2 SrO–(1− x)NiO–xMgO.

Different stoichiometry
coefficient x

XPS ratios of Olattice/Oads species

x = 0 0.55

x = 0.1 0.36

x = 0.2 0.27

x = 0.3 0.23

x = 0.4 0.18

x = 0.5 0.15
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Figure 7: POM evaluation of the catalysts generated in situ from the
precursors made of 0.4 La2O3–0.2 SrO–(1−x)NiO–xMgO at 850◦C
over a duration of 50 h.

peak area ratio (Olattice/Oads) represents the atomic ratio of
lattice oxygen to oxygen vacancies at surface. The numerical
values of the ratio are summarized in Table 2. Clearly, the
ratio decreases as the increase in the MgO dosage. It is,
therefore, suggested that the concentration of the adsorbed
oxygen species be promoted by the oxygen vacancies in the
tetragonal LSNM. In addition, we also notice that the binding
energy of the lattice O2− slightly reduces with the increase
in the Mg2+ doping (the x value). It could be interpreted as
the promotion of ionic character of the lattice oxygen due
to the induction effect of Mg2+ ions, which makes the lattice
oxygen more mobile because of the decrease in the covalent
component.

3.3. Effects of Active Ni0 Cluster Sizes and Their Exposure on
POM. In the context of the above discussion, the Ni0 clusters
generated from the reduction (the TPR experiment) locate
in two types of microenvironments: in the La-Sr-O oxide
and MgO degraded from the tetragonal phase and in MgO
derived from the NiO-MgO solid solution. Additionally,

200 nm

200 nm

(a)

200 nm

(b)

Figure 8: TEM examination of the two representative used catalysts
after 50 h POM at 850◦C (with reference to Figure 7): (a) x = 0, (b)
x = 0.2.

accompanying the increase in MgO, the Ni0 clusters become
smaller in these two locations. Under the POM condition,
the nickel ions in each sample loaded are to undergo the
reduction similarly by methane to form Ni0 clusters, namely,
in situ generation of the catalytic sites.

After the six samples (or precursors) were loaded respec-
tively in a fixed-bed microreactor, it took about 8 hours to
fully convert them to the desired catalysts (i.e., activation)
under the reaction condition (Figure 7). Then, the evaluation
of their POM reactivity was carried out over a reaction course
of 50 h at 850◦C. We selected a low-CH4 feed stream but a
high GHSV to evaluate the catalyst. This arrangement could
be more sensitive to reflect any loss of catalytic activity than
the use of a higher concentration but low space velocity, since
methane has a shorter residential time in our setting. The
catalyst with nil MgO could retain a CH4 conversion rate
of 78% for around 12 h before declining. At the end of the
reaction, the conversion dropped to 58%, and this loss of
activity is attributed to the formation of a large extent of
carbon filaments on the metallic Ni0 surface (Figure 8(a)).
Besides susceptibility to coking, this catalyst has the highest
Ni content, but the Ni0 sites were apparently not fully
used. Such a performance can be traced to the large Ni0

particles present in the catalyst as shown in Figure 4(a),
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Figure 9: XRD patterns of the three used catalysts after POM for
50 h at 850◦C (with reference to Figure 7): Tthe tetragonal phase,
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namely, presenting a poor Ni0 dispersibility. In contrast to
this, the incorporation of a small amount of MgO (x = 0.1
and 0.2) into this catalyst system brought about tangible
improvement on the catalytic activity. The catalyst with x =
0.2 displayed the best performance indicated by conversion
and stability. None of carbon filaments were found on
the catalyst downloaded from the reactor (Figure 8(b)). A
scrutinizing of the TEM images can find that carbon filament
grows from Ni0 particles of about 20 nm Figure 8(a), while
the Ni0 particles in Figure 8(b) are smaller, and many of
them are surrounded or partially surrounded by a layer,
supposedly to be the mixture of La-Sr-O and MgO as
proposed above. Alternatively, the catalysts with higher MgO
doping extents (x > 0.2) resulted in monotonic reduction
in the conversion rate. It has been aware of the roles of
MgO from the above elaboration: facilitating entering of
NiO into the tetragonal phase, suppressing reducibility of
the tetragonal phase, and reducing the amount of NiO/MgO
solid solution as well as the NiO content in it. Hence,
the reactivity declining is not unexpected because of the
reduction in both the number and exposure of Ni0 clusters,
which has been unveiled in Figure 4(c). In addition, XRD
patterns of the three catalysts (x = 0, 0.2 and 0.5) after POM
of 50 h were collected (Figure 9) for further examination.
The Ni0 cluster peak arising in the three diffraction patterns
became weaker with the increase in x value. It is, thereby,
confirmed that the catalyst with MgO doping level at x = 0.2
balanced the need of both activity and coke resistance. In
the meantime, only the XRD pattern (x = 0) displayed
strong carbon peak, indicating its heavy coking extent, which
is plausible to the preceding TEM observation. In addition,
the figure also shows that the catalyst with the highest MgO
doping (x = 0.5) could retain to the highest extent the
tetragonal phase. This evidence supports the decreasing of
the reducibility of the tetragonal phase with the increasing of
MgO doping observed from the TPR analysis.
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Figure 10: Evaluation of temperature effect on the methane
conversion and selectivity to H2 and CO in the POM sustained by
the catalyst with x = 0.2.

Table 3: Coke deposited on the catalysts generated from the
oxide mixtures: 0.4 La2O3–0.2 SrO–(1−x)NiO–xMgO after POM
at 850◦C over 50 h.

Different stoichiometry
coefficient x

Coke on catalyst (wt%)

x = 0 20.7

x = 0.1 4.5

x = 0.2 1.6

x = 0.3 1.3

x = 0.4 0.8

x = 0.5 0.3

After clarifying the influence due to the presence of MgO
in the catalyst precursor on the POM catalytic activity, we
then looked at the effect of reaction temperature by using
the catalyst precursor with x = 0.2 as the model system. The
precursor was first subjected to activation for 10 h at 900◦C in
the microreactor before checking the composition of outlet
stream. At each testing temperature, a three-hour dwelling
period was set before collecting the experimental data. The
catalyst was very stable at each testing temperature, whose
performance data are summarized in Figure 10. The methane
conversion (XCH4 ) levelling off at 900◦C claimed the maxi-
mum reading of ca. 93% while both CO selectivity (SCO) and
H2 selectivity (SH2 ) reached ca. 97% at a lower temperature of
ca. 840◦C. This phenomenon suggests that the catalyst have
more powerful methane combustion and carbon removal
trend than methane cracking at temperatures below 900◦C.
The details will be elaborated in the following section.

3.4. Promoting Catalytic Removal of Coke Deposit. Increas-
ing the MgO component in the precursor enhances the
tetragonal phase stability against reducing action of methane
and syngas. The benefit of retaining the tetragonal phase
lies in reserving oxygen vacancies (Figure 5) to assist the
catalytic combustion of methane and removal of deposited
surface carbon (Table 3). Noncatalytic methane combustion
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happens at temperature as high as 1300◦C, while an effective
catalyst could lower the methane combustion temperature to
as low as 400◦C [40, 41]. It has been generally agreed that the
POM mechanism involves two consecutive reactions, that is,
methane combustion (2) followed by H2O/CO2 reforming
((3) and (4)).

CH4 + 2O2 −→ CO2 + 2H2O, (2)

CH4 + CO2 −→ 2CO + 2H2, (3)

CH4 + H2O −→ CO + 3H2. (4)

The methane conversion is determined by the methane
consumption rate through the reactions (2), (3), and (4).
Under the present experimental condition (CH4 : O2 = 2 : 1
and T > 700◦C), reaction (2) could rapidly reach its
equilibrium and contribute to the methane conversion by up
to nearly 25%. Therefore, reactions (3) and (4) contribute
the main part of methane conversion. The reactions (3)
and (4) proceed through the pyrolysis mechanism, in which
the methane is first cracked on the metallic Ni0 particles as
shown by step (5) to form coke [42]. The carbon species
generated are subsequently removed via the reactions ((6)
and (7)) with water and CO2 produced from the combustion
(2) [31, 43].

CH4 −→ Cs + 2H2, (5)

Cs + CO2 −→ 2CO, (6)

Cs + H2O −→ CO + H2. (7)

The Cs removal rate (Rre) is the summation of Cs

removal rates of reactions (6) and (7). When the Cs removal
rate (Rre) is greater than the pyrolysis rate or the carbon
deposition rate (Rcr) (5), no filamentous carbon will be
formed over the nickel catalyst surface. The catalyst with
nil MgO doping permits prevalent pyrolysis owing to the
presence of aggregated Ni0 particles (Figure 4(a)); hence, the
coking was inevitable as proved by micrograph (Figure 11).
On the contrary, with the increase in MgO doping extent,
the number and sizes of Ni0 catalytic sites were reduced
and some of them were shielded by La-Sr-O and MgO as
pointed out above. This obviously led to reduction of the
methane pyrolysis rate (the Rcr value). On the other hand,
the tetragonal phase preserved during POM can contribute
to the Cs removal (Rre) via supplying lattice oxygen. The
methane conversion due to steam reforming (4) and dry
reforming (3) is determined by whether Rcr or Rre is larger.
In the low MgO doping extent range (x < 0.2), Rcr > Rre, the
methane conversion increases as the doping of MgO rises,
on the contrary, in the high MgO doping range (x ≥ 0.3),
Rcr < Rre, the methane conversion decreases as the doping of
MgO rises. Consequently, the catalyst with MgO doping x =
0.2 realized a marginally greater Rre than Rcr, which prevents
coking but also maintains the highest methane conversion
and maximum CO and H2 selectivity.

CH4

H2H2 + CO

H2O Cs Cs

Cs Cs

Cs

Cs

Cs

CO

CO2

NioNio

100 nm

Rcr Rre Rcr > Rre

Figure 11: Schematic representation of the filamentous carbon
fiber formation process during POM reaction.

4. Conclusions

This work started with the attempt of utilizing the solid
state reaction equilibrium between the rock salt NiO-MgO
solid solution and the tetragonal (LazSr1−z )2NiyMg1−y O3−δ
(LSNM) phase to reduce the size of NiO-MgO phase.
This size reduction aimed to improve the coke resistance
of the Ni0 catalyst in the partial oxidation of methane
(POM) without compromising the activity of catalyst. An
uniform oxide mixture 0.4 La2O3–0.2 SrCO3–(1−x)NiO–
xMgO, where 0 ≤ x ≤ 0.5, was subjected to calcination
at 800◦C to establish the above solid solution equilibrium.
The equilibrium shifts to the tetragonal phase side with
the increasing of the stoichiometric coefficient x. The XRD
characterization of the resulting oxide composites proved
this shift of equilibrium. Furthermore, the chemical envi-
ronments of nickel ions were scrutinized using temperature-
programmed reduction (TPR). It showed that the LSNM
becomes less reducible with increasing of the Mg2+ doping
extent, similarly the rise of MgO content in the NiO-
MgO phase lowers down the reducibility of it. The lattice
oxygen vacancy concentration in LSNM was examined by
means of temperature-programmed desorption and X-ray
photoelectron spectroscopy. The above composites, when
employed to catalyze the partial oxidation of methane,
released two types of Ni0 sites as indicated by TPR: those
embedded in the matrix of the reduced tetragonal phase and
those embedded in MgO. The latter one was proven to be
the main catalytic site as it existed as nanoparticles and more
exposed relative to the former type. As a result, the methane
conversion rate attained its climax with using the composite
possessing stoichiometric coefficient x = 0.2 as the precursor
of catalyst. On the contrary, the precursor with x = 0
turned out to be low reactive and heavily coke deposited
on Ni particles. Increasing x level in this range boosted the
dispersity of Ni clusters, which were also embedded in MgO
matrix. However, the higher MgO contents (x > 0.2) led
to decreasing of methane conversion rate. This outcome is
attributed to a short of the Ni catalytic sites due to the
reduction of the NiO-MgO phase with the increase in MgO
dose used. The location of Ni clusters (in MgO) and the
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decrease in reducibility of the tetragonal phase contribute
to coke resistance of the catalyst. From viewpoint of POM
mechanism, the reduction in Ni0 clusters lowers down the
pyrolysis rate of methane on the clusters but raises the
reforming rate of the coke generated.
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[21] M. G. González, N. N. Nichio, B. Moraweck, and G. Martin,
“Role of chromium in the stability of Ni/Al2O3 catalysts for
natural gas reforming,” Materials Letters, vol. 45, no. 1, pp. 15–
18, 2000.

[22] R. Shiozaki, A. G. Andersen, T. Hayakawa et al., “Partial
oxidation of methane over a Ni/BaTiO3 catalyst prepared by
solid phase crystallization,” Journal of the Chemical Society—
Faraday Transactions, vol. 93, no. 17, pp. 3235–3242, 1997.

[23] V. R. Choudhary, B. S. Uphade, and A. A. Belhekar, “Oxidative
conversion of methane to syngas over LaNiO3 perovskite with
or without simultaneous steam and CO2 reforming reactions:
influence of partial substitution of La and Ni,” Journal of
Catalysis, vol. 163, no. 2, pp. 312–318, 1996.

[24] S. M. de Lima and J. M. Assaf, “Ni-Fe catalysts based
on perovskite-type oxides for dry reforming of methane to
syngas,” Catalysis Letters, vol. 108, no. 1-2, pp. 63–70, 2006.

[25] R. Shiozaki, A. G. Andersen, T. Hayakawa et al., “Sustainable
Ni/BaTiO3 Catalysts for Partial Oxidation of Methane to
Synthesis Gas,” Studies in Surface Science and Catalysis, vol.
111, pp. 701–710, 1997.

[26] R. N. Basu, F. Tietz, E. Wessel, H. P. Buchkremer, and D. Stöver,
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ZrO2 nanotube arrays were prepared by anodization method in aqueous electrolyte containing (NH4)2SO4 and NH4F. The
morphology and structure of nanotube arrays were characterized through scanning electron microscope, X-ray diffraction, and
infrared spectra analysis. The zirconia nanotube arrays were used as catalyst in esterification reaction. The effects of calcination
temperature and electrolyte concentration on catalytic esterification activity have been investigated in detail. Experiments indicate
that nanotube arrays have highest catalytic activity when the concentration of (NH4)2SO4 is 1 mol/L, the concentration of NH4F is
1 wt%, and the calcination temperature is 400◦C. Esterification reaction yield of as much as 97% could be obtained under optimal
conditions.

1. Introduction

ZrO2, due to its excellent physical and chemical properties,
is widely used in catalysis field. For example, it can be used
as catalyst or catalyst carrier in Fischer-Tropsch synthesis,
polymerization, isomerization, alkylation and esterification
reaction, and so forth [1–4]. In addition, it can also be used
in environment and energy aspects including synthesis of
biodiesel and catalytic purification of harmful gas [5–9].

The structure and morphology of ZrO2 have significant
effect on its catalytic activity. ZrO2 nanoparticles can im-
prove catalytic activity due to their large specific surface area
[10–12]. However, nanoparticles are difficult to be separated
from the reaction medium, and loss quantity is large during
the recycle process. Thus, the improvement of ZrO2 nanocat-
alysts needs further exploration.

ZrO2 nanotube arrays have been prepared by anodization
method in recent years [13–16]. The nanotube arrays with
large specific surface area and tubular structure can be used
as nanoreactors. In addition, nanotube arrays are easy to
be removed from the reaction system due to their big size.
Therefore, ZrO2 nanotube arrays may have a wide applica-
tion prospect in the field of catalyst. However, few studies
have been done on the application of ZrO2 nanotube arrays

in catalysis field. In this paper, ZrO2 nanotube arrays pre-
pared by anodization method in the electrolyte containing
SO4

2− are directly used as catalyst in the esterification reac-
tion. The effects of calcination temperature and electrolyte
concentration on catalytic esterification activity have been
investigated in detail.

2. Experimental

2.1. Preparation of Zirconia Nanotube Arrays Catalyst. Zirco-
nia nanotube arrays were prepared by anodization method
in aqueous electrolyte containing 1 M (NH4)2SO4 and 1 wt%
NH4F. Zirconium foil was pretreated according to the meth-
od given [17]. Zirconium foil was anode and platinum elec-
trode was cathode, and the distance between two electrodes
was 2 cm. The initial voltage was 3 V, and then the voltage
was increased at the rate of 3 V/30 min. At the beginning of
anodization, a film of dense oxides would fabricate at the
surface of zirconium foil which has retarding effect on the
oxidation reaction. Increasing the voltages step by step would
decrease thickness of the film and enhance the reaction’s
uniformity. After anodization for 2.5 h, nanotube arrays were
peeled off from zirconium foil, dried at 100◦C, and calcined
for 60 min to obtain the zirconia nanotube arrays catalyst.
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Figure 2: The XRD patterns of zirconia nanotube arrays calcined
at: (a) 200◦C, (b) 400◦C, (c) 600◦C.

2.2. Characterization of the Catalyst. The morphologies of
nanotube samples were observed through Philips XL 30
TMP scanning electron microscope (SEM, 20 kV accelerating
voltage). Crystal phase analysis of the samples was conducted
through Philips X’ pert MPD X-ray powder diffraction
analyzer (XRD, copper target, 50 kV, 40 mA, the length of
scanning step was 0.04◦, and the scope of scanning was 10◦–
80◦ (2θ)). The samples calcined at different temperatures
were characterized by Fourier transform infrared spectrom-
eter (FTIR, WQF-410, China) with a scanning scope of
400∼4000 cm−1.

2.3. Catalytic Activity Experiment. Esterification reactions
were carried out in a reflux system. Absolute alcohol and
propionic acid (mole ratio = 2 : 1) were added into a
three-neck flask. The catalyst accounting for 2 wt% of the
total amount of reaction solution was added. The reaction
solution was refluxed at 85◦C for 60 min. After the reaction,
the product was cooled, and the esterification yield was
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Figure 3: Influences of calcination temperatures on catalytic activ-
ity.

determined through gas chromatography analysis (GC1100,
P-general, China).

3. Results and Discussion

Figure 1 shows the morphology of zirconia nanotube arrays
prepared by anodizing zirconium foil in aqueous electrolyte
containing 1 M (NH4)2SO4 and 1 wt% NH4F for 2.5 h. As
shown in Figure 1, average diameter of the nanotube is up
to 70 nm, and the average length is up to 13 μm. The nano-
tubes’ structure has no obvious changes when the annealed
temperature is lower than 600◦C, and it would be destroyed
to some extent at higher temperatures [18].

Figure 2 shows the XRD patterns of zirconia nanotube
arrays calcined at different temperatures. The nanotube sam-
ples are amorphous at 200◦C (Figure 2(a)). Two mixed
crystal structures of tetragonal phase (accounting for 84%,
pdf Card no. 80-784) and monoclinic phase (accounting
for 16%) emerged at 400◦C (Figure 2(b)). When calcined at
600◦C, the nanotube samples are mainly composed of mono-
clinic phase (accounting for 90%, pdf Card no. 37-1484) and
a little tetragonal phase (accounting for 10%, Figure 2(c)).
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As is calculated from Scherrer formula, the average grain size
is 18–26 nm after calcined.

Zirconia nanotube arrays calcined at different tempera-
tures were used as catalyst, and the esterification reactions
were carried out under the same conditions as given in
Section 2.3. Figure 3 shows the influence of calcination
temperatures on the catalytic activity of zirconia nanotube
arrays. The catalytic activity first increases and then decreases
with the increase of calcination temperature, reaching the
maximum value at 400◦C.

The FTIR spectra of zirconia nanotube arrays calcined at
different temperatures are shown in Figure 4. The infrared
absorption band at 1636 cm−1 appeared below 400◦C is as-
signed to NH4

+. The reason might be that zirconia nanotube
arrays were prepared in electrolyte containing (NH4)2SO4

and NH4F. During the preparation process, quite a number
of NH4

+ were adsorbed by the sample. Ammonium salt
would decompose gradually with the increase of temper-
ature. It would decompose completely, and the infrared
absorption band at 1636 cm−1 disappeared when the tem-
perature is higher than 400◦C. The infrared absorption
bands at 1205 cm−1, 1139 cm−1, 1054 cm−1 and 1000 cm−1,
are assigned to chelate complex between sulfate ion and
zirconium ion. The increase of calcination temperature
would lead to the desorption of SO4

2− and the decrease of ad-
sorption strength [19].

The infrared absorption band at 1402 cm−1 is assigned to
surface hydroxyl group and adsorbed water. Along with the
increase of the temperature, adsorbed water would desorb,
and part of surface hydroxyl group would cross-link and de-
hydrate and result in decrease of the absorption band inten-
sity at 1402 cm−1.

According to the infrared spectra analysis, calcination
temperature affects the catalytic activity through the for-
mation of solid acid structure. Along with the increase of
temperature, electrolyte adsorbed by the nanotubes would
decompose, and ZrO2 would react with SO4

2− to form solid
acid structure on the surface of nanotube arrays. Thus, the

catalyst activity can be improved obviously. When the cal-
cination temperature is too high, the structure of solid acid
would decompose, and the catalyst activity would decrease.
In addition, XRD and IR analysis shows that different
calcination temperatures would result in the different crystal
structures and surface properties, which would influence the
combination of SO4

2− and zirconia and lead to the changes
of catalytic activities.

Electrolyte concentration has a great influence on
catalytic activity. Figure 5(a) shows the influence of the
(NH4)2SO4 concentration on the catalytic activity. With the
increase of (NH4)2SO4 concentration, the esterification yield
increases gradually. When the concentration of (NH4)2SO4 is
over 1.0 M, the yield changes much slowly. The reason might
be that the higher the concentration is, the more SO4

2− is
adsorbed by nanotubes, and the more active centers form at
the catalyst. When the concentration is over 1.0 M, the SO4

2−

adsorbed by nanotubes is close to saturation. Therefore,
further increase of the (NH4)2SO4 concentration has no
more distinct effect on the improvement of catalytic activity.

Figure 5(b) shows the influence of the NH4F concentra-
tion on catalytic activity. With the increase of NH4F con-
centration, the esterification yield increases first and then
decreases. When the NH4F concentration is 1.0 wt%, the
yield is highest. The partial dissolution of nanotube arrays in
electrolyte solution containing F− results in rougher surface
and bigger specific surface area. Thus, the catalytic activity
increases accordingly. But excessive dissolution would de-
stroy the structure of nanotube arrays and lead to the de-
crease of catalytic activity.

According to the results discussed above, zirconia nan-
otube arrays were prepared by anodization method in aque-
ous electrolyte containing 1 M (NH4)2SO4 and 1 wt% NH4F,
followed by calcination at 400◦C for 60 min. Taking the
nanotubes as catalyst, esterification reaction between dodec-
anol and propionic acid was conducted at 130◦C to produce
dodecyl propanoate. The yield is 95.4% when reaction time
is 120 min (Figure 6(a)). For the reaction between dodecanol
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Figure 6: Catalytic activity of ZrO2 nanotube arrays.

and lauric acid at 160◦C, the yield of dodecyl laurate is
95.9 % when reaction time is 60 min. When reaction time
was extended to 150 min, the yield is as high as 97.3%
(Figure 6(b)).

4. Conclusion

ZrO2 nanotube arrays were prepared by anodization method
in aqueous electrolyte containing (NH4)2SO4 and NH4F.
ZrO2 nanotube arrays after calcination exhibit good catalytic
activity in esterification reaction. Calcination temperature
and electrolyte concentration have a great influence on cat-
alytic activity. The ZrO2 nanotube catalyst which was pre-
pared in aqueous electrolyte containing 1 M (NH4)2SO4 and
1 wt% NH4F exhibits highest catalytic activity after calcined
at 400◦C. The yield of esterification reaction between

dodecanol and lauric acid could reach more than 97%, and
the yield of esterification reaction between dodecanol and
propionic acid could reach more than 95%.
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ErxY3−xFe5O12 nanoparticle films (x = 0.0, 0.6, 1.2, 2.0, and 2.5) have been synthesized by a sol-gel technique. All of the samples
were annealed at 1000◦C. The nanostructures were characterized by an X-ray diffractometer (XRD), the magnetic properties and
the grain size were studied using a vibrating sample magnetometer (VSM), and a field emission scanning electron microscope
(FE-SEM), respectively. The XRD patterns of the films show single phase structure. The sizes of the particles are in the range of
78 to 89 nm. The VSM result shows that the saturation magnetization of ErxY3−xFe5O12 films decreased with the increment of Er
concentration (x).

1. Introduction

The rare-earth iron garnet (RIG) has the general unit for-
mula (R3Fe5O12), where R is either a trivalent rare-earth
ion or yttrium. RIGs belong to the space group Ia3d. The
magnetic ions are distributed over three crystallographic sites
with sublattice magnetization Ma [octahedral site, 16 Fe3+

ions in a], Md (tetrahedral site, 24 Fe3+ ions in d) and Mc
dodecahedral site, 24 R3+ ions in c. The garnets have eight
formula units in a cubic unit cell. The cubic unit cells of
RIGs have approximately the same lattice constant which is
of the order of 12 A◦ [1], due to similar ionic radii of R3+ ions.
Ionic distribution in garnet is represented as {R3

3+} [Fe2
3+]

(Fe3
3+) O12

2− .The interaction between the Fe3+ ions in [a]
and (d) sites is strongly antiferromagnetic due to strong
superexchange interaction. The magnetic moment of the
rare-earth ions in the {c} sublattice couples antiparallel with
the resultant moment of Fe3+ ions. One of the common RIGs
is YIG (Y3Fe5O12) which have attracted much attention in
telecommunications and data storage industries due to their
interesting magnetic and magneto-optic properties [2]. The
Y3+ in YIG has no magnetic moment, so the net magnetic
moment in YIG is due to the unequal distribution of Fe3+

ions in the two different sublattices of [a] and (d). YIGs
are also of scientific importance because of the wide variety

of magnetic properties that can be obtained by substituting
yttrium with a rare-earth (RE) metal [3–9]. Most of the pre-
vious studies have concentrated on the preparation of Bi- and
Ce-doped YIG (powder and films) nanoparticles because of
their high Faraday rotation coefficient [10–17]. Few works
have been carried out to study only Er-YIG powder nanopar-
ticles [18–27]. In this paper we studied magnetic properties
of Er doped YIG films in the formula ErxY3−xFe5O12

prepared by sol-gel method. Erbium is chosen because its

ionic radius is (1.03 ´̊A), which is slightly less than ionic radii

of yttrium (1.04 ´̊A) [28, 29], it has an extremely high verdet
constant and largest Bohr magneton [30].

2. Experimental

The YIG precursor sol was prepared by a sol-gel method
using reagent grade nitrates purchased from Aldrich, Mil-
waukee, WI, USA. Yttrium nitrate hexahydrate [Y(NO3)3·
6H2O, 99·95% purity], iron(III) nitrate nanohydrate
[Fe(NO3)3·9H2O, 98+% purity], and Erbium nitrate pen-
tahydrate [Er(NO3)3·5H2O] have been used as the raw mat-
erials; 2-methoxyethanol and acetic acid were used as sol-
vents. Fe(NO3)3·9H2O and Y(NO3)3·6H2O were dissolved
in the 2-methaxythanol and refluxed at 80◦C for 3 hours.
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Figure 1: XRD patterns for ErxY3−x Fe5O12 thin films.

The Er (NO3)3·5H2O dissolved in acetic acid was added
gradually into the Fe–Y solution. Then the refluxing process
was continued for 3 hours. Then a small quantity of dieth-
ylamine was added to the mixture solution while the pH
value was adjusted in the range of 2-3. After cooling down to
room temperature, the solution was stirred for 3 days.

The gel was transformed into a film on a quartz substrate
using the spin coating technique. The rate of the spinning
process was 3500 rpm and it was done for 30 seconds. After
the spinning process, the film was heated at 90◦C for 2
hours to remove residual solvents. Then the heat treatment
was carried out: initial heating at 350◦C for 15 minutes at
a heating rate of 3◦C/min to burn-off the organic materials
followed by heating at 1000◦C for 2 hours at a heating rate
of 4◦C/min to crystalline the films. The characterizations
were carried out using X-ray diffractometer (XRD), vibrating
sample magnetometer (VSM), and field emission scanning
electron microscope (FE-SEM).

3. Results and Discussion

3.1. X-Ray Diffraction Measurements. Figure 1 shows the
XRD spectra for ErxY3−x Fe5O12 thin films, (0 ≤ x ≤ 2.5)
annealed at 1000◦C for 2 hours. All of the samples show
single phases with diffraction lines (hkl) corresponding to
the cubic garnet structure. The family of planes (hkl) in the
Er-YIG structure and the corresponding distance between
two lattice planes dhkl calculated from the experimental
data are shown in Table 1. The theory data is according to
the reference spectrum of a pure cubic garnet single phase
formation YIG (JCPDS card no: 01-070-0953). The main
peaks for x = 1.2, 2.0 and x = 2.5 belonging to (321)
reflection plane originated at the 2θ◦ values of 27.014,
27.022, and 27.031 correspond to the spacing values of 3.298,
3.297, and 3.296 Å, respectively, which is one of the cubic
garnet single phase formation according to the reference
spectrum of (EIG) card no: 01-081-0131.

The lattice parameter “a” was calculated from combina-
tion of Bragg’s equation and d-spacing expression for cubic

system using the formula:

a =
[

λ2

4 sin2θ

(
h2 + k2 + l2

)]1/2

, (1)

where λ is the wavelength of Cu kα radiation with 1.54060 Å,
θ = diffraction angle of X-rays.

The average crystallite size was calculated according to
the Scherrer’s equation,

D = kλ

β cos θ
, (2)

where D is the mean crystallite size, k (0.89) is the Scherrer
constant, λ is X-ray wavelength (0.154252 nm), and β is the
relative value of the full width at half maximum (FWHM)
of the diffraction peak (420). Table 2 summarizes the results
of lattice constant and crystallite size of ErxY3−x Fe5O12 thin
films.

3.2. Nanostructural Properties. The purpose of FESEM anal-
ysis was to determine the grain size and to understand
the process of grain growth. The nanostructures of all of
the samples were studied using the field emission scanning
electron microscope (FE-SEM) at the magnification of
300,000X (Figure 2). Most of the particles stuck to each other
and form agglomerates due to their high surface energy
[31]. The FESEM micrograph exhibited highly agglomerated
particles having an average particle size of 82 nm. It was
observed that the average particle size measured by FESEM
is bigger than crystallite size measured by Scherer’s formula.
This means that the particles are not single crystals and may
consist of 2 or 3 and more crystallites.

The samples were coated with thin layer of gold to avoid
electrostatic charging during examination. The grains could
not be seen clearly. This may be because of masking caused by
the gold coating on the film’s surface. The average grain size
is estimated from the FESEM and from the sample’s cross
section for (x = 0). The small grains on the surface belong
to the gold particles (10–20 nm). The formation of cracks
and voids can be attributed to the lattice mismatch. Cracks
can easily be generated in crystallized Er-YIG thin films.
The FESEM was also used to measure the films thicknesses
and the result was 380 nm. It should be noted that all
preparation parameters that influence the film thickness such
as the sol concentration, spinning rate, spinning duration,
and amount of sol on the substrate were kept constant. The
changing factor was only the x value in this study.

3.3. Magnetic Properties. The magnetic properties of the
films were measured using the vibrating samples magne-
tometer (VSM) with a maximum applied field of 12 kOe
at room temperature (25◦C). Figure 3 shows the in-plane
hysteresis loop for all of the films. The hysteresis curves
indicate that the Er-YIG films annealed at 1000◦C are soft
magnetic materials.

The saturation magnetization (Ms) of the films decreased
in a linear manner with the increment of Er concentration
(x) (Figure 4(a)), and this can be related to the fact that
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Table 1: The experimental data for Er-YIG structure.

(hkl) (321) (400) (420) (422) (521) (611) (444) (640) (642) (800) (840) (842)

dhkl (±0.005) Å 3.308 3.088 2.763 2.522 2.256 2.004 1.783 1.714 1.651 1.543 1.382 1.348

100 nm Mag = 300 kX
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Figure 2: FE-SEM micrographs of ErxY3−x Fe5O12 thin films.
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Table 2: Lattice constant “a” and crystallite size of Er-YIG thin
films.

(x) Lattice constant (Å) Crystal size (nm)

0.0 12.354 24

0.6 12.338 21

1.2 12.324 23

2.0 12.325 24

2.5 12.320 23
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Figure 3: Hysteresis loop curve at 1000◦C for ErxY3−x Fe5O12 thin
films.

the magnetic moments of Er3+ ions align oppositely to the
effective moments formed by Fe3+ ions [18]. According to
Néel’s theory [32], there exist three magnetic sublattices in
YIG: one {c} formed by the Er3+ ions occupying the dodec-
ahedral sites, another [a] formed by Fe3+ ions occupying the
octahedral sites and the third (d) formed by the Fe3+ ions
occupying the tetrahedral sites. The two iron sublattices are
coupled antiferromagnetically by the superexchange interac-
tion acting via the intervening O−2 ions. The {c} sublattice is
coupled antiferromagnetically with the two iron sublattices.
At room temperature, the three sublattices moments align
along the [111] direction. Therefore, the magnetic structure
for such a mixed garnet can be represented by writing the
garnet formula as

−−−−−−−−−−−→{
Y 3+

3−xEr3+
x

}−−−−−→[
Fe3+

2

]←−−−−−−−−−(
Fe3+

3
)
O2−

12 . (3)

The net magnetic moments is M = Mc −|Md − Ma|.
The coercivity (Hc) increases with x for x = 0.0–1.2, then
decreases for x = 1.2–2.5 as shown in (Figure 4(b)). This
can be due to nanometer particles of the films. When the
particle size is about 89 nm, the coercivity of ErxY3−x Fe5O12

(0≤ x ≤ 2.5) nanoparticles reached the greatest values. The
magnetic properties of a magnetic material depend largely
on the particle size distributions as the domain structure and
magnetization process depends on particle size [33]. When
the particle size is much larger than the critical size of a single
domain, the coercivity is decided by magnetic displacement,
so the value of coercivity is small. When the particle size is
reduced to the critical size of single domain, the coercivity
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Figure 4: The variation of (a) saturation magnetization and (b)
coercivity with Er concentration for ErxY3−x Fe5O12 thin films.

is decided by magnetic domain rotation, so the coercivity
reaches the maximum. When the particle size is less than the
critical size of single domain, the coercivity will be decreased
for the existence of superparamagnetism [34].

4. Conclusion

Thin films of ErxY3−x Fe5O12, (x = 0.0, 0.6, 1.2, 2.0, and
2.5) have been prepared using a sol-gel method. The X-
ray diffraction characterization shows that all of the samples
have only a single phase garnet structure. The crystalline
films are soft magnetic materials. The saturation magneti-
zation is reduced with Er substitution because the magnetic
moments of Er3+ ions coupled antiferromagnetically to the
effective moment formed by Fe3+ ions. The coercivity of
the films is maximum for x = 1.2. The coercivity for the
nanocrystalline materials is small when they are in their
multidomain state and it is maximum at the critical single
domain size and decreases further with a reduction in grain
size as it approaches superparamagnetism as the thermal
energy is comparable to the anisotropy energy.
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[20] J. Ostoréro and M. Guillot, “High field induced magnetic
anisotropy of Al-substituted erbium iron garnet single crys-
tals,” IEEE Transactions on Magnetics, vol. 37, no. 4, pp. 2441–
2444, 2001.

[21] P. Novák, V. A. Borodin, V. D. Doroshev, M. M. Savosta, and
T. N. Tarasenko, “NMR ofFe in erbium-yttrium iron garnets,”
Hyperfine Interactions, vol. 59, no. 1–4, pp. 427–430, 1990.

[22] P. Feldmann, M. Guillot, H. Le Gall, and A. Marchand, “Fara-
day rotation in erbium-yttrium iron garnet,” IEEE Transac-
tions on Magnetics, vol. 17, no. 6, pp. 3217–3219, 1981.

[23] N. Tsidaeva and V. Abaeva, “The investigation of mechanisms
of the magneto-optical activity of rare-earth iron garnet single
crystals,” Journal of Alloys and Compounds, vol. 418, no. 1-2,
pp. 145–150, 2006.

[24] N. I. Tsidaeva, “The magnetic and magnetooptical properties
of Y-substituted erbium iron garnet single crystals,” Journal of
Alloys and Compounds, vol. 374, no. 1-2, pp. 160–164, 2004.

[25] P. Feldmann, H. Le Gall, M. Guillot, and A. Marchand, “Ani-
sotropy of the Faraday rotation in erbium-yttrium iron garnet
below the compensation temperature,” Journal of Applied Phy-
sics, vol. 53, no. 3, pp. 2486–2488, 1982.
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