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This issue presents a wide variety of insightful work in
the synthesis, characterization, and properties of nanomate-
rials.

Researchers continuously strive to improve material
properties and develop novel methods for nanosynthesis.
For example, M. Srivastava et al. report a novel method
for increasing hydrophobicity of ZnO surfaces through
the incorporation of polytetrafluoroethylene (PTFE). The
modification of ZnO with PTFE results in a decreased
treatment time, and such a material is easily modified by
either stearic acid or fluoroalkylsilane to give a low-energy
superhydrophobic material. Polymeric materials have also
been found useful in nanoscale templates. S. L. Pang et al.
present a novel route to the formation of thin-film MnO2

by self-assembly of MnO2 nanoparticles on nickel-coated
polyethylene terephthalate utilizing a horizontal submersion
process at room temperature. These materials exhibit high
capacitance behavior, high cycling reversibility, and stability
within the potential range of 0.0 to 0.9 V based on cyclic
voltammetry. Furthermore, C. Dwivedi et al. report the
synthesis of polyvinyl-alcohol-(PVA-) stabilized selenium
nanoparticles by reaction of sodium selenosulfate with
various organic acids in room-temperature aqueous media.
Although a gamut of organic acids and various PVA concen-
trations were studied, no significant effects on structure were
found. Simply, the spherical selenium nanoparticles ranged
in size from about 40 to 100 nm, as readily seen in AFM and
TEM imaging.

Soft matter has also played a role in nanoscale synthesis.
In this issue, W. N. R. W. Isahak et al. present a comparative
study of silicotungstic acid bulk (STAB) and STA-silica sol gel
(STA-SG) and their efficacies, both in activity and selectivity,
as catalysts in an esterification reaction. STA-SG resulted
in lower conversion (96%) compared to STAB (100%) and
control H2SO4 (98%); however, STA-SG advantageously
delivers selectivity of 95% compared to 89.9 and 81.6% by
using STAB and H2SO4, respectively. Such attributes may
result from the increased surface area obtained by the sol gel
method.

In a different synthetic route, Y. Zhao et al. report the
synthesis of Ni/Al layered double hydroxide (LDH) nanorods
by a hydrothermal method. Such methods require a pH
of 10.0 and temperature of 180◦C for nanorod formation.
Additionally, reaction time increases not only rod diameter,
but also rod length.

The ability to tune magnetic properties of nanoparticles
has recently garnered interest in many groups. S. Singhal
et al. analyzed cobalt-substituted nickel chromium ferrites
(CrCoxNi1−xFeO4, x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0) prepared
by a sol gel autocombustion method at various annealing
temperatures. Here, as annealing temperature increases,
particle size increases up to 45 nm, and added Co3+ content
increases saturation magnetization and decreases coercivity.

Similarly,R. Shaiboub et al. discusse the demagnetization
effects of increasing Er concentrations on nanoparticle
Y3−xErxFe5O12 (x = 0.2, 1.0, and 2.0) thin films synthesized
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by a solgel method. Such films obtain a single-phase garnet
and begin crystallization at 800◦C, and with increased
annealing temperature, the material displays larger crystallite
sizes. The loss of magnetization with increased Er content
was attributed to the reverse alignment between Er3+ and
Fe3+. In contrast to the sol gel method, H. Y. He reports
that the properties of Co0.5Zn0.5Fe2O4 nanoparticles formed
by a carboxymethyl cellulose template hydrothermal method
were analyzed by XRD, SEM, and vibrating sample magne-
tometer. The increase of template proportion in synthesis
results in not only morphological change from granular to
platelike but also an increase in superparamagnetic behavior
(from 2.81 T without template to 3.13 T with template).

The application of reported nanomaterials is an impor-
tant topic for researchers. S. Kaviya et al. report the
utilization of Polyalthia longifoli leaf extract as both a
reducing and capping agent with D-sorbitol for increased
stabilization in the synthesis of silver nanoparticles (AgNPs).
Additionally, UV-vis spectroscopy revealed a blue shift with
increased reaction temperature. These synthesized materials
were found to have a wider antimicrobial activity in gram-
positive than gram-negative organisms.

Moreover, nanoparticles have found use not only as cat-
alysts, but also as materials for environmental remediation.
In the field of catalysis, Z. M. Wang et al. elucidate the
important parameters in flame aerosol synthesis of pure
TiO2 and TiO2 doped with Fe or V. Here, the photocatalytic
properties of the synthesized material were studied by the
selective oxidation of 1-phenyl ethanol to acetophenone.
The introduction of a Fe or V dopant resulted in increased
catalytic activity at lower concentrations of deposited metal
ions. Additionally, the morphology of neat TiO2 alters with
increased metal doping as witnessed in XRD analysis and the
Raman spectroscopy. Researchers compared the efficacy of
the photocatalyst in both acetonitrile and water and found
the organic solvent to provide higher conversion.

In regards to remediation, S. R. Kanel et al. reports
the synthesis of nanoscale (∼20 to 50 nm) hydroxyapatite
(NHA) through vigorous agitation of Ca(NO3)2·4H2O and
(NH4)2HPO4 in alkaline solution. In uranium removal stud-
ies, the precipitate performed comparably to commercially
available HA. Based on two-dimensional flow cell analysis,
the synthesized NHA exhibits transport properties akin
to tracers in aqueous environments; consequently, poten-
tial applications may include in situ U(VI) remediation.
Additionally, M. N. Nadagouda and D. A. Lytle present
the novel synthesis of iron oxide/iron-coated carbons like
activated carbon, anthracite, cellulose fiber, and silica by
combustion and their uses in arsenic adsorption. Generally,
the spherical nanoparticles ranged in size from 50 to 400 nm.
Such materials were found suitable for arsenic adsorption
and may be suitable in environmental remediation, catalysis,
and various other applications.

Mallikarjuna Nadagouda
Thomas F. Speth

Christopher Impellitteri
Yuliang Zhao
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The objective of the present study is to obtain a zinc oxide- (ZnO-) based superhydrophobic surface in a simple and cost-effective
manner. Chemical immersion deposition being simple and economical has been adopted to develop modified ZnO coating on glass
substrate. Several modifications of ZnO like treatment with alkanoic acid (stearic acid) and fluoroalkylsilane to tune the surface
wettability (hydrophobicity) were attempted. The effect of thermal treatment on the hydrophobic performance was also studied.
It was observed that thermal treatment at 70◦C for 16 hrs followed by immersion in stearic acid resulted in high water contact
angle (WCA), that is, a superhydrophobic surface. Thus, a modified ZnO superhydrophobic surface involves the consumption of
large amount of electrical energy and time. Hence, the alternate involved the incorporation of low surface energy fluoropolymer
polytetrafluoroethylene (PTFE) in the ZnO coating. The immersion deposited ZnO-PTFE composite coating on modification
with either stearic acid or fluoroalkylsilane resulted in a better superhydrophobic surface. The coatings were characterized using
Scanning Electron Microscope (SEM) for the surface morphology. It was found that microstructure of the coating was influenced
by the additives employed. A flower-like morphology comprising of needle-like structure arranged in a radial manner was exhibited
by the superhydrophobic coating.

1. Introduction

Superhydrophobic surfaces (water contact angle >150◦) are
gaining importance in industrial applications and academia
due to their unique properties like self-cleaning, deicing,
antisticking, and anticontamination. Some of the applica-
tions include self-cleaning paints, transparent antireflective
coatings, self-cleaning glass, and wiperless windshields. In
recent times, their usage in aerospace sector is also being
explored, particularly in the tail and wings of the aircraft
to reduce drag and thereby improve the efficiency of the
engine. Superhydrophobicity can be achieved by obtaining
a surface of micro- to nanoscale architecture [1]. Empirical
models have been proposed on the basis of experimental data
to explain the surface wetting properties and to understand
the phenomenon of superhydrophobicity. Interest in this
phenomenon increased in 1997 when the origin and the
universal principle of “Lotus Effect” in nature were explained
by Zhang et al. [1]. Since then, research has been focused
on mimicking nature and trying to fabricate such surfaces
artificially.

Various methods have been recommended for the fabri-
cation of such a surface. Broadly, they have been classified as
top-down approach, bottom-up approach, and a combined
approach. Solution immersion process, which is a bottom-
up method, has been adopted in the present study. The
advantage of this method is that it is simple, economical
and can be easily scaled up for large area applications.
ZnO has been chosen because of its antimicrobial property,
easy availability, and nontoxic nature [2]. Also it has other
properties like photocatalytic ability, electrical conductivity,
UV absorption, and photo-oxidizing capacity for chemical
and biological species. Very recently, preparation of cotton
bandages with antibacterial properties by immobilizing ZnO
nanoparticles on the fabric surface has been reported [3].
Considerable work has been carried out on the immersion
deposition of ZnO [4–12]. Shinde et al. have reported the
structure, optical and electrical properties of heat-treated
ZnO [4]. Similar aspect of Sr-doped ZnO film has also been
studied [5]. The effect of thermal desorption of stearic acid
on the superhydrophobic performance of ZnO has been
reported by Saleema and Farzaneh [6]. ZnO nanorods have



2 Journal of Nanotechnology

been synthesized by chemical route by some investigators
[7]. Yin and Sato have reported novel superstructures
of ZnO, namely, nanoscrew and nanodisk obtained from
the solution route [8]. Other modified superhydrophobic
surfaces based on Cu, Ag, Co, Ni created through solu-
tion immersion process have also been reported [13–17].
In the present study, solution immersion deposited ZnO
coating has been subjected to different modifications like
heat treatment, immersion in alkanoic acid (stearic acid),
combination of heat treatment and immersion in alkanoic
acid, and immersion in fluoroalkylsilane. Stearic acid had
been adopted as Wu et al. had reported that octadecanoic
acid (C18 acid, stearic acid) imparted higher hydrophobicity
compared to other acids of different chain lengths [9].
The influence of polytetrafluoroethylene (PTFE) on the
hydrophobic nature was also studied by preparing ZnO-
PTFE composite coating by immersion route. PTFE was
chosen as it is a fluoropolymer with very low surface energy.
The water contact angle of smooth PTFE film is about 108◦,
and by the axial extension of the crystals the water contact
angle increases beyond 150◦ [18]. The PTFE-based coatings
were also modified with alkanoic acid and fluoroalkylsilane.
Thus, in this study, the investigators have attempted to
improve the superhydrophobic behaviour of ZnO by PTFE
incorporation, and a comparison with modified ZnO in
terms of their microstructure and wettability behaviour has
been made.

2. Materials and Methodology

ZnO was deposited on a glass substrate by immersion
in a solution containing 30 g L−1 zinc nitrate hexahydrate
and 53.3 mL L−1 ammonium hydroxide solution (25%). The
chemical etching of the substrate was carried out to induce
surface roughness. Surface roughness plays an important role
in determining the wetting behaviour of solid surfaces [19].
The etchant and etching time was standardized. HF : HNO3

mixture in the ratio 1 : 3 for a duration of 3 sec was adopted
to obtain uniform ZnO coating on glass. The immersion
time and temperature were also standardized. Deposition
temperature of 70◦C and an immersion time of 2 h after
initiation of precipitate formation were employed. The as-
prepared ZnO coatings were subjected to modifications such
as heat treatment at 350◦C (for 2 h and 4 h) and immersion
in alkanoic acid-octadecanoic acid (stearic acid). The various
concentrations of the acid solution in acetone used were
0.002 M, 0.01 M, 0.06 M, and 0.10 M. The other modifica-
tions included heating of ZnO coating at 70◦C for 16 h
followed by immersion in alkanoic acid and modification of
the coating by immersion in fluoroalkylsilane, 1 wt% FAS-17
solution in ethanol for 1 h. The modified coatings were dried
under ambient conditions.

The ZnO-PTFE composite coatings were deposited by
dispersing the PTFE (10 mL L−1) emulsion in the zinc nitrate
solution, and the deposition was performed under similar
conditions as that of ZnO. The composite coating was
modified by immersion in 0.002 M stearic acid solution
in acetone for 1 h and fluoroalkylsilane in ethanol for 1 h.
These modified coatings were characterized for their surface

morphology and wetting behavior, and a comparison with
modified ZnO has been made.

Static water contact angles (WCAs) of the coatings were
measured using contact angle analyzer, model Phoenix 300
Plus from M/s Surface Electro Optics, Republic of Korea.
Tangent fitting mode is used in this instrument for the
determination of WCA. The drop volume was 8 μL in
this study. WCA is influenced by volume of water droplet
and gravity force. Hence, WCA must be measured with
the same volume of water droplet. Also, the same fitting
method must be used for calculating WCA while comparing
superhydrophobicity of different surfaces as explained by
Zhang et al. [1]. They found that WCA values from 156◦

to 179◦ could be obtained for the same water droplet on
a surface depending on different fitting modes such as
ellipse fitting, circle fitting, tangent searching, or Laplace-
Young fitting. Five measurements of WCA on the coating
were taken, and the mean value was reported. The crys-
talline structure of the coatings was examined by X-ray
diffraction (XRD) technique, Model Rigaku D/max 2200
powder diffractometer, using CuKα radiation of wavelength
0.154 nm. The diffraction patterns were scanned between
20◦ and 100◦ in steps of 0.02◦ at 2 deg min−1 scan speed.
The surface morphology of the coatings was studied using
a scanning electron microscope, SEM Model LEO 440I.

3. Results and Discussion

3.1. Microstructure and Hydrophobicity of Modified ZnO
Coatings. X-ray diffraction patterns of as-deposited ZnO
coating and modified ZnO coating are shown in Figure 1.
The diffraction peaks in Figure 1(a) indicate the presence of
major amounts of ZnO with hexagonal wurtzite structure
and smaller amounts of zinc hydroxide, Zn(OH)2. No other
characteristic peak was observed for other impurities, and
all the peaks are narrow indicating higher crystallinity. The
probable reaction mechanism is

Zn −→ Zn2+ + 2e− (1)

O2 + 4e− + 2H2O −→ 4OH− (2)

Zn2+ + 2OH− −→ Zn(OH)2 −→ ZnO + H2O (3)

Zinc gets oxidized forming zinc cations (1), and oxygen gets
reduced producing hydroxyl ions (2). These hydroxyl anions
react with zinc cations to form zinc hydroxide (reaction (2))
which under slightly acidic condition transforms to the stable
ZnO that is insoluble and appears as white precipitate on
the surface [19]. This mechanism can be correlated with the
presence of ZnO and Zn(OH)2 in the diffractogram.

Surface morphology of various modified ZnO coatings
is shown in Figure 2. It can be seen from Figure 2(a) that
the morphology of as-deposited ZnO coating consists of
uniform flower-like pattern. Every flower-like structure is
composed of many rods with a sharp tip, and these rods
are aligned in a radial pattern from the centre. The growth
mechanism can be interpreted as an epitaxial growth wherein
the ZnO nuclei initially formed a seed layer. The ammonium
ions adsorbed on the surface of the ZnO nuclei promoted
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Figure 1: X-ray diffractograms of (a) as-deposited ZnO coating and (b) ZnO coating heat treated at 70◦C and immersed in stearic acid
(0.002 M).

CA 145◦

3μm

(a)

CA 156◦

2μm

(b)

Figure 2: Surface morphology of ZnO coating immersed in stearic acid (a), ZnO heat treated at 70◦C and immersed in stearic acid (0.002 M)
(b). Insets show the profiles of the water droplet on the film surface.

the growth of the crystallites [9, 20]. Similar structure has
been reported by Wang et al. for ZnO powder synthesized
from ZnSO4 and NaOH solution [21]. However, Shinde et
al. have reported a cone-like structure for ZnO deposited
from an alkaline Zn(NO3)2 solution [4]. Thus, by varying
the alkalinity of the solution, different morphologies can
be obtained. Strong alkaline solution results in a structure
comprising of discrete nanorods, while a weak alkaline
solution produces an assembled nanorod structure [21].
Zhang et al. have also reported the influence of pH on the
surface morphology and wettability [19].

ZnO is basically a highly hydrophilic material with WCA
< 5◦. After heat treatment at 350◦C for 2 h and 4 h, the
ZnO coatings did not exhibit any change in their wetting
behaviour and remained hydrophilic. Hence, their detailed
characterization has not been discussed. However, Shinde et
al. have reported that the ZnO coating annealed at 350◦C
for 2 h displayed superhydrophobic nature and its structure
appeared as well-defined cones [4]. Thus, the wettability of
solid surface is governed by both the chemical composition
and the geometrical microstructure of the surface.

ZnO coatings were hydrophobically modified by immers-
ing in varying concentrations of stearic acid for different
durations of time, and their WCA values were measured.
It was observed that the as-deposited ZnO coating after
immersion in 0.01 M stearic acid for 6 days displayed a WCA
of 145◦. The surface morphology and diffraction pattern
of the coating modified with stearic acid was similar to
that of the as-deposited ZnO coating. In order to render
hydrophobicity to the coating, a prolonged immersion time
of 6 days was required. On the other hand, if ZnO coating
was heated to 70◦C for 16 h and subsequently immersed
in stearic acid, superhydrophobicity was achieved in much
shorter immersion time. The heat-treated ZnO coating was
immersed in stearic acid of different concentrations and for
various time durations. It was found that a low concentration
of 0.002 M and short immersion time of 30 minutes was
optimum to obtain superhydrophobicity. The morphology
appears as sword-like nanorods with sharp tips, arranged in
a flower-like arrangement (Figure 2(b)). In addition, cluster
of flowers grouped over one another was also observed.
EDX analysis revealed that the Zn content was slightly lower
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Figure 3: Surface morphology of ZnO coating treated with fluoroalkylsilane at 2500X (a) and 5000X (b). Inset shows the image of water
drop on the film surface.
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Figure 4: Surface morphology of ZnO-PTFE coating treated with stearic acid (a) and fluoroalkyl silane (b). Insets show the image of the
water drop on the film surface.

on these clusters (65 wt%) as compared to single flower
(72 wt%). Further, a marginal rise in carbon and oxygen
content was observed on the floral cluster. This may be
due to the contribution from the stearic acid. The X-ray
diffractogram shows the presence of ZnO and Zn(OH)2

(Figure 1(b)). The effect of fluoroalkylsilane modification on
the hydrophobic behaviour of ZnO was also studied. The
morphology of fluoroalkylsilane-modified ZnO coating is
depicted in Figure 3. The structure appears as discrete rods
distributed uniformly throughout the surface. The X-ray
diffraction studies showed the presence of only Zn(OH)2.

The wettability of the coatings is expressed as water
contact angle, and this angle is inversely proportional to
the wettability. Figure 2 shows the water drop profile for (a)
alkanoic acid-modified coating, (b) heat-treated followed by
alkanoic acid modification and Figure 3 shows the profile
of fluoroalkylsilane-modified coating. As-deposited ZnO
coating was observed to be hydrophobic, with a WCA of
120◦. However, on immersion in 0.10 M stearic acid, an
improvement in the hydrophobic behaviour was observed
with an enhancement in the contact angle values to 145◦

(Figure 2(a)). However, a combined treatment of heating

at 70◦C and immersion in 0.002 M stearic acid rendered
the coating superhydrophobic. It exhibited a contact angle
of 156◦, and the shape of the water droplet is shown in
Figure 2(b). The hydrophobicity imparted by stearic acid can
also be attributed to the fact that stearic acid chemically
bonded to the surface of Zn2+ ions leading to the ZnO surface
being covered by a monolayer of organic molecules with
their nonpolar tails exposed to air [9]. The fluoroalkylsilane
modified ZnO coating also exhibited superhydrophobic
behaviour with a moderate reduction in the contact angle
values to 152◦ (Figure 3). The higher contact angle (156◦) of
the coupled heat treatment and stearic acid modification of
ZnO coating may be due to the less air entrapment in the
clustered floral structure compared to the rod-like structure
of silane-modified coating. Thus, different WCAs are due to
the different surface structures. It can also be inferred that
fluorosilane imparts higher degree of hydrophobicity (152◦)
due to its low surface free energy compared to exclusive
alkanoic acid treatment (145◦).

The above studies showed that superhydrophobic ZnO
surface can be achieved, by heating for long hours (16 h)
followed by short duration (0.50 h) immersion in stearic
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acid. Although the coating is superhydrophobic in nature,
a long time was spent to attain this nonwetting property.
Hence, an alternative ZnO-PTFE composite coating was
produced by solution immersion method.

3.2. Microstructure and Hydrophobicity of Modified ZnO-
PTFE Composite Coating. The ZnO-PTFE composite coating
was developed in a similar manner as that of ZnO coating,
and it was subsequently modified with stearic acid and
fluorosilane. The surface morphology of the modified ZnO-
PTFE composite coatings is depicted in Figure 4. The surface
morphology of stearic acid-modified ZnO-PTFE coating
appears as floral structures along with a clustered growth
(Figure 4(a)). The EDX studies showed that the clustered
structure was rich in fluorine (5 wt% on the cluster and
2 wt% on floral pattern) indicating that it was the contri-
bution from PTFE. The X-ray diffraction studies revealed
that the coating comprised of ZnO and Zn(OH)2. The
silane-modified coating exhibited a structure comprising
of compactly arranged rod-like structures distributed in
a random manner (Figure 4(b)). The diffraction studies
showed that the coating comprised of exclusively Zn(OH)2.
It was seen from the wettability test that the contact angle
for stearic acid-modified ZnO-PTFE coating is 163◦ while
that for silane-modified coating is 157◦. The water drop
profiles are depicted in Figure 4. Thus, it is observed that
the incorporation of low surface energy PTFE in ZnO helped
to improve the hydrophobicity without the necessity of heat
treatment or long immersion time. It is also seen that unlike
the modified ZnO coating wherein the fluorosilane imparted
higher hydrophobicity compared to alkanoic acid, in the
case of ZnO-PTFE coating the alkanoic acid imparted higher
degree of hydrophobicity compared to fluorosilane. This may
be due to the difference in the interaction of PTFE with
stearic acid and fluoroalkylsilane. Thus, modified ZnO-PTFE
composite helps to obtain a superhydrophobic surface in a
simple manner. This can be associated with the interaction
between fluorine, the most effective element for lowering the
surface free energy, because of its small atomic radius and
high electronegativity, and the roughness of the substrate
induced by etching.

The superhydrophobic behaviour of modified ZnO films
can be explained in terms of the Cassie-Baxter model [22].
According to Cassie-Baxter equation,

cos θC = f1(cos θ1 + 1)− 1, (4)

where θC and θ1, respectively, are apparent WCA of the
corresponding rough and smooth surfaces, f1 is the surface
area fraction of the solid. A water drop on the modified
ZnO film only contacts the tips of the clusters and flower-
like structures on the rough surface resulting in a large
water-air interface. Such composite surface prevents water
droplets from penetrating into the cavities, leading to
superhydrophobicity. However, in unmodified ZnO films,
water penetrates into the gap between the clusters thereby
displaying merely a hydrophobic behaviour.

4. Conclusions

ZnO being a widely adopted material to obtain super-
hydrophobic surface was deposited on glass substrate by
immersion deposition method. Some of the modifications
adopted by various investigators like alkanoic acid immer-
sion, heat treatment, and fluoroalkylsilane modification were
carried out for the ZnO coatings obtained in the present
study. The observation made was that ZnO deposition fol-
lowed by heat treatment at 70◦C for 16 hours and immersion
in a solution of stearic acid had resulted in a surface with the
highest hydrophobicity (CA 156◦). The studies conducted
also revealed that the modification of ZnO with fluoroalkyl-
silane imparted superhydrophobicity but to a lesser extent
(CA 152◦). The prolonged heat treatment time (16 h) can be
avoided by the incorporation of a low surface energy PTFE
in the ZnO coating. The ZnO-PTFE composite coatings
on modification with either stearic acid or fluoroalkylsilane
imparted greater superhydrophobicity compared to modi-
fied ZnO coatings. It was also seen that the surface morphol-
ogy of the coating was greatly influenced by the nature of low
energy material used for hydrophobic modification.

It was inferred from the morphology and contact angle
measurement studies that the incorporation of PTFE in
ZnO matrix followed by modification with stearic acid or
fluoroalkylsilane produced a superhydrophobic surface in a
simple and cost effective manner.
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Thin films of manganese dioxide (MnO2) were prepared by self-assembly of MnO2 nanoparticles directly unto nickel-coated
poly(ethylene terephthalate) flexible films using the newly developed horizontal submersion process. The thickness of deposited
thin films was controllable by the deposition duration. This horizontal submersion deposition process for thin-film deposition is
relatively easy, simple, and cost effective. Effects of deposition duration and calcination temperatures on the microstructure and
electrochemical properties of self-assembled MnO2 thin films were investigated. Optimized MnO2 thin films exhibited high charge
capacity, good cycling reversibility, and stability in a mild aqueous electrolyte and are thus promising electrode materials for the
fabrication of thin-film electrochemical capacitors.

1. Introduction

Manganese dioxide- (MnO2-) based thin film electrochemi-
cal capacitors have received numerous attentions since Pang
et al. reported a specific capacitance value of 720 F/g for
ultra-thin MnO2 films in a mild aqueous electrolyte [1, 2].
MnO2 thin films appear to be a promising electrode material
in batteries and electrochemical capacitors due to the low
cost of raw materials, low toxicity and environmentally
benign, and their excellent electrochemical properties [3,
4]. Many routes for the preparation of MnO2 thin films
have currently been developed, which include the sol-gel
process, electrodeposition [5–7], and atomic layer deposition
[8]. More recently, the self-assembly technique has emerged
as one of the most promising methods for thin film
fabrication [9]. Self-assembly is the spontaneous adsorption
process by which molecules or nanoparticles are arranged
into organized aggregates, networks, or patterns onto a
supporting substrate. It is characterized as being relatively
simple, inexpensive, and requires low energy consumption.

In this study, we have attempted to prepare self-
assembled manganese dioxide (MnO2) thin films directly on
nickel-coated poly(ethylene terephthalate) (Ni/PET) flexible
supporting substrate using the newly developed horizontal

submersion process under ambient conditions. This thin film
deposition process is very cost effective, rapid, and conformal
in the preparation of nanostructured thin films which are
suitable for the fabrication of thin film electrochemical
capacitors. Most notably, the thickness of deposited film
is controllable simply by the duration of submersion or
by repeating the deposition process a desired number
of times. Physical and electrochemical characterization of
manganese dioxide nanoparticles and self-assembled thin
films was conducted using various established characteri-
zation techniques. The effect of deposition conditions on
the microstructure and electrochemical properties of self-
assembled manganese dioxide thin films were investigated.

2. Materials and Methods

2.1. Preparation of MnO2 Colloidal Suspension (sol). Stable
MnO2 colloidal suspension (sol) was prepared based on a
method reported in literature [10]. Typically, MnO2 sol was
prepared by mixing 4 mL of KMnO4 (1.0× 10−1 mol/L) and
8 mL of Na2S2O3 (1.88 × 10−2 mol/L) in 38 mL ultrapure
water (18.2 MΩ). The resulting dark-brown MnO2 sol was



2 Journal of Nanotechnology

1 min

100 nm

(a)

100 nm

10 min

(b)

100 nm

30 min

(c)

100 nm

60 min

(d)

Figure 1: FESEM micrographs of self-assembled MnO2 thin films deposited on Ni/PET substrates at various submersion durations (a)
1 min, (b) 10 min, (c) 30 min, and (d) 60 min.

being dispersed by sonication in order to enhance dispersion
to form a stable colloidal suspension.

2.2. Preparation of Self-Assembled MnO2 Thin Films. Self-
assembled MnO2 thin films were prepared on nickel-coated
poly(ethylene terephthalate) supporting substrate (Ni/PET)
using the newly developed horizontal submersion process.
Precleaned Ni/PET substrate with a surface area of ∼3 cm2

was positioned horizontally onto glass slides using adhesive
tape and placed into petri dishes. The MnO2 sol was sonica-
ted for 5 minutes to ensure well-dispersed nanoparticles
before being poured into the petri dishes. A measured vol-
ume of MnO2 sol was then poured into each petri dish
to completely submerse the substrate. Self-assembled MnO2

thin films were formed spontaneously on the substrates upon
submersion within the sol for the desired duration. The rel-
ative film thickness was controlled by the duration of sub-
mersion in the sol. All deposited films were air dried at
ambient temperature and subsequently calcined in a tube
furnace at various temperatures in air for an hour.

2.3. Characterizations of MnO2 Nanoparticles and Thin Films.
The surface morphology of MnO2 nanoparticles and self-
assembled thin films were characterized using a scanning
electron microscope (SEM) (JEOL Model JSM 6390LA) and
a field emission scanning electron microscope (FESEM)
(LEO Model 1535), respectively, at various magnifications.
All samples were coated with platinum using a sputtering
device JFC-1100 E to reduce the inherent charging effect.
A transmission electron microscope (TEM) (Model JEM-
1230) was used to study the surface morphology of MnO2

nanoparticles. The elemental composition of the MnO2

nanoparticles was analyzed by FESEM-associated energy

dispersive X-ray microanalysis (EDX) operated with a beam
energy of 10 kV.

The electrochemical characterization of self-assembled
MnO2 thin films was conducted using an advanced electro-
chemical analyzer (PARSTAT 2263). Sample evaluation by
cyclic voltammetry (CV) was conducted using a standard
three-electrode cell configuration. The reference electrode
used was a saturated calomel electrode (SCE) fitted with
a Vycor bridge, and the counter electrode was a platinum
foil (∼2 cm2). A geometric electrode area of 0.1257 cm2 of
thin-film sample was being exposed to the electrolyte during
all cyclic voltammetric experiments. Cyclic voltammograms
were obtained by scanning over the potential range of 0.0 V–
0.9 V (versus SCE), with a scan rate of 50 mV/s in 1.0 M
Na2SO4 aqueous solution as electrolyte.

The mass loading of various self-assembled MnO2 films
was determined quantitatively by atomic absorption spectro-
scopy (AAS) after dissolving a known area of films in the
H2O2/HNO3 solution mixture. Based on the measured Mn
concentration, the mass loading of MnO2 per unit of ele-
ctrode area was calculated using the formula weight of stoi-
chiometric MnO2 of 86.94 g/mol.

3. Results and Discussion

3.1. Effect of Submersion Duration. Figure 1 shows SEM
micrographs of self-assembled MnO2 thin films deposited
on Ni/PET substrate by the horizontal submersion process
at various submersion durations under ambient conditions.
These films showed good adhesion to the substrate even
without the addition of any binder. Self-assembled films
deposited at shorter submersion duration were observed
to be rather porous with loosely packed nanoclusters,
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Figure 2: EDX spectra of self-assembled MnO2 thin films on Ni-coated PET films at submersion duration of (a) 1 min, (b) 10 min, (c)
30 min, and (d) 60 min.
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Figure 3: TEM micrographs of MnO2 self-assembled thin films
as deposited on Ni/PET supporting substrate. Inset showed well-
dispersed nanoclusters and individual nanoparticles.

whereas films deposited at longer submersion duration were
denser with closely packed nanoclusters. Figure 2 shows
the EDX spectra of self-assembled manganese oxide thin
films on Ni/PET substrates. The presence of manganese and
oxygen atoms in the elemental composition of deposited
thin films confirmed the deposition of MnO2 thin films.
Besides, the weight percentages of Mn and O elements

within the deposited films were observed to increase with
increased submersion durations, indicating the deposition
of thicker films. The weight percentage of Mn was observed
to have increased from 1.42% to 8.74%, whereas that of O
was increased from 10.85% to 25.56% as the submersion
duration was increased from 1 minute to 60 minutes.

Figure 3 shows TEM micrographs of self-assembled
MnO2 thin film as deposited on Ni/PET supporting sub-
strate. Well-dispersed manganese dioxide nanoclusters and
well-defined individual nanoparticles could be clearly discer-
nable (insets of Figure 3). The mean average nanoparticle
size was about 20–25 nm in diameter. Aggregated and dense
nanofibrous structures were observed to radiate outward
from the centre of each nanoparticle.

3.2. Effect of Calcination. The effect of calcination on the
surface morphology of self-assembled MnO2 thin films on
Ni/PET supporting substrates was studied by FESEM and
shown in Figure 4. The heat treatment was observed to have
substantial effect on the surface morphology of MnO2 thin
films, with calcined films showing comparatively smoother
surface morphology with densely packed nanoparticles.
Apart from film densification, the calcination process could
have effectively removed all physisorbed and chemisorbed
water from MnO2 thin films, as evidenced by the porous
microstructure and occurrence of cracks due to the shrinkage
of films. Such porous microstructures could serve to enhance
ionic transport and redox reactions which underlie the
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Figure 4: FESEM micrographs of MnO2 thin films on Ni-coated PET films at deposition duration of (a) 1 min, before, (b) 1 min, after, and
(c) 60 min, before, (d) 60 min, after calcination at 200◦C in air for 1 hour.

charge storage mechanism [11]. The electrolyte ions could
penetrate into the porous microstructure of manganese
dioxide thin-film electrode during electrochemical reactions.

3.3. Electrochemical Characterization of Self-Assembled MnO2

Thin Films

3.3.1. Effect of Calcination. The effect of heat treatment
on the capacitive behavior of self-assembled MnO2 thin
films on Ni/PET films was investigated by heating them
in air at various temperatures for 1 hour. The calcination
temperature did not exceed 200◦C since the melting point
of pure PET was 241◦C [12]. Calcination temperature was
observed to have a positive effect on the charge capacity of
MnO2 thin films as shown by the increase in areas of cyclic
voltammograms for films calcined at higher temperatures
(Figure 5). The charge capacities of MnO2 thin films were
observed to increase moderately with increasing calcination
temperatures up to 200◦C. A maximum charge capacity
of 34 mF/cm2 was achieved for films calcined at 200◦C.
Previous studies reported that annealing temperature could
affect the crystal structure of the electrochemically deposited
manganese oxide [13]. Chemically bound water within the
MnO2 films was thought to have played a major role in
the observed variation of charge capacity. As chemically
bound water is essential for the transportation of active
ionic species, the pseudocapacitance of oxide material is
dependent upon its water content [14]. Water content in
manganese oxides is known to affect the electrochemical
reactivity and thermodynamic stability of various manganese
dioxide phases as it causes variation of crystal lattice and
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Figure 5: Cyclic voltammograms of self-assembled MnO2 thin
films calcined at various temperatures.

consequently of electrical conductivity and electrode poten-
tial [15]. Although the presence of structural water promotes
proton diffusivity in manganese oxide, its resistivity increases
with increasing water content. As such, heat treatment of
MnO2 films at 200◦C in air for 1 hour could have resulted
in lowering their structural water content within the oxide
lattice and consequently led to increase in the electronic
conductivity and hence the observed higher charge capacity.

3.3.2. Effect of Film Thickness. Figure 6 shows the cyclic
voltammograms of MnO2 films coated on Ni/PET substrates
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Figure 6: Cyclic voltammograms of self-assembled manganese
dioxides thin films deposited at different submersion durations.
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Figure 7: Charge capacity and mass loading of MnO2 thin films
deposited at various submersion durations.

at different submersion duration. The relative film thickness
was controlled by the submersion duration which was being
varied between 1 minute and 60 minutes. All cyclic voltam-
mograms obtained were almost rectangular in shape with
symmetrical anodic and cathodic halves. Such rectangular
cyclic voltammograms indicated that self-assembled MnO2

films exhibited almost ideal capacitive behaviors. It is clear
from Figure 6 that there were no redox peaks observed
within the potential range between 0 and 0.9 V (versus SCE)
which could be attributed to the phase stability of electrode
materials and the high reversibility of pseudocapacitive
electrochemical reactions.

Figure 7 shows the average mass loading and charge
capacities of self-assembled MnO2 thin films deposited on
Ni/PET substrates at various submersion durations. The
mass loading of self-assembled MnO2 films deposited on
the supporting substrate was used as an indication of their
relative film thickness. The mass loadings of MnO2 films de-
posited on Ni/PET substrates were determined using AAS
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Figure 8: Charge capacity and cycling reversibility of self-assembled
MnO2 thin films as a function of cycle numbers.
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Figure 9: Effect of voltammetric cycling on the microstructure of
MnO2 films (a) before cycling; (b) after cycling.

by dissolving these films in HNO3/H2O2 mixture. Generally,
the mass loading of MnO2 was observed to increase in
submersion durations. A maximum mass loading of 3.68 ×
10−3 mg/cm2 of MnO2 was deposited on Ni/PET substrates
at the submersion duration of 60 minutes. Both mass
loading and charge capacity of self-assembled MnO2 thin
films were observed to increase in tandem with submersion
durations. Such increase in charge capacity was associated
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with the higher mass loading of manganese dioxide for
thicker films, as also evidenced by the higher weight % of
Mn as determined by both the EDX and AAS analyses for
films deposited at longer submersion durations (Figure 2).
The voltammetric charge of the electrochemically oxidized
MnO2 films was observed to increase with increasing film
thickness, which corresponded to increase in their charge
capacity. It was observed that self-assembled MnO2 films
possessed highly porous microstructure with high specific
surface area and hence favored the proton/cation diffusion
and adsorption/desorption during the redox transitions.

3.3.3. Effect of Long-Term Cycling. The effect of long-term
cycling of self-assembled MnO2 thin films deposited on
Ni/PET substrates in 1.0 M Na2SO4 aqueous solution is
shown in Figure 8. The charge capacity was observed to
decline rather rapidly for the initial 100 cycles but only
decreased gradually thereafter upon long-term cycling. The
overall net loss in charge capacity of MnO2 thin films was
observed to be about 19% of their initial charge capacity
upon cycling for 1,000 cycles. Such decline in charge capacity
could be attributed to delamination and partial dissolution
of manganese dioxide films into the electrolytes during cy-
cling rather than any structural or chemical degradation.
Dissolution of MnO2 during discharge in neutral electrolyte
occurred by both the disproportionation reaction and solid-
phase diffusion [1]. However, it is speculated that other
factors may also be involved, such as changes in the electronic
conductivity of the film during cycling associated with chan-
ges in oxidation states or structural water content [2]. The
decrease in capacity after cycling can also be attributed to
increased electrode resistance with increasing cycle number
[16]. The charge capacity was observed to decline rather
rapidly for the initial 100 cycles but only decreased gradually
thereafter upon long-term cycling. The overall net loss in
charge capacity of self-assembled MnO2 thin films was
observed to be about 19% of their initial charge capacity
upon cycling for 1,000 cycles.

Figure 9 shows the SEM micrographs of self-assembled
MnO2 thin films deposited on Ni/PET films before and
after cycling for 1000 cycles. The surface morphology of
MnO2 film after cycling was more porous and fibrous in
nature. Similar observations had been reported by Nagarajan
et al. [17]. The higher porosity could be resulted from
partial dissolution and redeposition of manganese oxide
during cycling. Since the charge/discharge process in MnO2

involves a redox reaction between the III and IV oxidation
states of Mn, the reactivity (or utilization) of the oxide can
be enhanced with increased accessibility of electrolyte ions
within materials [16, 17]. In addition, some of the MnO2

inevitably dissolved into the 1.0 M Na2SO4 electrolyte and
then redeposited onto the substrate. The redeposited oxide
layer was highly porous and showed a distinctive petal-like
surface morphology. This could be attributed to the anodized
film caused by back and forth sweeps of the applied cycling
potential.

4. Conclusion

Self-assembled manganese dioxide thin films have been
successfully deposited unto Ni/PET films using the newly
developed horizontal submersion process under ambient
conditions. These films were shown by cyclic voltamme-
try to exhibit excellent capacitance behavior, high cycling
reversibility, and stability within the potential range of 0.0 to
0.9 V versus SCE in mild NaSO4 aqueous electrolyte. Thin
film with desired thickness, good uniformity and tailored
microstructure, and enhanced electrochemical properties
could be prepared through optimizing deposition conditions
such as submersion duration and calcination temperature.
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A simple wet chemical method has been developed to synthesize selenium nanoparticles (size 40–100 nm), by the reaction of
sodium selenosulphate precursor with different organic acids in aqueous medium, under ambient conditions. Polyvinyl alcohol
has been used to stabilize the selenium nanoparticles. The synthesized nanoparticles can be separated from its sol by using a
high-speed centrifuge and can be redispersed in aqueous medium with a sonicator. UV-visible optical absorption spectroscopy,
X-ray diffraction, energy dispersive X-rays, differential scanning calorimetry, atomic force microscopy, and transmission electron
microscopy techniques have been employed to characterize the synthesized selenium nanoparticles.

1. Introduction

The research on the synthesis and characterization of
nanomaterials has been stimulated by their technological
applications. The first few technological uses of these
materials were as catalysts and pigments. Now, much of
the hype surrounding these materials revolves around the
enhanced electrical, mechanical, and optical properties.
In this nanosize regime, the particles possess short-range
structures that are essentially the same as that of the bulk,
yet they have optical and/or electronic properties which
are dramatically different from that of the bulk [1–3].
These represent a relatively new class of materials and
have come under intensive investigations because of their
quantum size effects, large surface-to-volume ratio, and the
large difference in the properties of their surface atoms.
An extensive reported literature exists on the synthesis
and applications of nanoparticles of both metals, such as
silver, gold, and platinum, and semiconductors, such as
CdSe, ZnSe, TiO2. However, research on metalloid, like
selenium, is scanty. Selenium is used in rectifiers, solar cells,
photographic exposure meters, and xerography [4]. It is also
used in the glass industry to eliminate bubbles and remove
undesirable tints produced by iron. Linear and nonlinear

optical properties of selenium and its reactivity towards Cd,
Zn, make this an important field of study. The research on
selenium has attracted more and more attention not only
because of its technological applications, but also due to
its novel role in life sciences. Selenium is also an essential
trace element in human body and has great importance
in nourishment and medicine [5]. It exists in a number
of crystalline structures, the principal ones being trigonal,
consisting of helical chains, and the less stable monoclinic
form, consisting of Se8 rings [6]. Monoclinic Se (m-Se)
comes in three forms, α, β, and γ, which differ only in the
way the rings are packed [6, 7]. Amorphous selenium (a-Se)
is composed of a mixture of disordered chains. Various forms
of nanoselenium can be produced, using different synthetic
methods [5, 8–12]. Reduction method is the most popu-
lar method for selenium nanoparticle preparation, which
includes chemical reduction [13], γ-radiolytic reduction
[14], bacterial reduction [15], and so forth. However, some
literature on the formation of nanoselenium via oxidation
method, such as reaction of selenourea with hydroxyl radical
[16], electrochemical oxidation of selenide [17], and reaction
of sodium selenosulphate with acrylonitrile [18], also exists.

Here, we have developed a new simple wet chemical
method, employing protic acids, such as acetic acid, oxalic
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acid, and gallic acid to synthesize polyvinyl alcohol-stabilized
selenium nanoparticles from aqueous sodium selenosulphate
as selenium precursor. The method is capable of producing
spherical selenium nanoparticles of size 35 to 70 nm, under
ambient conditions. The synthesized selenium nanoparti-
cles were characterized by UV-visible optical absorption
spectroscopy, X-ray diffraction (XRD), energy dispersive
X-rays (EDAX), differential scanning calorimetry (DSC),
atomic force microscopy (AFM), and transmission electron
microscopy (TEM) techniques.

2. Experimental Details

High-purity polyvinyl alcohol (PVA) of molecular weight
1,25,000 was obtained from S.D. fine chemicals Ltd.,
Mumbai, India. All the other chemicals used were of GR
grade, procured from local market. Selenium powder was
purchased from Aldrich. Aqueous solutions were prepared,
using water obtained from Millipore-Q water purification
system (with conductivity of 0.6 μScm−1, or less).

Sodium selenosulphate (Na2SeSO3) solution was pre-
pared by refluxing a mixture of selenium (2 g) and Na2SO3

(20 g) in 100 mL water at 70◦C, for about 7 hours
[19]. This sodium selenosulphate (Na2SeSO3) solution (∼
0.25 mol dm−3), containing unreacted Na2SO3, was used as
a stock for Se precursor. An aqueous PVA stock solution,
1% by weight, was prepared by dissolving 1.0 g of PVA in
100 mL of water, while stirring at 80◦C. The above stock
solutions were diluted to the required concentrations for
different experiments.

PVA-stabilized Se nanoparticles were synthesized by
reaction of sodium selenosulphate (concentration 1×10−4 to
1.0× 10−3 mol dm−3) with different organic carboxylic acids
(5× 10−3 to 3× 10−2 mol dm−3) in aqueous medium, in the
presence of PVA as a stabilizer, in the concentration range
from 0.01 to 0.1%. The formation of orange-red-coloured
selenium nanoparticle sol was observed in less than one
minute. However, in the absence of PVA stabilizer, a dark red-
coloured precipitate of selenium was formed.

UV-visible optical absorption spectra of the selenium
nanoparticle sols were recorded, using a double beam
spectrophotometer, model Spectroscan 2600 from Chemito.
XRD patterns of the nanoparticles were recorded with a
Phillips X-ray diffractometer, model PW 1710, using a Cu
Kα source (λ = 0.15406 nm). DSC measurements were
carried out, using a Mettler TA 3000 thermal analysis system
(model DSC-30). About 5–10 mg of the synthesized selenium
nanoparticles and standard selenium powder were weighed
into aluminum crucibles separately, and DSC measurements
of both were carried out in N2 atmosphere, at a heating rate
of 10◦C/min, from 50◦ to 250◦C. Selenium nanoparticles,
separated from aqueous sols, using a high-speed centrifuge,
at about 15000 rpm, washed with water, and dried at room
temperature, were used for XRD and thermal analysis
measurements. AFM analysis of the synthesized selenium
nanoparticles was carried out, using a Solver P47 model from
NT-MDT, Russia. TEM characterization was carried out with
a TECNAI 20, FEI electron microscope, using the sample on
a copper grid, coated with a thin amorphous carbon film.

Figure 1: Aqueous selenium nanoparticle sols obtained by the
reaction of (A) 2.0 × 10−4 (B) 5.0 × 10−4 (C) 1.0 × 10−3 mol dm−3

sodium selenosulphate with 2.0× 10−2 mol dm−3 acetic acid, in the
presence of 0.05% PVA.

3. Results and Discussion

3.1. Optical Absorption Studies. The initial concentration
of sodium selenosulphate determines the intensity of Se
nanoparticle sols. Typical picture of the selenium sols, pro-
duced from three different initial concentrations of sodium
selenosulphate, is shown in Figure 1.

Figure 2 shows the effect of sodium selenosulphate and
PVA concentrations on UV-visible absorption spectra of the
selenium nanoparticle sols synthesized by the reaction of
sodium selenosulphate with 2.0×10−2 mol dm−3 of different
organic acids. From Figure 2(A), it is clear that the intensity
of selenium nanoparticles increases with the increase in
sodium selenosulphate concentration. However, it shows a
shoulder at around 240 nm, when the reaction was carried
out with acetic acid and oxalic acid. But it does not show
any such kind of the behavior when the reaction was carried
out with an aromatic acid (i.e., gallic acid and many more).
This may be due to the overlapping of the absorption
spectrum of aromatic system with the shoulder of the
selenium nanoparticles, at lower wavelengths (<300 nm). Till
now, none of the researchers have observed such a shoulder
for selenium nanoparticles. However, the absorbance at
lower wavelength region, increases significantly with acid
concentration, only in the case of oxalic acid (Figure 2(B)).
Whereas, from Figure 2(C), it is clear that, there is no
significant effect of PVA concentration, in the concentration
range from 0.01 to 0.1%, on the UV-visible absorption
spectra of selenium nanoparticles sols. PVA was found to be
a very efficient stabilizer for selenium nanoparticles, even at
low concentration of 0.01%.

Further, the particle size was correlated with the nature
of the UV-visible spectra, and if the particle size is about
100 nm or more, it shows a clear regular maxima in the
visible region [20]. Comparison of the present spectra with
those reported by Lin and Wang [20] shows that the selenium
nanoparticles have an average size of about 80 nm, which is
further supported by AFM images.
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Figure 2: (A) Effect of sodium selenosulphate concentration on the UV-visible absorption spectra of the selenium sols produced by the
reaction of sodium selenosulphate with 5.0 × 10−3 mol dm−3 (a) acetic acid, (b) oxalic acid, and (c) gallic acid, at a fixed concentration of
PVA (0.05%). (B) Effect of acid concentration, (a) acetic acid, (b) oxalic acid, and (c) gallic acid, on the absorption spectra of the selenium
sols produced by reaction with 5.0× 10−4 mol dm−3 sodium selenosulphate, in the presence of 0.05% PVA. (C) Effect of PVA concentration
on absorption spectra of the selenium sol produced by the reaction of 5.0×10−4 mol dm−3 sodium selenosulphate with 5.0× 10−3 mol dm−3

(a) acetic acid, (b) oxalic acid, and (c) gallic acid.
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Figure 3: (a) XRD pattern of the synthesized selenium nanoparticles annealed at 130◦C, for 6 hrs, and (b) commercial selenium sample.
Selenium nanoparticles were synthesized by the reaction of 1.0 × 10−3 mol dm−3 sodium selenosulphate with 2.0 × 10−2 mol dm−3 acetic
acid, in the presence of 0.01% PVA.
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Figure 4: EDAX pattern of the selenium nanoparticles, synthesized
by the reaction of 1.0× 10−3 mol dm−3 sodium selenosulphate with
2.0× 10−2 mol dm−3 acetic acid, in the presence of 0.01% PVA.

3.2. X-Ray Diffraction Study and EDAX of the Synthesized
Selenium Nanoparticles. Crystal structure of the selenium
nanoparticles was determined by XRD technique. The typical
XRD patterns of the synthesized sample, after heat treatment
at 130◦C, for 6 hrs, and that of the commercially available
selenium, are displayed in Figures 3(a) and 3(b), respectively.
The XRD pattern of the synthesized selenium nanoparticles,
without heat treatment, is much more noisy, with broader
peaks (plot not shown), indicating amorphous nature of the
particles. It is believed that amorphous selenium is red in
colour, which is further confirmed by selenium sol presented
in Figure 1. All the diffraction pattern peaks in Figure 3(a)
correspond to trigonal phase, with lattice constants a =
4.362 Å and c = 4.958 Å, which match very well with the
reported values (JCPDS file no. 06-362).

Further, chemical composition of the synthesized sele-
nium nanoparticles was also confirmed by EDAX. The
EDAX spectrum of the nanoparticles, shown in Figure 4,
also indicates that the nanoparticles are of selenium only.
The peak corresponding to copper and carbon arises due to
carbon-coated copper grid, on which thin film of the sample
was deposited for TEM analysis.

3.3. Differential Scanning Calorimetry (DSC) Study. DSC
thermograms of the synthesized selenium nanoparticles
and standard commercial selenium sample were recorded
from 50◦ to 250◦C. DSC thermogram of the synthesized
selenium nanoparticles showed an exothermic transition
at 90◦C, along with endothermic melting peak at 217◦C
(Figure 5(a)). Enthalpy of the transition was found to be
45.2 J/g. The repeat DSC thermogram of the same selenium
sample, recorded after bringing it to ambient temperature,
did not show any exothermic peak at the mentioned
temperature (plot not shown). This clearly indicates that
the selenium particles loose their nanocrystalline nature in
the first thermal run itself, and the transition could be
assigned to increase in the crystallinity of the selenium
nanoparticles. This observation is in corroboration with
the XRD results obtained with the synthesized sample and
that annealed at 130◦C. DSC thermogram of the standard
selenium powder sample also shows melting peak at 217◦C,
without any such exothermic peak, which is shown in
Figure 5(b).

3.4. AFM and TEM Studies. AFM and TEM are very
important techniques, which are used to get the information
about particle size, shape, surface topography, and so forth.
Therefore, morphology and structure of the synthesized
selenium nanoparticles were also determined by these tech-
niques. Typical 2D and 3D AFM images of the synthesized
selenium nanoparticles are shown in Figure 6. The 2D image
of the synthesized selenium nanoparticles shows smaller
individual particles of about 10 nm size, along with larger
agglomerates of sizes upto ∼150 nm while the 3D image
indicates the presence of individual spherical particles, with
maximum height of 30 nm in the z-direction.

Transmission electron microscope image of the synthe-
sized selenium nanoparticle is shown in Figure 7. Spherical
shape of individual nanoparticles, with size in the range
of 35–70 nm, is evident from the TEM image. AFM image
is taken by suspending much higher concentration of the
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Figure 5: DSC thermogram of (a) the selenium nanoparticles synthesized by the reaction of 1.0 × 10−3 mol dm−3 sodium selenosulphate
with 2.0× 10−2 mol dm−3 acetic acid, in the presence of 0.01% PVA, and (b) standard commercial selenium sample.
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Figure 6: AFM images of the selenium nanoparticles formed by the reaction of 1.0 × 10−3 mol dm−3 sodium selenosulphate with 2.0 ×
10−2 mol dm−3 acetic acid, in the presence of 0.01 % PVA, (a) 2D image and (b) 3D image.

selenium nanoparticles on the silicon wafer in the presence
of the PVA stabilizer. It shows individual particles in the
size range of 10–150 nm, along with some larger aggregates
while the TEM image is taken at much higher magnifi-
cation, with a dilute sample, after washing out the PVA
stabilizer. Thus, it shows a specific portion of the sample
deposited on the graphite-coated copper grid, having well-
separated individual particles of size in the range of 35–
70 nm. These differences in the two sample preparation
methods are responsible for the observed difference in the
particle sizes. The conclusions drawn from AFM and TEM
studies are in corroboration with each other. Thus, the
present method is capable of producing spherical selenium
nanoparticles.

4. Conclusions

Acid-induced synthesis of selenium nanoparticles has been
found to be a simple and convenient method, which
can be carried out under ambient conditions. PVA was
used as a stabilizer for the selenium nanoparticles. The
size of the selenium particles was found to increase with
sodium selenosulphate concentration. The effects of higher
concentration of PVA and organic acids were not that
pronounced. Nanonature of the synthesized selenium par-
ticles and increase in their crystallinity on heating were
confirmed by both XRD and DSC experiments. Spherical
selenium nanoparticles of size about 35–70 nm, as deter-
mined by AFM and TEM techniques, could be produced. The
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50 nM

Figure 7: TEM images of the selenium nanoparticles, formed by the
reaction of 1.0 × 10−3 mol dm−3 sodium selenosulphate with 2.0 ×
10−2 mol dm−3 acetic acid, in the presence of 0.01% PVA.

selenium nanoparticles may serve as template, to generate
other important nanomaterials, and find applications in
fabrication of nanoscale optoelectronic devices.
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The purpose of this work is to study the synthesis, characterization, and catalytic performance of two types of solid heteropoly
acid catalysts, namely, silicotungstic acid bulk (STAB) and STA-silica sol-gel (STA-SG) compared with sulfuric acid. From the
XPS analyses, there was a significant formation of W-O-Si, W-O-W, and Si-O-Si bonding in STA-SG compared to that in STAB.
The main spectra of O1s (90.74%, 531.5 eV) followed by other O1s peak (9.26%, 532.8 eV) were due to the presence of W-O-W
and W-O-Si bonds, respectively. The STA-SG catalyst was found to be the more environmentally benign solid acid catalyst for
the esterification reaction between oleic acid and glycerol due to its lower toxicity supported by silica via sol-gel technique. In
addition, the ease of separation for STA-SG catalyst was attributed to its insoluble state in the product phase. The esterification
products were then analysed by FTIR and HPLC. Both the H2SO4 and the STAB gave high conversion of 100% and 98% but at a
lower selectivity of GME with 81.6% and 89.9%, respectively. On the contrary, the STA-SG enabled a conversion of 94% but with
a significantly higher GME selectivity of 95%, rendering it the more efficient solid acid catalyst.

1. Introduction

During the recent years, glycerol has been used as combus-
tion materials around the world. The glycerol usage was
expanded into many other high-quality products such as
pharmaceutical, foods, and engine lubricant. To date, glyce-
rol modification into glycerol monoester (GME) as lubrica-
tion materials that was based on the biosources was not really
practised in the industry. The nature of the polar head group
and the structure of the hydrocarbon tail of GME gave the
strong impact as a friction reducer [1].

The GME is synthesized at present by acid catalyzed es-
terification of glycerol and fatty acids [2, 3]. Recently, list of
studies involving alternative heterogeneous catalytic routes
have been reported such as the glycerol esterification with
lauric acid (LA) and oleic acid (OA) by using functionalized
mesoporous materials [4], zeolitic molecular sieves [5, 6],
and solid cationic resins [7, 8] as catalysts. In another work,
the beta-zeolite catalyst gave the conversion of fatty acids

above 20% at optimum condition of glycerol : LA molar ratio
of 1 : 1 at 100◦C for 24 hours [9].

In this work, the usage and activities of the silicotungstic
acid bulk (STAB) and the silicotungstic acid-silica sol-gel
(STA-SG) have been studied. The STAB consists of two mo-
lecular structures, namely, Keggin and Dawson structures
with four protons. The Dawson type STAB is formed by the
combination of two Keggin molecules. The activity and sta-
bility of these catalysts depend on the structure and the type
of the central atom along with the metal [10, 11]. The STAB
is impregnated onto different supports such as polymers and
silica [12] to achieve high surface area and stability in polar
solvents.

2. Experimental

2.1. Synthesis of the Catalyst. The catalyst was prepared
according to Izumi et al [13] methods with some modifica-
tion. In this study, a mixture of water (2.0 mol), 1-butanol
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Figure 1: FTIR spectrum of STAB and STA-SG.

Table 1: BET surface area for STAB and STA-SG catalyst.

Type of catalyst BET surface area (m2/g)

STAB 0.98

STA-SG 460.12

(0.2 mol), and heteropoly acid (5.0 × 10−4 mol) was added
to tetraethyl orthosilicate (0.2 mol) and stirred at 80◦C for 3
hours. Then, the hydrogel obtained was dehydrated slowly at
80◦C for 1.5 hours. The dried gel obtained was extracted in
sohxlet apparatus with methanol as a solvent for 72 hours
and dried for overnight. The heteropoly acid immobilised
silica was dried at 100◦C for 3 hours to use as catalytic mate-
rials and characterized by using BET, FTIR, TEM, and XPS
methods.

2.2. Characterization of the Catalyst. The Brunauer, Emmett
dan Teller (BET) analysis of the STAB and STA-SG catalysts
was applied by using Micromeritics model ASAP 2010 and
the physical nitrogen adsorption was done at liquid nitrogen
temperature of 77 K. The XRD method was performed by
using XRD’s Bruker AXS D8 Advance type with x-ray radia-
tion source of Cu Kα (40 kV, 40 mA) to record the 2θ diffrac-
tion angle from 10◦ to 60◦ at wavelength (λ = 0.154 nm).
TEM analysis was performed by using CM12 transmission
electron microscope Philips type with electron gun at 200 kV.
The X-ray photoelectron spectroscopy (XPS) measurement
of the STAB and STA-SG catalysts were performed on XPS
Axis Ultra from Kratos equipped with monochromatic Al Kα
radiation. The samples were analyzed at the analysis chamber
pressure at about 1×10−10 Pa. The spectra referenced with
respect to C1s line at 284.5 eV.

2.3. Esterification Reaction. The esterification process be-
tween purified glycerol (from the palm oil transesterifica-
tion source) and oleic acid was carried out in the batch
reactor with STAB and STA-SG as the catalysts. The reaction
was performed at 100◦C for 8 hours and connected to the
pump system in order to remove water during the reaction.
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Figure 2: XRD diffractogram of STAB and STA-SG.

The products were then separated from the unreacted reac-
tants through centrifugation and analysed in the HPLC.

3. Results and Discussion

3.1. Physical Surface Analysis (BET). The analyses of BET
showed that STAB has BET surface area of 0.98 m2/g while
STA-SG of 460.11 m2/g as summarized in Table 1. The STA-
SG catalyst gave a relatively higher surface area after sol-gel
technique was applied. This could suggest that STA-SG has
more active sites and high surface area towards higher activ-
ity and yield of GMO.

3.2. FTIR Analysis. The typical FTIR spectrum of STAB ob-
tained at 1100 cm−1 (Si-O-Si), 968 cm−1 (W-Od terminal),
903 cm−1 (W-Ob-W edge shared) and 719 cm−1 (W-Oc-
W) corner shared) corresponded to the primary structure
[SiW12O40]−4 of the catalyst [14] as can be seen in Figure 1.
In the STA-SG catalyst, the Si-O-Si bond detected at
1100 cm−1 was bigger and wider than STAB catalyst. It clearly
demonstrated that Si-O-Si bend with higher composition in
STA-SG affected Si and O from TEOS and that STAB was
chemically bonded with each other.

3.3. Catalysts Crystallinity by XRD. From XRD analysis,
STAB sample generated many peaks which clearly shown that
the sample was formed as crystalline compound. However,
STA-SG obtained by sol-gel technique gave the amorphous
state due to the presence of the silica compounds. From
Figure 2, there was a broader peak shown at 28◦ which was
represented by the Si-O-Si bond as the main component in
STA-SG catalyst. Subsequently, this would lead to a predicted
analysis by XPS that there would be nearly 50% Si-O-Si bond
in STA-SG catalyst.

3.4. Surface Morphology by TEM. From Figures 3(b) and
3(c), TEM analysis has shown the morphology of STA-SG
catalyst. The STAB was assorted in the silica based on TEOS.
The distribution of the catalyst in silica phase was depicted
in Figure 3(b). The STA-SG catalyst was smaller in size in
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Figure 3: TEM micrograph for (a) STAB at 45KX, (b) STA-SG at
35KX, and (c) STA-SG at 45KX.

Table 2: Percentage of mass concentration (%) of C1s, O1s, Si2p
and W4f elements from wide scan analyses for STAB and STA-SG
catalysts.

Type of catalyst C1s O1s Si 2p W 4f

STAB 7.11 23.79 0.48 68.62

STA-SG 2.33 61.19 33.89 2.59

the range of 3.5–5.5 nm compared to STAB in the range of
17–20 nm.

From the analysis, it was noted that the equally shaped
and smaller size of STA-SG particle was parallel to the BET
characterization results that STA-SG has higher surface area
compared to STAB. It was also affected by the additional of
silica based on TEOS as sol gel technique.

3.5. Surface Analysis by XPS. The XPS investigation of bind-
ing energies (BE) and surface composition of silica supported
STAB was investigated in detail. The XPS wide scan spectra of
STAB and STA-SG was shown in Figure 4. The photoelectron
peaks in the XPS spectra for STAB and STA-SG showed the
presences of C1s, O1s, Si2p and W4f as expected. Percentages
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Figure 4: Wide scan for STAB and STA-SG.

of mass concentration for all the elements were summarized
in Table 2.

From Figure 5(a), it was found that the bulk STA has Si2p
binding energy at 102.5 and 103.3 eV, respectively. Mean-
while, the value of Si2p binding energy of STA-SG are 103.0,
103.7, and 104.5 eV (Figure 5(b)), indicating the forma-
tion of W-O-Si, Si-O-Si and SiOH2

+, respectively. The Si2p-
binding energy of 103.7 eV that represented of SiO2 was in
agreement with the binding energy of silica found in the
literature [15–18]. The O1s XPS narrow scan spectrum re-
corded from bulk STA was shown in Figure 6(a) and con-
tained two distinct chemical states of O1s. This showed
that the main (90.74%, 531.5 eV) and intermediate (9.26%,
532.8 eV) were the contributions of the presence of W-O-W
and W-O-Si bonds, respectively [19].

The O1s spectra recorded from sample STA-SG
(Figure 6(b)) was very different from the STAB (Figure 6(a)).
The spectra consisted of the main signal at the 532.9 eV could
be associated with Si-O-Si bond and a much weaker signals
at the 532.1 and 533.7 eV, which might be represented by
W-O-W and adsorbed water, SiOH2

+. The W4f XPS spectra
recorded from bulk STA (Figure 7(a)) composed of the
spin-orbit doublet with binding energies for the W4f7/2 and
W4f5/2 of 36.8 and 39.0 eV, respectively, with ΔBE = 2.13.
These values were typical of the presence of W (VI) [11].
The W4f spectra recorded from STA-SG is less well resolved
than that of STAB (Figure 7(b)).

The W4f XPS also fitted on the basis of two different
W contributions: a spin orbit doublet at 35.5 eV (W4f7/2

component) which accounted for bigger area of the total
spectra and a second doublet at 37.7 eV (W4f5/2 component)
accounting for the remaining area. The major component
has a binding energy which was the same value as the STAB.
The minor component appearing at the lower binding energy
may represent the partial decomposition of STAB on the
silica surface and the formation of an oxide of the type WOx

as WO2 in which W has an oxidation state lower than VI.
Based on other researchers finding [16, 19], we suggest

that there are a few interactions between (H3SiW12O40)—
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with the silanol groups at silica surface to give ion pairs in the
form (≡SiOH2

+) (H3SiW12O40) from the reaction below: ≡
Si-OH + H4SiW12O40 −→ [≡ Si-OH2]+[H3SiW12O40]−.

3.6. Esterification Reaction. The activity of the catalysts was
studied based on the three main parameters, namely, reac-
tion time, OA : glycerol molar ratio, and type of catalysts.
From Figure 8(a), STAB gave a higher conversion of oleic
acid with 98% compared to STA-SG with 96% at 100◦C and
OA : glycerol molar ratio of 6 : 1 for 8 hours. At 9 hours of
the reaction, it was shown that the conversion was reduced
to about 1.5%. This indicated that the backward reaction oc-
curred because of the catalysts inhibition. However, the STA-
SG catalyst gave relatively higher selectivity of the glycerol
monoleate (GMO) and glycerol dioleate (GDO), the byprod-
uct, of 95% and 5%, respectively. It was typically higher than
STAB that gave selectivity to GMO and GDO of 89.9% and
10.1%, respectively.

The reaction temperature of 100◦C was chosen to study
the other parameters on the basis that the higher temperature

would shift the reaction equilibrium to produce more side
products such as GDO and acrolein but at a lower selectivity
of GMO. However, the OA : glycerol molar ratio of 6 : 1
yielded higher selectivity of GMO of up to 95% at 100◦C
for 8 hours as depicted in Figure 8(b), hence the stronger
parameter that promoted towards higher desired product. In
other words, higher molar ratio of OA would increase the
chances for higher GMO production, as the OA is three times
easier to react with the glycerol compound.

4. Conclusion

The synthesized STA-SG catalyst that prepared by sol-gel
technique has the good properties as well as catalytic mate-
rials. The H2SO4 and STAB catalysts gave higher conversion
of 100% and 98% compared to STA-SG of 96%. Even though
there were no significant differences among the three cata-
lysts in terms of the conversion capability, the STA-SG cata-
lyst has an advantage of enabling a higher selectivity of GMO
with 95% compared to 89.9% and 81.6% by using STAB
and H2SO4, respectively. This indicated that the solid heter-
opoly acid type STA-SG has a better catalytic activity and
higher number of active sites that contributed towards higher
selectivity of the main product, namely, glycerol monooleate
(GMO).
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Ni/Al layered double hydroxide (LDH) nanorods were successfully synthesized by the hydrothermal reaction. The crystal structure
of the products was characterized by X-ray diffraction (XRD). The morphology of the products was observed using transmission
electron microscopy (TEM) and field emission scanning electron microscopy (SEM). The influences of reaction time and pH
value on the morphology of the Ni/Al LDHs were investigated. The result showed that the well-crystallized nanorods of Ni/Al
LDHs could be obtained when the pH value was about 10.0 with a long reaction time (12–18 h) at 180◦C.

1. Introduction

Layered double hydroxides (LDHs) or LDH-type com-
pounds belong to a large class of anionic clays. They can
be represented by the general formula [M(II)1−x M(III)x·
(OH)2]x+[An−]x/nmH2O [1], where M(II) is a divalent metal
cation, such as Mg, Mn, Ni, Zn, and Cu; M(III) is a
trivalent metal cation, such as Al, Fe, Co, and Cr; [1] An−

is an exchangeable anion, such as F−, Cl−, NO3
−, CO3

2−,
SO4

2−, and PO4
3− [2, 3]. The value of x is between 0.2 and

0.34 generally. LDHs are a layered structure with positively
charged brucite-like sheets, where M(II) and M(III) are
octahedrally coordinated. The excess charge is balanced by
anions in the interlayer, together with water molecules.
Recently, LDHs have attracted much attention because of
their unique applications in many fields. For example, they
can be used as catalysts, catalyst supports, ion exchangers,
adsorbents, and pigments and also be used in sensor and
magnetic technologies [1, 4, 5]. Scotter and ken B, prepared
Ni/Al, Mg/Al, Co/Al, Cu/Al LDHs and used them as the
catalysts of the steam reforming of methanol to produce
hydrogen [6]. Alejandre et al. used Cu/Ni/Al LDHs as
precursors of catalysts for the wet air oxidation of phenol
aqueous solutions [7]. Most of these advanced functions
depend strongly on the composition, size, and morphology.
So nanostructures of LDHs will be of particular interest for
the applications.

In the last decade, 1-D nanostructures have been paid
more attention due to their unique physical and chemical
properties and their potential applications in science and
engineering. The successful synthesis of nanotubes such as
BN, WS2, and MoS2 has been reported [8]. Many hydroxide
and oxide nanorods or nanotubes have also been prepared
[9–15]. However, there is little report relating to LDH
nanorods. A variety of Ni-based LDHs such as Ni/Al, Ni/Co,
Ni/Fe, and Ni/Mn have been studied as cathode materials and
catalysts [16, 17]. If Ni/Al LDHs were fabricated in the form
of a one-dimensional (1-D) nanostructure, they would hold
promise as highly functionalized materials.

In this paper, Ni/Al LDH nanorods were successfully syn-
thesized by hydrothermal reaction. In particular, the effect
factors on the morphology of the LDHs were investigated
such as reaction time and pH value.

2. Experimental

A series of Ni/Al LDHs with nominal Ni2+/Al3+ atomic ratio
of 3/1 were prepared by hydrothermal reaction at 180◦C. All
of them were prepared as follows: appropriate amounts of
NiSO4·6H2O and Al2(SO4)3·18H2O (Ni2+/Al3+ = 3/1 (molar
ratio)) were dissolved in deionized water (40 mL). Then
aqueous solution of ammonium hydroxide was added to the
above solution drop by drop with vigorous stirring to adjust
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Table 1: Chemical formulas and interlayer distances of Ni/Al LDH prepared at different pH values.

pH value Interlayer distances (nm) Ni/Al (molar ratio) Composition of LDHs

5.5 1.0589 1.71 [Ni0.63Al0.37(OH)2](SO4
2−)0.19·0.88H2O

8.5 0.8401 2.86 [Ni0.74Al0.26(OH)2](SO4
2−)0.13(CO3

2−)0.04·0.72H2O

10.0 0.8708 2.96 [Ni0.75Al0.25(OH)2](SO4
2−)0.16(CO3

2−)0.03·0.84H2O
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Figure 1: IR spectra of Ni/Al LDHs prepared at different pH values
a: 5.5; b: 8.5; c: 10.0.
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Figure 2: XRD powder patterns of the products prepared at differ-
ent pH values a: 5.5, b: 8.5, c: 10.0.

the pH value of the solution. After that, the suspension was
transferred into a 50 mL stainless Teflon-lined autoclave and
heated at 180◦C for appropriate time, then cooled to room
temperature naturally. The resulting products were filtrated
and washed several times with distilled water and absolute
ethanol. The apple-green solid was then collected and dried
at room temperature for 12 h.

XRD powder analysis was carried out with a Rigaku D/
max-RB12KW X-ray diffractometer using Cu Kα1 radiation
(λ = 1.5418 Å) in the 2θ range of 4–80◦ at room temperature.

The TEM micrographs were recorded on a Hitachi H-800
instrument. The SEM images were taken on a Hitachi S4800
field emission scanning electron microscopy. Metals and S
analysis was performed on a Perkin-Elmer Optima 3300 DV
inductively coupled plasma-atomic emission spectrometer
instrument. Microanalysis (% C, H, N) data were collected
using a LECO CHN-900 analyzer. IR spectra were recorded
on a Bruker Vector 22 spectrometer using KBr pellets.

3. Results and Discussion

3.1. Influence of pH Value on the Structure and the Morphology
of LDHs. Chemical formulas for LDHs prepared at different
pH are given in Table 1 based on the metals, S analysis, and
microanalysis (% C, H, and N) data. A Ni/Al ratio of ∼3 for
Ni/Al LDHs obtained at pH of 8.5 and 10.0 is consistent with
the Ni/Al ratio used in the starting solutions. The Ni/Al ratio
of 1.7, however, suggests the incomplete precipitation of Ni2+

ions at pH of 5.5. The elemental analyses indicated that the
LDH samples prepared at pH of 8.5 and 10.0 contain both
sulfate and carbonate anions within the interlayer, however,
sulfate anions are the dominant interlayer anion. It can
also be confirmed by IR spectrum (Figure 1). The band at
1111 cm−1 can be attributed to υ3 vibration of SO4

2−, and the
band at 1367 cm−1 can be assigned to υ3 vibration of CO3

2−.
The introduction of carbonate can be attributed to the CO2

in aqueous solution of ammonium hydroxide in the process
of preparing LDHs. LDHs prepared at pH = 5.5 contain
only sulfate anions in the interlayer due to using the smallest
amount of aqueous solution of ammonium hydroxide.

The powder XRD patterns for the Ni/Al LDHs prepared
at different pH value are shown in Figure 2. All the XRD
patterns exhibit the characteristic reflections of a LDHs
material. They show two groups of very close (003), (006),
and (009) reflections for LDHs prepared at pH of 8.5 and
10.0 due to containing both sulfate and carbonate anions
within the interlayer. No impurity can be detected in the
XRD analysis. Therefore pure Ni/Al LDHs must have been
obtained at pH of 5.5, 8.5, and 10.0. The lower diffraction
intensity for LDHs obtained at pH of 8.5 is observed. This
indicates their lower crystallinity. The diffraction peaks of
LDHs synthesized at pH of 10.0 are narrow and sharp,
which suggest that Ni-Al LDHs prepared at pH = 10.0 are
well crystallized. Comparing the positions of 003 and 006
reflections of samples prepared at different pH value, we can
see that they shift obviously toward lower 2θ angle with the
decrease of pH value. This indicates that when the pH values
decreases to 5.5, the distance from the center of one layer
to the next for Ni/Al LDHs increases (see Table 1), which is
related to the actual Ni/Al molar ratio of the LDHs samples.
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Figure 3: TEM images for Ni/Al LDHs synthesized at different pH values. (a) 5.5; (b) 8.5; (c) 10.0.

Table 2: Chemical formulas of Ni/Al LDH prepared at different reaction times.

Reaction times (h) Ni/Al (molar ratio) Composition of LDHs

2 2.57 [Ni0.72Al0.28(OH)2](SO4
2−)0.13(CO3

2−)0.05·0.93H2O

6 2.70 [Ni0.73Al0.27(OH)2](SO4
2−)0.12(CO3

2−)0.09·0.86H2O

12 2.96 [Ni0.75Al0.25(OH)2](SO4
2−)0.16(CO3

2−)0.03·0.84H2O

18 2.93 [Ni0.75Al0.25(OH)2](SO4
2−)0.16(CO3

2−)0.10·0.98H2O

11
11

a

b

c

d

13
67

5001000150020002500300035004000

Wavenumber (cm−1)

Tr
an

sm
it

ta
n

ce
(%

)

Figure 4: IR spectra of Ni/Al LDHs prepared with different reaction
times a: 2 h; b: 6 h; c: 12 h; d: 18 h.

As shown in Table 1, the real Ni/Al molar ratio of the LDHs
samples decreases with decreasing pH value.

The morphologies of the as-prepared Ni/Al LDHs were
examined with transmission electron microscopy (TEM).
In Figure 3, the effect of pH value on the morphology of
LDHs is demonstrated. It can be seen that nanoparticles and
nanorods coexist in Ni/Al LDHs obtained at pH of 5.5 and
8.5. However, only nanorods were formed when the pH value
was increased to 10.0. They are 20–40 nm in diameter and
600–1000 nm in length.
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Figure 5: XRD patterns of the products prepared at different reac-
tion times a: 2 h; b: 6 h; c: 12 h; d: 18 h.

It is clear that the pH of 10.0 is suitable for the formation
of well crystallized Ni/Al LDH nanorods. So the influence
of reaction time on the structure and morphology of Ni/Al
LDHs was investigated at pH of 10.0.

3.2. Influence of Reaction Time on the Structure and the
Morphology of LDHs. Chemical formulas for LDHs prepared
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Figure 6: TEM images for Ni/Al LDHs with different reaction times, (a) 2 h; (b) 6 h; (c) 12 h; (d) 18 h.

at different times are given in Table 2 based on the metals, S
analysis and microanalysis (% C, H, N) data. The elemental
analyses, and IR spectrum (Figure 4) yield evidence of the
formation of carbonate and sulfate-containing LDHs at
different times: 2, 6, 12, and 18 h.

The powder XRD patterns for Ni/Al LDHs synthesized
at 180◦C for different reaction times (2, 6, 12 and 18 h) are
shown in Figure 5. In each case, the XRD patterns exhibit the
characteristic reflections of an LDHs material with a basal
peak. They also show two groups of very close (003), (006),
and (009) reflections for LDHs prepared at different times
due to containing both sulfate and carbonate anions within
the interlayer. The intensity of the LDH diffraction peaks
increases with increasing the reaction time, indicating that,
as expected, the crystallinity of the crystallites increase with
increasing the reaction time.

From Figure 6, it can be found that the reaction time has
a large effect on the morphology of Ni/Al LDHs. When the
reaction time was lower than 2 h, only nanoparticles with
the size of 15–40 nm were obtained. If the reaction time was
up to 6 h, short nanorods were formed and the length was
about 50–300 nm. With the increase of the reaction time,
nanorods with a high aspect ratio were observed. As can be
seen from Figure 4(c), nanorods of Ni/Al LDHs with reaction
time of 12 h were 20–40 nm in diameter and 600–1000 nm in
length. When the time was prolonged to 18 h, the nanorods

increased in length and width. They had a diameter of 30–
70 nm and a length of 1–3 μm.

Ni/Al LDHs prepared for 12 h and 18 h were also
observed using SEM. As shown in Figure 7, a large amount
of Ni/Al LDHs nanorods with much higher aspect ratios
were obtained. It confirmed that Ni/Al LDHs nanorods were
successfully prepared by hydrothermal reaction at 180◦C and
pH of 10.0 for a longer reaction time (12–18h).

On the basis of the reports [8, 10, 14], many 1-D
nanostructures (nanotubes or nanorods) have been success-
fully synthesized from layered structures, the so-called 2-
D structures such as Ni(OH)2 and Mg(OH)2. Ni/Al LDHs
are layered compounds, therefore, we may suppose that the
formation of Ni/Al LDHs nanorods might be related to the
nature of its lamellar 2-D structures. However the structure
of Ni/Al LDHs is different from Ni(OH)2 and Mg(OH)2

with simple layered structures. The structure of Ni/Al layered
double hydroxides (LDHs) can be described as containing
brucite (Mg(OH)2)-like layers in which some of the divalent
cations (Ni2+) have been replaced by trivalent ions (Al3+)
giving positively charged sheets. This charge is balanced
by intercalation of CO3

2− or SO4
2− anions in the hydrated

interlayer regions. It is obvious that Ni/Al LDHs possess
complicated layered structure.

Based on the report [18], highly symmetrical materials,
which have hexagonallayered structures, can be grown
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Figure 7: SEM images for Ni/Al LDHs with different reaction times. (a, b) 12 h; (c, d) 18 h.

into low-symmetrical crystallites such as one-dimensional
nanorods. LDHs, whose basic layered unit possesses hexago-
nal symmetry, represent a group of highly symmetrical mate-
rials that show peculiar one-dimensional growth anisotropy.
Under the present hydrothermal condition, the nucleation
of LDHs would occur and there was an intrinsic tendency
to grow into rod-like nanoparticles due to its antistropic
hexagonal structure. So, formed LDH nanorods are stable
geometrical morphologies in the surface chemistry context,
because with this shape LDHs have a low system energy
[15, 18]. The TEM images with different reaction times
showed that the growth of Ni/Al LDH nanorods is forming
nanoparticles first, then growing to short nanorods, and
finally to long nanorods.

4. Conclusions

In summary, nanoparticles and nanorods of Ni/Al LDHs
with size and morphological controls have been synthesized
by hydrothermal reaction. The effect factors such as pH value
and reaction time on the morphology of the LDHs were
investigated. Ni/Al LDH nanorods were successfully prepared
by hydrothermal reaction at 180◦C and pH of 10.0 for 12 h–
18 h. Ni/Al LDH nanorods with reaction time of 12 h had a

diameter of 20–40 nm and a length of 600–1000 nm. When
the time prolonged to 18 h, longer and wider nanorods were
obtained with a diameter of 30–70 nm and a length of 1–
3 μm. The successful growth of nanorods will provide a
promising route to low-dimensional nanostructures of other
LDHs.
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Cobalt-substituted nickel chromium ferrites (CrCoxNi1−xFeO4, x = 0, 0.2, 0.4, 0.6, 0.8, 1.0) have been synthesized using sol-gel
autocombustion method and annealed at 400 ◦C, 600 ◦C, 800 ◦C, and 1000 ◦C. All the ferrite samples have been characterized using
UV-VIS spectrophotometery, FT-IR spectroscopy, Transmission Electron Microscopy, powder X-Ray Diffraction, and magnetic
measurements. Typical FT-IR spectra of the samples annealed at 400◦C, 600◦C, 800◦C, and 1000◦C exhibit two frequency bands
in the range of ∼480 cm−1 and ∼590 cm−1 corresponding to the formation of octahedral and tetrahedral clusters of metal oxide,
respectively. TEM images reveal that crystallite size increases from ∼10 nm to ∼45 nm as the annealing temperature is increased
from 400◦C to 1000◦C. The unit cell parameter “a” is found to increase on increasing the cobalt concentration due to larger ionic
radius of cobalt. Also, as the cobalt concentration increases, the saturation magnetization increases from 4.32 to 19.85 emu/g. This
is due to the fact that cobalt ion replaces the less magnetic nickel ions. However, the coercivity decreases with increase in cobalt
concentration due to the decrease in anisotropy field. The band gap has been calculated using UV-VIS spectrophotometry and has
been found to decrease with the increase of particle size.

1. Introduction

Magnetic nanoferrite particles have generated diverse tech-
nological interests because of their potential applications
in magnetic fluids, high frequency magnets, magnetic bulk
cores, microwave absorbers, and high-density data storage
[1, 2]. Among the various ferrites, nickel ferrites and
cobalt ferrites have been extensively used in electronic
devices because of their large permeability at high frequency,
remarkably high electrical resistivity, mechanical hardness,
chemical stability, and cost-effectiveness [3, 4]. Substituted
nickel ferrites are widely used as magnetic materials due
to their high electrical resistivity, low eddy current, and
dielectric losses [5, 6].

The magnetic properties of materials are strongly affected
when the particle size approaches a critical diameter, below

which each particle is a single domain. As a result the influ-
ence of thermal energy over the magnetic moment ordering
leads to super paramagnetic relaxation [7, 8]. Cobalt and
nickel, both the ferrites, belong to the category of inverse
spinel ferrites. Therefore, by substituting the Co2+, Ni2+,
and/or Fe3+ ions by suitable cations, their structures undergo
a change from inverse spinel to mixed spinel, leading to
a corresponding change in the magnetic properties. Thus,
by the choice of the cations as well as their distribution in
tetrahedral and octahedral sites of the lattice, interesting and
useful magnetic properties can be obtained [9].

The effect of substitution of Fe3+ by Cr3+ in NiFe2O4 has
been studied by various workers [10–12], and it has been
reported that Cr3+ always seeks to the octahedral sites. Lee et
al. [10] suggested that Ni2+ moves to tetrahedral site within
the range 0.2 < x < 0.6 and the magnetic moment and Curie
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temperature decrease with the chromium substitution.
Fayek and Ata Allah [11] reported that Cr3+ occupies the
octahedral sites for a maximum of x = 0.6 and the excess
Cr3+ replaces the Fe3+ at the tetrahedral site. Gismelseed
and Yousif [12] studied the Cr3+ substituted NiCrxFe1−xO4

(0 < x < 1.4) prepared through conventional double sinter-
ing ceramic technique and suggested that as the Cr3+ substi-
tution increases, the system is slowly converted into a normal
spinel structure.

Chae et al. [13] reported the magnetic properties of
chromium substituted cobalt ferrites prepared using sol-
gel method and suggested that the coercivity decreases
fast but saturation magnetization decreases slowly with the
chromium content. Gabal and Al Angari [14] reported the
effect of chromium ion substitution on the electromagnetic
properties of nickel ferrite and observed that coercivity
increases, whereas the saturation magnetization decreases
linearly with the Cr content. They also reported that the
Neel’s magnetic moments calculated from expected cation
distribution are in confirmation with those obtained from
the hysteresis loops for ferrites up to x = 0.8.

The present work deals with the synthesis of nan-
oparticles of cobalt-substituted nickel chromium ferrites
(CrCoxNi1−xFeO4, where x=0, 0.2, 0.4, 0.6, 0.8 & 1.0) via sol-
gel autocombustion method and investigation of their opti-
cal, X-ray diffraction, and magnetic properties by means of
FT-IR, UV-Vis spectrophotometry, Powder X-ray diffraction,
and magnetic measurements.

2. Experimental

2.1. Preparation of CrCoxNi1−xFeO4 Nanoparticles. Nanopar-
ticles of CrCoxNi1−xFeO4 (x = 0, 0.2, 0.4, 0.6, 0.8 & 1.0)
have been synthesized by sol-gel autocombustion method
[15–17]. AR Grade Fe(NO3)3·9H2O, Co(NO3)2·6H2O,
Cr(NO3)3·9H2O, Ni(NO3)2·6H2O and citric acid have been
used for the synthesis of these ferrites. The nitrates and citric
acid were weighed in desired stoichiometric proportions and
dissolved separately in minimum amount of distilled water.
The individual solutions were then mixed together and the
pH value of the solution was adjusted to about 6 by adding
1 M NH4OH solution. The solution was then slowly heated
and stirred using a hot plate magnetic stirrer till gels were
formed, which were ignited and burnt in a self-propagating
combustion manner to obtain lose powder. The powders
were annealed at 400◦C, 600◦C, 800◦C, and 1000◦C in a
muffle furnace for 2 hours.

2.2. Physical Measurements. Fourier Transform infrared (FT-
IR) spectra have been recorded using Perkin Elmer RX-1 FT-
IR spectrophotometer with KBr pellets in the range 4000–
400 cm−1. Powder X-ray diffraction studies have been carried
out using a Bruker AXS, D8 Advance spectrophotometer
with Cu-Kα radiation. Hitachi (H-7500) TEM, operated at
120 kV was used to record the micrographs of the samples.
The magnetic properties have been measured at room
temperature by a vibrating sample magnetometer (VSM)
(155, PAR) up to a magnetic field of ±10 kOe. UV-Visible
spectrum was recorded using a Hitachi 330 UV-VIS-NIR
spectrophotometer.
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Figure 1: X-ray diffraction patterns of CrCo0.6Ni0.4FeO4 (a) as
obtained and annealed at (b) 400, (c) 600, (d) 800, and (e) 1000◦C.

3. Results and Discussion

3.1. FT-IR Characterization. The FT-IR spectra for all the
samples annealed at 400◦C, 600◦C, 800◦C, and 1000◦C
exhibit two main absorption bands below 1000 cm−1, corre-
sponding to the vibrational modes of the metal oxides of fer-
rites. The band in the range of∼590 cm−1 is attributed to the
stretching mode of the tetrahedral clusters, whereas that in
the range of ∼470 cm−1 is attributed to the stretching mode
of the octahedral clusters [18, 19]. The vibrational mode of
the tetrahedral cluster is higher than that of octahedral mode
due to shorter edge length of the tetrahedral clusters.

3.2. TEM Characterization. The TEM micrographs of all
the samples exhibit highly agglomerated particles because
of the interfacial surface tension as reported in our earlier
studies [20–22]. As the annealing temperature increases from
400◦C to 1000◦C, the particle size increases from ∼10 nm
to ∼45 nm. Such an increase in grain size has also been
reported earlier [23, 24]. It is widely believed that the net
decrease in the solid-solid and solid-vapour interface free
energy provides the driving force for grain growth during
annealing process.

3.3. X-Ray Diffraction Studies. The typical X-ray diffraction
patterns of the as-obtained CrCo0.6Ni0.4FeO4 and those
annealed at 400◦C, 600◦C, 800◦C, and 1000◦C for 2 hours
are shown in Figure 1. The absence of any peak in the X-
ray diffractograph of the as-obtained sample indicates the
amorphous nature of the samples. However, the annealed
samples exhibit characteristic diffraction peaks of the ferrite.
The broad peaks at 400◦C signify lower crystallite size of
the synthesized sample and as the annealing temperature is
increased, the peaks become sharp due to increase in the
grain size.

The average crystallite size for all the samples has been
calculated from the line broadening of the most intense peak
corresponding to (3 1 1) plane of the spinel structure using
the classical Scherrer equation [25]. It is observed that the
particle size increases as the annealing temperature is raised
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Table 1: Lattice parameters, saturation magnetization, coercivity, and energy band gap of the ferrites after annealing at 1000◦C.

Ferrites
composition

Lattice parameter,
a (Å)

Volume
(Å)

Saturation
magnetization,

Ms (emu/ g)

Coercivit
Hc (Oe)

Energy band gap,
Eg (eV)

CrNiFeO4 8.2974 571.24 4.32 1500 2.30

CrNi0.8Co0.2FeO4 8.3026 572.32 9.75 290 2.27

CrNi0.6Co0.4FeO4 8.3143 574.75 14.86 240 2.73

CrNi0.4Co0.6FeO4 8.3321 578.45 17.70 190 2.82

CrNi0.2Co0.8FeO4 8.3567 583.59 19.85 130 2.62

CrCoFeO4 8.3736 587.13 13.28 38 2.50
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Figure 2: X-ray diffraction patterns of (a) CrNi0.2Co0.8FeO4, (b)
CrNi0.4Co0.6FeO4, (c) CrNi0.6Co0.4FeO4, (d) CrNi0.8Co0.2FeO4, (e)
CrNiFeO4, and (f) CrCrFeO4 annealed at 1000◦C.

from 400◦C to 1000◦C, which is also confirmed by the TEM
studies.

Typical X-ray diffraction patterns for all the ferrites
annealed at 1000◦C for 2 hours are shown in Figure 2. All
the samples have been found to be face centred cubic (fcc)
with Fd-3m space group. The lattice parameters, calculated
using Powley as well as Le-Bail refinement methods (built
in TOPAS V2.1 of BRUKER AXS), are listed in Table 1. The
lattice parameter “a” has been found to increase with cobalt
concentration; this may be due to smaller ionic radius of
nickel.

3.4. Magnetic Measurements. Hysteresis loops for all the
samples annealed at 600◦C and 1000◦C are shown in Figures
3 and 4, respectively. It is observed that the saturation mag-
netization (Ms) increases with the annealing temperature
due to increase in particle size [26]. From Table 1, it can
be seen that the saturation magnetization, Ms, increases
from 4.32 emu/g to 19.85 emu/g on increasing the cobalt
concentration from 0 to 0.8. This increase can be understood
because of the less magnetic behavior of nickel. However,
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Figure 3: B-H loops of some typical CrCoxNi1−xFeO4 ferrites
annealed at 600◦C.

the saturation magnetisation decreases to 13.28 emu/g, with
further increase of cobalt concentration to x = 1.0.

This behaviour can be explained on the basis of the
super exchange interaction mechanism. In a cubic system
of ferromagnetic spinels, the magnetic order is mainly due
to super exchange interactions occurring between the metal
ions in the A and B sublattices. Therefore, it is possible
to vary magnetic properties of the samples by varying
the cations. According to Neel’s two sublattice model of
ferrimagnetism, the magnetic moment per formula unit (in
μB), nBN (x) is expressed as [27]

nB
N (x) = MB(x)−MA(x), (1)

where MB and MA are the B- and A-sublattice magnetic
moments in μB, respectively. Cation distribution of the
ferrites has been estimated using this model and is listed
in Table 1, which suggests that cobalt and chromium ions
predominantly occupy the octahedral sites, which is consis-
tent with their preference for large octahedral site energy.
This causes an increase in the saturation magnetization of
the substituted ferrites up to x = 0.8. However, in the case
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Table 2: Cation distribution for CrCoxNi1−xFeO4 annealed at 1000◦C.

Ferrites
Composition

Observed magnetic
moment, (nB)

Cation distribution
Calculated magnetic

moment

CrNiFeO4 0.18
(Fe0.8Cr0.2)A[NiCr0.8Fe0.2]BO4 0.20

CrNi0.8Co0.2FeO4 0.40
(Fe0.95Co0.05)A[CrNi0.8Co0.15Fe0.05]BO4 0.40

CrNi0.6Co0.4FeO4 0.62
(Fe0.95Co0.05)A[CrNi0.6Co0.35Fe0.05]BO4 0.60

CrNi0.4Co0.6FeO4 0.73
(Fe0.97Co0.03)A[CrNi0.4Co0.57Fe0.03]BO4 0.72

CrNi0.2Co0.8FeO4 0.82
(Fe0.99Co0.01)A[CrNi0.2Co0.79Fe0.01]BO4 0.84

CrCoFeO4 0.58 (Fe)A[CoCr]BO4 1.00
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Figure 4: B-H loops of some typical CrCoxNi1−xFeO4 ferrites
annealed at 1000◦C.

of CoCrFeO4 saturation magnetization decreases because all
the iron enters in to theA site. This may be due to the fact that
the exchange interaction between A and B sites gets lowered
resulting in strengthening of B-B interaction and weakening
of A-B interaction, which leads to decrease of saturation
magnetization. Therefore in CoCrFeO4 Neel’s magnetic
moments calculated from expected cation distribution in
comparison with that from the hysteresis loop do not give
the satisfactory result.

The variation of the coercivity with average grain size
has also been studied. It is observed that as the grain size
increases, the value of coercivity (Hc), reaches a maximum
value and then decreases. This variation of Hc with grain
size can be explained on the basis of domain structure,
critical diameter, and the anisotropy of the crystal [28, 29].
From Table 1, it is clear that the coercivity decreases with
the decrease of nickel concentration. This may be attributed
to the decrease in anisotropy field, which in turn decreases
the domain wall energy [30, 31]. In the case of CrNiFeO4,
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Figure 5: Plot of absorbance and transmittance as a function of
wavelength λ (nm) for CrCo0.6Ni0.4FeO4 annealed at 1000◦C.

the coercivity value is very high 1500 G. This behaviour in
coercivity may be understood as described by the Banerjee
and O’Reilly [32] on the basis of a new model for cation
distribution. This may be due to the fact that the chromium
ions enter into the tetrahedral site when x > 0.8. According
to the cation distribution model [32] when Cr3+ ions occupy
tetrahedral sites, they cause a negative trigonal field to be
superimposed on the octahedral Cr3+ ions. Due to this a
twofold degeneracy of the orbital ground state results in
an unquenched orbital angular momentum and a large
anisotropy.

3.5. Optical Studies. The energy band gaps of all the ferrites
have been calculated with the help of optical absorption
and percentage transmission data. The absorption and trans-
mission spectra of CrCo0.6Ni0.4FeO4 annealed at 1000◦C
are shown in Figure 5. The absorption coefficient, α of the
nanoparticles has been calculated using the fundamental
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relationships [33]

I = Ioe
−αt,

A = log
(
I0

I

)
, α = 2.303 (A/t),

(2)

where A is the absorbance and t is the thickness of the
sample. To estimate the energy band gap for all the samples,
the graph of (αhυ)2 versus hυ has been plotted. The intercept
of the line at α = 0 gives the value of energy band gap. The
values of energy band gap for all the samples annealed at
1000◦C has been found to be in the range of 2.3–2.8 eV listed
in Table 1. It is observed that as the particle size decreases,
the energy band gap increases. This may be explained on
the basis of Bras’ effective mass model [34, 35] according
to which the measured band gap, Eg can be expressed as a
function of particle size as

E∗g ∼= Ebulk
g +

�2π2

2er2

(
1
me

+
1
mh

)
− 1.8e2

4πεε0r′ , (3)

where Ebulk
g is the bulk energy gap, r is the particle size, me

is the effective mass of electrons, mh is the effective mass of
holes, ε is the relative permittivity, εo is the permittivity of
free space, � is the planck’s constant divided by 2π, and e is
the charge on electron.

4. Conclusion

CrCoxNi1−xFeO4, x = 0, 0.2, 0.4, 0.6, 0.8 & 1.0 have been
synthesized using the sol-gel autocombustion method. The
formation of the ferrite powders has been confirmed by FT-
IR and XRD studies. The TEM studies confirm that as the
annealing temperature increases particle size increases up
to 45 nm. The values of saturation magnetization increases
and coercivity decreases with increasing Co3+ content. The
values of energy band gap have been found to range ∼2.5 eV.
However, the band gap increases up to ∼3.0 eV with the
decrease of the particle size from ∼45 nm to ∼10 nm.
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Nanoparticles Y3−xErxFe5O12 (x = 0.2, 1.0, and 2.0) thin films were prepared by sol-gel method and treated at 800, 900, and
1000◦C, respectively, for 2 h. The films have single phase garnet structure and the sizes of particles are in the range of 44 to 83 nm.
The magnetic measurements show that the saturation magnetization decreased with increasing of Er concentration for all samples
treated at different annealing temperatures. The saturation magnetization increased with the particle size due to the enhancement
of the surface spin effect. The coercivity initially decreased for x = 1.0 and then increased for x = 2.0 with increasing annealing
temperature.

1. Introduction

The rare-earth iron garnets (RIGs) have the general unit
formula as R3Fe5O12, where R is either a trivalent rare-
earth ion or yttrium. The garnets have eight formula units
in a cubic unit cell. The cubic unit cells of RIGs have
approximately the same lattice constant 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. The
interaction between the Fe3+ ions in [a] and (d) sites is
strongly antiferromagnetic due to a strong superexchange
interaction. The magnetic moment of the rare-earth ions
in the {c} sublattice couples antiparallel with the resultant
moment of Fe3+ ions. YIG (Y3Fe5O12) is one of the common
RIGs, which has attracted much attention in telecommuni-
cations and data storage industries due to their interesting
magnetic and magneto-optic properties [2]. The resulting
magnetic moment in YIG is due to the unequal distribution
of Fe3+ ions in 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
previous studies have concentrated on the preparation of Bi-
and Ce-doped YIG powders and films because of their high

Faraday rotation coefficient [10–17]. Some studies have been
carried out on Er-YIG powder nanoparticles [18–27].

In this paper erbium is chosen because its ionic radius

(1.03 ´̊A) is slightly less than ionic radius of yttrium (1.04 ´̊A).
Also, it has an extremely high verdet constant (∼−11 ×
10−2 min/Oe·cm) at (λ = 600 nm) and large Bohr magneton
(9.6 μB) [28]. This paper reports the influence of low and
high concentration of Er3+ on the structure and magnetic
properties of YIG thin films.

2. Experimental Method

The YIG precursor sol was prepared by a sol-gel method
using reagent grade nitrates purchased from Aldrich,
Milwaukee, Wis, USA. Yttrium nitrate hexahydrate
(Y(NO3)3·6H2O, 99.95% purity), iron(III) nitrate na-
nohydrate (Fe(NO3)3·9H2O, 98% purity), and Erbium
nitrate pentahydrate (Er(NO3)3·5H2O) were used as the
raw materials. 2-methoxyethanol and acetic acid were used
as solvents. Fe(NO3)3·9H2O and Y(NO3)3·6H2O were
dissolved in the 2-methoxythanol and refluxed at 80◦C for
3 hours. The Er(NO3)3·5H2O dissolved in acetic acid was
added gradually into the Fe-Y solution. Then the refluxing
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Figure 1: XRD patterns of Y3−xErxFe5O12 films heated from 800 to
1000◦C (a) x = 0.2, (b) x = 1.0, and (c) x = 2.0.

process was continued for 3 hours. 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 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 dried at room temperature. Then the
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Figure 2: Particle size dependence on the heating treatment for
Y3−xErxFe5O12 films.

heat treatment was carried out: initial heating at 350◦C for
15 min to burn off the organic materials followed by heating
at 800◦C, 900◦C, and 1000◦C for 2 hours to crystallise the
films.

The characterizations were carried out using an X-ray
diffractometer (Philips model Pw 3020 MRD x’pert pro)
with a CuKα radiation (λ = 1.54056 Å) to identify the
phases and field emission scanning electron microscopic
(FE-SEM model Zeiss Supra 55 vp) to determine the particle
size and films thicknesses. The magnetic properties of the
films were measured at room temperature using a vibrating
sample magnetometer (VSM, LakeShore Cryotronics and
7400 Series).

3. Results and Discussion

3.1. Structural Properties. Figure 1 shows the spectra for all
samples. The XRD patterns reveal a single phase garnet
structure and the crystallization had completely occurred at
800◦C due to the good homogeneity of the gel prepared at
pH = 2-3. This temperature is lower than that reported by Xu
et al. [29]. However, increasing the temperature up to 1000◦C
does not give great influence to the sample crystallization.
This is proved by the intensities ratio calculation shown in
Table 1.

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

D = kλ

β cos θ
, (1)

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).

The crystallite size for samples with the same x but
treated at different temperature increased with increasing
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Table 1: The average intensity ratios calculations for Y3−xErxFe5O12 films.

x = 0.2

Temp. (◦C) I∗ Io1 Io2 Io3 Io4 Io1/I∗ Io2/I∗ Io3/I∗ Io4/I∗ (Io/I∗) average

800 1356 615 709 498 521 0.45 0.52 0.37 0.38 0.43

900 1464 613 711 501 585 0.42 0.49 0.34 0.40 0.41

1000 1047 488 558 406 423 0.47 0.53 0.39 0.40 0.45

x = 1.0

Temp. (◦C) I∗ Io1 Io2 Io3 Io4 Io1/I∗ Io2/I∗ Io3/I∗ Io4/I∗ (Io/I∗) average

800 1082 478 516 397 387 0.44 0.48 0.37 0.36 0.41

900 1236 517 570 440 456 0.42 0.46 0.36 0.37 0.40

1000 1313 548 640 515 584 0.42 0.49 0.39 0.44 0.54

x = 2.0

Temp. (◦C) I∗ Io1 Io2 Io3 Io4 Io1/I∗ Io2/I∗ Io3/I∗ Io4/I∗ (Io/I∗) average

800 1579 637 742 550 520 0.40 0.47 0.35 0.33 0.39

900 1178 486 589 441 422 0.41 0.50 0.37 0.36 0.41

1000 1966 743 804 633 602 0.38 0.41 0.32 0.31 0.36

I∗: highest intensity; Io1, Io2, Io3, and Io4: other peak intensities.
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Figure 3: Particle size as a function of the Er concentration for
Y3−xErxFe5O12 films treated at different temperatures.

annealing temperature (Figure 2). It is observed that the
films crystallites sizes are about the same at the same
annealing temperatures as shown in Figure 3. The result is

probably due to the similar ionic radii of Er3+ (1.03 ´̊A) and

Y3+ (1.04 ´̊A) ions.

3.2. Magnetization

3.2.1. In-Plane Saturation Magnetization (Ms) versus Particle
Size (D). Figure 4 shows the variation in Ms with the average
particle size for all samples. The results show that the Ms
decreases with decreasing particle size for samples with the
same x. A similar reduction in the magnetization was also
reported for small particles of iron [30], α-Fe2O3 [31],
BaFe12O9 [32], and MnFe2O4 [33]. This reduction can be
related to the higher surface-to-volume ratio in the smaller
particles, which results in the existence of nonmagnetic
surface layer. Therefore, the Ms of the particles decreased as
the particle sizes is reduced.
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Figure 4: Saturation magnetization with the average particle size
for all films treated at different temperatures.

3.2.2. Saturation Magnetization (Ms) versus Er Concentration
(x). The tetrahedral and octahedral cavities in YIG are
occupied by Fe3+ ions and dodecahedral cavities are occupied
by Y3+ ions. In this experiment, we substituted some Er3+

ions for Y3+ ions, so the ionic distribution can be written
as {Y3−x3+Erx

3+}[Fe2
3+](Fe3

3+)O12
2−, where, { } = c sub

lattice, [ ] = a sub-lattice, and ( ) = d sub-lattice. Er3+

ion is magnetic (magnetic moment 9.6 μB) and Y3+ ion
is nonmagnetic (magnetic moment 0 μB), so there are
three magnetic sub-lattices: one (c) forms by the Er3+ ions
occupying the dodecahedral sites, another [a] forms by Fe3+

ions occupying the octahedral sites, and the third (d) forms
by the Fe3+ ions occupying the tetrahedral sites. The two
iron sub-lattices are coupled antiferromagnetically by the
superexchange interaction via the intervening O2− ions. The
{c} sub-lattice is coupled antiferromagnetically with the
tetrahedral sub-lattice. At room temperature, the three sub-
lattice moments align along the [1 1 1] direction [34]. The
net magnetic moment is M = Mc− |Md−Ma|.
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Figure 5: Saturation magnetization with Er concentration for all
films treated at different temperatures.
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Figure 6: Coercivity with Er concentration for all films treated at
different temperatures.

The variation of Ms with the x is shown in Figure 5.
At different temperatures, Ms decreased with increasing x,
which could be related to the fact that the magnetic moment
of Er3+ ions aligns opposite to the effective moments formed
by Fe3+ ions. With decreasing annealing temperatures the
coercivity is initially decreased for x = 1.0 and then increases
for x = 2.0 as shown in Figure 6.

4. Conclusion

The structure and magnetic properties of Y3−xErxFe5O12

films (x = 0.2, 1.0 and 2.0) prepared by a sol-gel method
have been reported. All the samples have only single phase
garnet. The crystallization begins at 800◦C, and as the
heating temperature increases the obtained crystallite size
is increased. At the same Er concentration, the saturation
magnetization decreased as the particle size is reduced due to
the influence of the magnetic domain structure and surface
spin effect. The saturation magnetization decreased as the
Er concentration is increased due to the opposite alignment
between Er3+ ions and Fe3+ ions.
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[26] J. Ostoréro and M. Guillot, “Magnetooptical properties of
Sc-substituted erbium-iron-garnet single crystals,” Journal of
Applied Physics, vol. 83, no. 11, pp. 6756–6758, 1998.

[27] P. Feldmann, H. Le Gall, J. M. Desvignes, M. Guillot, and
A. Marchand, “Faraday rotation in single crystal erbium iron
garnet,” Journal of Magnetism and Magnetic Materials, vol. 21,
no. 3, pp. 280–284, 1980.

[28] A. Di Biccari, Sol-gel processing of RxY3-xAlyFe5-yO12
magneto-optical films, M.S. thesis, Materials Science & Engi-
neering Department, Blacksburg, Va, USA, 2002.

[29] H. Xu, H. Yang, and L. Lu, “Effect of erbium oxide on synthesis
and magnetic properties of yttrium-iron garnet nanoparticles
in organic medium,” Journal of Materials Science: Materials in
Electronics, vol. 19, no. 6, pp. 509–513, 2008.

[30] S. Gangopadhyay, G. C. Hadjipanayis, B. Dale et al., “Magnetic
properties of ultrafine iron particles,” Physical Review B, vol.
45, no. 17, pp. 9778–9787, 1992.

[31] D. H. Han, J. P. Wang, and H. L. Luo, “Crystallite size effect
on saturation magnetization of fine ferrimagnetic particles,”
Journal of Magnetism and Magnetic Materials, vol. 136, no. 1-
2, pp. 176–182, 1994.

[32] X. Batlle, X. Obradors, M. Medarde, J. Rodrı́guez-Carvajal, M.
Pernet, and M. Vallet-Regı́, “Surface spin canting in BaFe12O19

fine particles,” Journal of Magnetism and Magnetic Materials,
vol. 124, no. 1-2, pp. 228–238, 1993.

[33] Z. X. Tang, C. M. Sorensen, K. J. Klabunde, and G. C. Had-
jipanayis, “Size-dependent Curie temperature in nanoscale

MnFe2O4 particles,” Physical Review Letters, vol. 67, no. 25, pp.
3602–3605, 1991.

[34] S. Thongmee, P. Winotai, and I. M. Tang, “Local field
fluctuations in the substituted aluminum iron garnets,
Y3Fe5−xAlxO12,” Solid State Communications, vol. 109, no. 7,
pp. 471–476, 1999.



Hindawi Publishing Corporation
Journal of Nanotechnology
Volume 2011, Article ID 182543, 5 pages
doi:10.1155/2011/182543

Research Article

Magnetic Properties of Co0.5Zn0.5Fe2O4 Nanoparticles Synthesized
by a Template-Assisted Hydrothermal Method

H. Y. He

Key Laboratory of Auxiliary Chemistry and Technology for Chemical Industry,
Shaanxi University of Science and Technology, Ministry of Education, 710021 Xi’an, China

Correspondence should be addressed to H. Y. He, hehy@sust.edu.cn

Received 7 March 2011; Accepted 5 April 2011

Academic Editor: Mallikarjuna Nadagouda

Copyright © 2011 H. Y. He. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In the present paper, nickel cobalt ferrite (Co0.5Zn0.5Fe2O4) nanoparticles were synthesized using a template-assisted hydrothermal
method. Carboxymethyl cellulose was used as the templating agent for controlling the morphology of the Co0.5Zn0.5Fe2O4

nanoparticles. The synthesized nanoparticles were characterized using X-ray diffraction, scanning electron microscopy, and
a vibrating sample magnetometer. The results indicated that the morphology of the nanoparticles changed from granular
and superparamagnetic to platelike and ferromagnetic with the addition of the template. The Co0.5Zn0.5Fe2O4 nanoparticles
synthesized without the template exhibited a saturation magnetization and coercivity 2.81 T and 0.2 kA·m−1, while when the
template was used, the saturation magnetization and coercivity increased to 3.13 T and 76.6 kA·m−1 as the template proportion
increased to 0.3.

1. Introduction

Over recent decades, the fabrication of spinel ferrite nano-
particles has been intensively investigated due to their excel-
lent magnetic and electrical properties, and their potential
uses in many areas, such as magnetic devices, recording tapes
or disks, microwave absorbers, and active components of
ferrofluids [1–5]. Among spinel ferrites, Zn2+ substituted
CoFe2O4 nanoparticles (Co1-xZnxFe2O4) exhibit improved
properties such as excellent chemical stability, high corrosion
resistivity, magnetocrystalline anisotropy, magnetostriction,
and magneto-optical properties [6–8].

Since the magnetic property of spinel ferrites is associated
with their morphology and size, modern data storage,
microwave protection, and biomedical applications require
strict control over the morphology of the particles and a
considerable reduction in their dimensions to the single
domain and superparamagnetic size [9].

To date, many methods have been developed to prepare
Co1-xZnxFe2O4 nanopowders, such as the coprecipitation
method [6, 8, 10], the standard solid-state reaction technique
[7, 11], the forced hydrolysis method [12], the microwave-
hydrothermal method [13], and the hydrothermal method

[14]. However, research on the template-assisted synthesis
of Co1-xZnxFe2O4 nanoparticles is comparatively limited.
In the current study, focus was placed on development
of a synthesis route for Co0.5Zn0.5Fe2O4 nanoparticles via
a template-assisted hydrothermal method and examining
the magnetic properties (magnetization and coercivity) and
morphology dependence on the template.

2. Experimental

Co0.5Zn0.5Fe2O4 powders were synthesized from cobalt chlo-
ride, zinc acetate, and iron (III) nitrate with carboxymethyl
cellulose (CMC) as a template. The chemicals were weighted
according to the required stoichiometric proportions, and
three solutions of cobalt chloride, zinc acetate, and iron (III)
nitrate were prepared in deionized water with continuous
stirring. The template was added to the solutions with
constant stirring to achieve molar ratios of CMC mono-
mer : metal ions (CMC : M) of 0 : 1, 0.1 : 1, and 0.3 : 1. When
the template was dissolved, the solutions were heated to
80◦C and held for 8 h. The solutions were then adjusted to
pH > 9 with aqueous NaOH and transferred into autoclaves
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Figure 1: XRD patterns of the powders synthesized with different
molar ratios of CMC monomer to metal ions.

Table 1: Lattice parameters, density, and orientation degree (Ohk0 )
of the Co0.5Zn0.5Fe2O4 particles determined with XRD data analysis.

CMC : M a (Å) c (Å) c/a D (g·cm−1) Ohk0

0 : 1 8.3913 8.6038 1.0253 5.214 1.260

0.1 : 1 8.4210 8.1811 0.9715 5.445 1.337

0.3 : 1 8.4204 8.2398 0.9685 5.407 1.359

(volume: 100 mL, degree of filling: 80% V). After sealing,
the hydrothermal reaction was then carried out in hy-
drothermal ovens at 170◦C for 30 h, the heating rate was
about 20 K·min−1. After natural cooling in the furnace, the
products were washed repeatedly with distilled water and
then dried for 24 h at ambient temperature.

The crystalline structure of the synthesized Co0.5Zn0.5Fe2O4

powders was identified at room temperature using X-ray
diffractometry (XRD, Cu-Kα1, λ = 0.15406 nm, Model no.
D/Max-2200PC, Rigaku, Japan). The morphology of the
particles was analyzed using scanning electron microscopy
(SEM, Model no. JXM-6700F, Japan). The magnetic property
was measured with a vibrating sample magnetometer (VSM,
Model no. Versa Lab, Quantun Design, USA)

3. Results and Discussion

Figure 1 shows the XRD patterns of the synthesized powders.
All the diffraction peaks were indexed to zinc cobalt ferrite
with spinel structure, indicating that the final products
consisted of single-phase Co0.5Zn0.5Fe2O4 without any other
impurities.

The lattice parameters of the powders were calculated
with the relation for tetragonal structures using:

1
d2
= h2 + k2

a2
+
l2

c2
. (1)

A c/a = 1 ratio would indicate a perfect cubic structure in
the powder, but the calculated results (Table 1) show that

100 nm

(a)

100 nm

(b)

100 nm

(c)

Figure 2: SEM micrographs of the powders synthesized with molar
ratios of CMC monomer to metal ions to (a) 0 : 1, (b) 0.1 : 1, and (c)
0.3 : 1.

the powders had varying anisotropies depending on the
amount of template that was added. Without any template,
the c/a ratio was greater than 1, but as the template was
added, the ratio decreased below 1. This is a common
occurrence for structures prepared through special synthesis
processes. For example, the c/a ratios of some films with
c-orientation texture, are all relatively large as report-
ed in literature [15–17]. Each lattice cell contains eight
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Figure 3: Molecular structure of the carboxymethyl cellulose
(CMC).

Co0.5Zn0.5Fe2O4 molecules. With these lattice parameters,
the density of the powders (D, g·cm−3) can be calculated by
the following:

D = 8GmNa

a2b · 1024
, (2)

where Gm is gram molecular weight (236.300 for the
Co0.5Zn0.5Fe2O4) and Na is Avogadro constant (6.022·1023).
As-calculated densities are also listed in Table 1.

The orientation degree of the (hk0) plane was calculated
from (3) deduced from a formula in literature [15]

Ohk0 =
(I220 + I440)/I311sample

(I220 + I440)/I311standard
. (3)

The larger the Ohk0 value, the larger the abundance of
crystallites oriented in the (hk0) direction. The calculated
results (Table 1) indicate that the template obviously affected
the orientation degree of (hk0) plane, and the Ohk0 increased
with the increase in template proportion from 0 : 1 to 0.3 : 1.

From the SEM micrographs of the powders (Figure 2),
the average grain size was ∼35–45 nm, and the grain mor-
phology changed from granular to platelike with increasing
template proportion. This change in the morphology was
consistent with the variation of orientation degree with the
template proportion.

The change in morphology can be related to the structure
of the CMC monomer, which contained two substituted
cyclohexane hexagonal rings with some substituted radicals
(Figure 3). The substituted radicals were composed of a
hydroxyl radical and a sodium acetate radical on two sides
of the hexagonal ring. By partial substitution of the radicals,
the CMC molecules could react with each other or with
the as-produced polymer at appropriate temperatures. Poly-
merization in two dimensions may take place because the
cyclohexane hexagonal ring appears a platelike morphology.
The substituted radicals then could adsorb, before and after
the polymerization, the metal hydroxides through hydrogen
bonding and substituting sodium ions with Co, Zn, and
Fe ions to polymerize into platelike hydroxide layers. In
the hydrothermal reaction, the hydroxide layers transformed
into the (hk0)-oriented Co0.5Zn0.5Fe2O4 particles.

Figure 4 shows the room temperature hysteresis loops
of the Co0.5Zn0.5Fe2O4 powders. The powder synthesized
without the template was superparamagnetic, while the
powders become ferromagnetic with the addition of the
template. As the template proportion increased from 0 to
0.1 and 0.3, the saturation magnetization of the powder
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Figure 4: Variation of magnetization with applied field. The insert
shows the part of the curve near the origin.

increased from 2.81 T to 3.00 T and 3.13 T (60.3 emu·g−1),
while the coercivity markedly increased from 0.2 kA·m−1 to
7.6 kA·m−1 and 76.6 kA·m−1 (Figure 5). These variations in
the magnetic nature could be attributed to the corresponding
change in the structural morphology.

The magnetization of the Co0.5Zn0.5Fe2O4 nanoparti-
cles increased with increasing applied field, but it did
not reach the saturation state, even under high magnetic
fields of 239 kA·m−1 (30 KOe). This characteristic was also
reported for the Co0.5Zn0.5Fe2O4 nanospheres prepared via
the solvothermal method, and the saturation magnetization
of the nanoparticles was close to that observed for the
nanospheres at an applied field of 5 kOe (64.6 emu·g−1)
[18]. The saturation magnetization of these samples was
smaller than that observed for the bulk material though
(∼80 emu·g−1) [12, 14]. These differences in the magneti-
zation value (such as saturation magnetization, remanent
magnetization, and coercivity) between the nanosized fer-
rites and bulk ferrites can be attributed to the finite size
effect [19]. Additionally, the lack of oxygen to mediate the
superexchange mechanism between nearest iron ions on
the surface can lead to a decrease in exchange coupling,
resulting in slanted spins and a decrease in the nanoparticles’
saturation magnetization [20]. They can also be attributed
to the enhancement of the surface barrier potential due to
distortion of the crystal lattice caused by the atoms deviating
from normal positions in the surface layers [21].

4. Conclusions

Co0.5Zn0.5Fe2O4 ferrites were synthesized using a template-
assisted hydrothermal method with CMC as the templating
agent. The average particle size was found to be ∼35–
45 nm, and room temperature X-ray diffraction confirmed
the formation of single-phase Zn–Co ferrite at 170◦C for all
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Figure 5: Variations of saturation magnetisation and coercivity
with molar ratio of CMC monomer : metal ions (CMC : M).

template proportions used in this experiment. The FE-SEM
results showed that the morphology of the Co0.5Zn0.5Fe2O4

powder changed from granular to platelike with increasing
template proportion, and the room temperature VSM results
showed that the Co0.5Zn0.5Fe2O4 nanoparticles synthesized
without the template exhibited superparamagnetic behavior
with a saturation magnetization of 2.81 T. The addition of
the template resulted in the powder becoming ferromagnetic
with the saturation magnetization and coercivity being
3.13 T and 76.6 kA·m−1 when the template proportion was
0.3. Additionally, the morphology and magnetic proper-
ties of the Co0.5Zn0.5Fe2O4 nanoparticle could be con-
trolled by using low template proportions. The synthesized
Co0.5Zn0.5Fe2O4 would be useful in several technological
applications such as soft magnets, low loss materials at high
frequencies, and magnetic fluids.
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Synthesis of silver nanoparticles (AgNPs) using Polyalthia longifolia leaf extract as reducing and capping agent along with D-
sorbitol used to increase the stability of the nanoparticles has been reported. The reaction is carried out at two different
concentrations (10−3 M and 10−4 M) of silver nitrate, and the effect of temperature on the synthesis of AgNPs is investigated by
stirring at room temperature (25◦C) and at 60◦C. The UV-visible spectra of NPs showed a blue shift with increasing temperature
at both concentrations. FT-IR analysis shows that the biomoites played an important role in the reduction of Ag+ ions and the
growth of AgNPs. TEM results were utilized for the determination of the size and morphology of nanoparticles. The synthesized
silver nanoparticles are found to be highly toxic against Gram-positive bacteria than Gram-negative bacteria.

1. Introduction

An important area of research in nanotechnology is the syn-
thesis of nano silver particles. Silver has long been recognized
as having an inhibitory effect towards many bacterial strains
and microorganisms [1]. Antibacterial activity of the silver-
containing materials used in medicine to reduce infections
in burn treatment [2] and arthroplasty [3], as well as to
prevent bacteria colonization on prostheses [4], catheters [5],
vascular grafts, dental materials [6], stainless steel materials
[7], and human skin [8]. Silver nanoparticles also exhibit
a potent cytoprotective activity towards HIV-infected cells
[9]. Because of such wide range of applications, numerous
synthetic methods have been developed [10]. Biological routs
of nanoparticles synthesis using microorganism [11–13],
enzyme [14] and plant or plant extract [15–21] have been
suggested as possible ecofriendly alternatives to chemical and
physical methods. Using plant for nanoparticles synthesis
can be advantageous over other biological processes by
eliminating the elaborate process of maintaining cell cultures
[22]. It can also be suitably scaled up for large-scale synthesis
of nanoparticles. Specific surface area is relevant for catalytic

reactivity and other related properties such as antimicrobial
activity in silver nanoparticles.

Polyalthia longifolia is a lofty evergreen tree, native to
India, commonly planted due to its effectiveness in alleviat-
ing noise pollution. Methanolic extract of Polyalthia longifo-
lia have yielded 20 known and 2 new organic compounds,
some of which show cytotoxic properties [23]. Here in, we
report for the first time synthesis of silver nanoparticles using
aqueous extract derived from Polyalthia longifolia leafs with
D-sorbitol and their catalytic and antibacterial activity of the
synthesized NPs is described.

2. Experimental

The Polyalthia longifolia leaves were collected from University
of Madras Campus located at Chennai, India. All the
chemicals were obtained from Aldrich and experiments
done in triplicates. Double-distilled water was used for
the experiments. Fresh leaves of Polyalthia longifolia were
collected, washed thoroughly with double-distilled water,
and incised into small pieces. About 4 g of finely cut
Polyalthia longifolia leaves were weighed and transferred into
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a 250 mL beaker containing 40 mL double-distilled water,
mixed well, and boiled for 2 min. The extract obtained was
filtered through Whatman number 1 filter paper, and the
filtrate was collected in 250 mL Erlenmeyer flask and stored
at 4◦C for further use.

Aqueous solution of 10−3 M and 10−4 M silver nitrate
(AgNO3) and 10−2 M of D-sorbitol was prepared and used
for the synthesis of silver nanoparticles. 3 mL of extract
and 1 mL of D-sorbitol were added to 40 mL of AgNO3

solution. The effect of temperature on the synthesis of
silver nanoparticles was carried out at room temperature
(25◦C) and 60◦C. The silver nanoparticles synthesized using
Polyalthia longifolia leaf extract was tested for antimicrobial
activity by agar well diffusion method against pathogenic
bacteria Escherichia coli, Pseudomonas aeruginosa (Gram
negative), and Staphylococcus aureus (Gram positive). The
pure cultures of bacteria were subcultured on nutrient
agar medium. Each strain was swabbed uniformly onto
the individual plates using sterile cotton swabs. Wells of
10 mm diameter were made on nutrient agar plates using
gel puncture. Using a micropipette, 50 μL of nanoparticle
solution was poured onto each well on all plates. After
incubation at 37◦C for 24 hours, the different levels of zone
of inhibition of bacteria were measured.

The bioreduction of Ag+ ion in solution was monitored
using UV-visible spectrometer (Techomp 8500 spectrome-
ter). Further characterization was done using FTIR (Bruker
tensor 27) spectrometer. The extract was centrifuged at
5000 rpm for 30 min and the resulting suspension was
redispersed in 10 mL sterile distilled water. The centrifuging
and redispersing process was repeated three times. Finally,
the dried form of extract was palletized with KBr and
analyzed using FTIR. The morphology of the AgNPs was
examined using transmission electron microscopy (JEOL
3010 TEM). The films of the samples were prepared on a
carbon coated copper grid by dropping a small amount of
the sample and then allowing it to dry.

3. Results and Discussion

The time of addition of extract into the metal ion solution
was considered as the start of the reaction. It is well known
that silver nanoparticles exhibit yellowish brown color in
aqueous solution due to excitation of surface plasmon vibra-
tions in silver nanoparticles [15]. As the Polyalthia longifolia
leaf extract was mixed in the aqueous solution of the silver
ion complex and D-sorbitol, initially the color changed from
watery to yellowish brown due to the reduction of silver ion.
The reduction rate is found to increase with the reaction
temperature [24]. For 10−3 M solution the addition of 3 mL
of extract to the reaction mixture, the reaction completed by
1.30 h, 1 h while 10−4 M solution the reaction completed by
1 h, 40 min at 25◦C and 60◦C, respectively.

UV-vis spectroscopy could be used to examine size and
shape controlled nanoparticles in aqueous suspensions [25].
Figure 1 shows the UV-vis spectra which are recorded after
the completion of the reaction. For 10−3 M solution, the
silver nanoparticles have absorbance peak at 451 nm and
435 nm, and 10−4 M solution has peak at 425 nm and 422 nm

a

a

b

b

cc d

d

e

e

800700600500400

Wave length (nm)

0

0.5

1

1.5

A
bs

or
ba

n
ce

Figure 1: UV-vis absorption spectrum of (a) Polyalthia longifolia
leaf extract, biosynthesized silver nanoparticles of different concen-
tration (10−3 M and 10−4 M) at (b and d) 25◦C, (c and e) 60◦C.

for reaction at 25◦C and 60◦C, respectively. The frequency
and width of the surface plasmon absorption depend on the
size and shape of the metal nanoparticles as well as on the
dielectric constant of the metal itself and the surrounding
medium [24]. Supposing the same particle shape, medium
dielectric constant and temperature, the mean diameter of
the nanoparticles strongly influence the SPR band in aqueous
solution [25]. The spectrum shows the blue shift with raising
temperature. This blue shift indicates the reduction of mean
diameter of the biogenic silver nanoparticles [24, 26, 27].

FT-IR measurements were carried out to identify the
possible biomolecules responsible for the reduction of the
Ag+ ions and capping of the bioreduced silver nanoparticles
synthesized by Polyalthia longifolia leaf extract along with
D-sorbitol. Figure 2(b) represents the FTIR spectrum of D-
sorbitol and shows bands at 2938 cm−1 (C–H stretching
in alkanes) and 1645 cm−1 (C=O stretch of carbonyls).
Figure 2(a) represents the FTIR spectrum of the leaf extract
and shows peaks at 1637, 1418, and 1063 cm−1. These
peaks are known to be associated with the amide I arise
due to carbonyl stretch in proteins (1637 cm−1), –C–C–
stretch (in ring) aromatic (1418 cm−1) [28], and C–N
stretching vibration of amine (1063 cm−1) [29], respectively.
Proteins present in the extract can bind to AgNP through
either free amino or carboxyl groups in the proteins [30].
Experimentally, D-sorbitol does not have the potential to
reduce the silver ions in the solution, but it may cap the
formed silver nanoparticles through electrostatic attraction
or bind to the protein groups in the extract via hydrogen
bond and increase the stability of the silver nanoparticles.
It indicates that the functional groups in biomolecules are
mainly responsible for the reduction of silver ions.

The silver nanoparticles are spherical in shape and
are not aggregated in solution with raising temperature
(Figure 3). This is due to the binding force between the
AgNPs and the capping molecules that may get decreased
with increasing temperature even though the size of the
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Figure 2: FTIR spectrum of (a) Polyalthia longifolia leaf extract and (b) D-sorbitol.
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Figure 3: HRTEM image of the biosynthesized silver nanoparticles showing various particle sizes at (a and c) 25◦C, (b and d) 60◦C.

nanoparticles is reduced. In the 10−3 M, the size of the
synthesized nanoparticle is 50 nm and 35 nm at 25◦C and
60◦C, respectively. Similarly, in the case of 10−4 M, the size
of the synthesized nanoparticle is 20 nm and 15 nm at 25◦C
and 60◦C, respectively.

The biologically synthesized silver nanoparticles exhib-
ited excellent antibacterial activity against the bacterial
pathogens Staphylococcus aureus (Gram positive), Escherichia

coli, and Pseudomonas aeruginosa (Gram negative) [31]. It
has been reported that antibacterial effect was size and dose
dependant and was more pronounced against Gram-negative
bacteria than Gram-positive bacteria. But the present study
clearly indicates that the synthesized silver nanoparticles
have good antibacterial action against Gram-positive organ-
ism than Gram-negative organisms (Figure 4 and Table 1).
The antimicrobial activities of colloidal silver particles are
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Figure 4: Zone of inhibition of silver nanoparticles against (a) Escherichia coli, (b) Pseudomonas aeruginosa, and (c) Staphylococcus aureus.

Table 1: Zone of inhibition (mm) of biologically synthesized silver
nanoparticles against bacterial pathogens.

S. NO Test organism

10−3 M AgNPs 10−4 M AgNPs

synthesized at synthesized at

25◦C 60◦C 25◦C 60◦C

(1) Escherichia coli 7.3 7.7 7.3 8

(2)
Pseudomonas

aeruginosa
8.3 9 8.8 9.5

(3)
Staphylococcus

aureus
14 16 14.6 16.4

influenced by the dimensions of the particles. The smaller
particles lead to the greater antimicrobial effects [32]. The
effect of antibacterial activity is higher in the case of silver
nanoparticles synthesized at 60◦C compared to 25◦C because
of being smaller in size [31, 33].

It is necessary to emphasize that the tested silver nanopar-
ticles have bactericidal effects resulting not only in inhibition
of bacterial growth but also in killing bacteria. Experiments
conducted using the scanning tunneling electron microscopy
(STEM) and X-ray energy dispersive spectrometer (EDS)
showed that silver nanoparticles not only at the surface of cell
membrane, but also inside the bacteria [34]. This suggests the
possibility that the silver nanoparticles may also penetrate
inside the bacteria and cause damage by interacting with
phosphorus and sulfur containing compounds such as DNA
[35]. The exact of inhibition of bacterial growth reported in

this study is dependent on the concentration and number of
nanoparticles in medium.

4. Conclusions

Silver nanoparticles were synthesized by Polyalthia longifolia
leaves extract along with D-sorbitol. The spectroscopic char-
acterization from UV-visible, FTIR, and TEM supports the
stability of the biosynthesized nanoparticles. The nanosilver
was found to have wider antimicrobial activity in Gram
positive than Gram negative organisms. We believe that the
silver nanoparticle has great potential for applications in
catalysis, biomedical, and pharmaceutical industries.
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[3] V. Alt, T. Bechert, P. Steinrücke et al., “An in vitro assessment
of the antibacterial properties and cytotoxicity of nanopartic-
ulate silver bone cement,” Biomaterials, vol. 25, no. 18, pp.
4383–4391, 2004.

[4] G. Gosheger, J. Hardes, H. Ahrens et al., “Silver-coated
megaendoprostheses in a rabbit model—an analysis of the



Journal of Nanotechnology 5

infection rate and toxicological side effects,” Biomaterials, vol.
25, no. 24, pp. 5547–5556, 2004.

[5] M. E. Rupp, T. Fitzgerald, N. Marion et al., “Effect of
silver-coated urinary catheters: efficacy, cost-effectiveness,
and antimicrobial resistance,” American Journal of Infection
Control, vol. 32, no. 8, pp. 445–450, 2004.

[6] S. Ohashi, S. Saku, and K. Yamamoto, “Antibacterial activity
of silver inorganic agent YDA filler,” Journal of Oral Rehabili-
tation, vol. 31, no. 4, pp. 364–367, 2004.

[7] M. Bosetti, A. Masse, E. Tobin, and M. Cannas, “Silver coated
materials for external fixation devices: in vitro biocompatibil-
ity and genotoxicity,” Biomaterials, vol. 23, no. 3, pp. 887–892,
2002.

[8] H. J. Lee and S. H. Jeong, “Bacteriostasis and skin innox-
iousness of nanosize silver colloids on textile fabrics,” Textile
Research Journal, vol. 75, no. 7, pp. 551–556, 2005.

[9] R. W. Y. Sun, R. Chen, N. P. Y. Chung, C. M. Ho, C. L. S. Lin,
and C. M. Che, “Silver nanoparticles fabricated in hepes buffer
exhibit cytoprotective activities toward HIV-1 infected cells,”
Chemical Communications, no. 40, pp. 5059–5061, 2005.

[10] M. Gutierrez and A. Henglein, “Formation of colloidal
silver by “push-pull” reduction of Ag+,” Journal of Physical
Chemistry, vol. 97, no. 44, pp. 11368–11370, 1993.

[11] T. Klaus, R. Joerger, E. Olsson, and C. G. Granqvist, “Silver-
based crystalline nanoparticles, microbially fabricated,” Pro-
ceedings of the National Academy of Sciences of the United States
of America, vol. 96, no. 24, pp. 13611–13614, 1999.

[12] Y. Konishi, K. Ohno, N. Saitoh et al., “Bioreductive deposition
of platinum nanoparticles on the bacterium Shewanella algae,”
Journal of Biotechnology, vol. 128, no. 3, pp. 648–653, 2007.

[13] B. Nair and T. Pradeep, “Coalescence of nanoclusters and
formation of submicron crystallites assisted by Lactobacillus ,”
Crystal Growth and Design, vol. 2, no. 4, pp. 293–298, 2002.

[14] I. Willner, R. Baron, and B. Willner, “Growing metal nanopar-
ticles by enzymes,” Advanced Materials, vol. 18, no. 9, pp.
1109–1120, 2006.

[15] S. S. Shankar, A. Rai, B. Ankamwar, A. Singh, A. Ahmad,
and M. Sastry, “Biological synthesis of triangular gold
nanoprisms,” Nature Materials, vol. 3, no. 7, pp. 482–488,
2004.

[16] D. Philip, C. Unni, S. Aromal, and V. K. Vidhu, “Murraya
Koenigii leaf-assisted rapid green synthesis of silver and gold
nanoparticles,” Spectrochimica Acta Part A, vol. 78, no. 2, pp.
899–904, 2011.

[17] R. Veerasamy, T. Z. Xin, S. Gunasagaran et al., “Biosynthesis
of silver nanoparticles using mangosteen leaf extract and
evaluation of their antimicrobial activities,” Journal of Saudi
Chemical Society, vol. 15, no. 2, pp. 113–120, 2011.

[18] D. Philip, “Mangifera Indica leaf-assisted biosynthesis of well-
dispersed silver nanoparticles,” Spectrochimica Acta Part A, vol.
78, no. 1, pp. 327–331, 2011.

[19] S. P. Dubey, M. Lahtinen, and M. Sillanpaa, “Tansy fruit
mediated greener synthesis of silver and gold nanoparticles,”
Process Biochemistry, vol. 45, no. 7, pp. 1065–1071, 2010.

[20] S. L. Smitha, D. Philip, and K. G. Gopchandran, “Green syn-
thesis of gold nanoparticles using Cinnamomum zeylanicum
leaf broth,” Spectrochimica Acta Part A, vol. 74, no. 3, pp. 735–
739, 2009.

[21] A. R. V. Nestor, V. S. Mendieta, M. A. C. Lopez, R. M. G.
Espinosa, M. A. C. Lopez, and J. A. A. Alatorre, “Solventless
synthesis and optical properties of Au and Ag nanoparticles
using Camellia sinensis ,” Materials Letters, vol. 62, no. 17-18,
pp. 3103–3105, 2008.

[22] S. S. Shankar, A. Rai, A. Ahmad, and M. Sastry, “Rapid synthe-
sis of Au, Ag, and bimetallic Au core—Ag shell nanoparticles
using neem (Azadirachta indica) leaf broth,” Journal of Colloid
and Interface Science, vol. 275, no. 2, pp. 496–502, 2004.

[23] C. Y. Chen, F. R. Chang, Y. C. Shih et al., “Cytotoxic
constituents of Polyalthia longifolia var. pendula,” Journal of
Natural Products, vol. 63, no. 11, pp. 1475–1478, 2000.

[24] A. Rai, A. Singh, A. Ahmad, and M. Sastry, “Role of halide
ions and temperature on the morphology of biologically
synthesized gold nanotriangles,” Langmuir, vol. 22, no. 2, pp.
736–741, 2006.

[25] B. J. Wiley, S. H. Im, Z. Y. Li, J. McLellan, A. Siekkinen, and
Y. Xia, “Maneuvering the surface plasmon resonance of silver
nanostructures through shape-controlled synthesis,” Journal
of Physical Chemistry B, vol. 110, no. 32, pp. 15666–15675,
2006.

[26] J. Y. Song and B. S. Kim, “Rapid biological synthesis of
silver nanoparticles using plant leaf extracts,” Bioprocess and
Biosystems Engineering, vol. 32, no. 1, pp. 79–84, 2009.

[27] A. M. Fayaz, K. Balaji, P. T. Kalaichelvan, and R. Venkatesan,
“Fungal based synthesis of silver nanoparticles—an effect of
temperature on the size of particles,” Colloids and Surfaces B,
vol. 74, no. 1, pp. 123–126, 2009.

[28] H. Bar, D. K. Bhui, G. P. Sahoo, P. Sarkar, S. P. De, and A.
Misra, “Green synthesis of silver nanoparticles using latex of
Jatropha curcas,” Colloids and Surfaces A, vol. 339, no. 1–3, pp.
134–139, 2009.

[29] K. B. Narayanan and N. Sakthivel, “Coriander leaf mediated
biosynthesis of gold nanoparticles,” Materials Letters, vol. 62,
no. 30, pp. 4588–4590, 2008.

[30] A. Gole, C. Dash, V. Ramakrishnan et al., “Pepsin-gold col-
loid conjugates: preparation, characterization, and enzymatic
activity,” Langmuir, vol. 17, no. 5, pp. 1674–1679, 2001.

[31] M. Singh, S. Singh, S. Prasad, and I. S. Gambhir, “Nanotech-
nology in medicine and antibacterial effect of silver nanopar-
ticles,” Digest Journal of Nanomaterials and Biostructures, vol.
3, no. 3, pp. 115–122, 2007.

[32] C. Baker, A. Pradhan, L. Pakstis, J. Pochan Darrin, and S.
S. Ismat, “Synthesis and antibacterial properties of silver
nanoparticles,” Journal of Nanoscience and Nanotechnology,
vol. 5, no. 2, pp. 244–249, 2005.

[33] C. Carlson, S. M. Hussein, A. M. Schrand et al., “Unique
cellular interaction of silver nanoparticles: size-dependent
generation of reactive oxygen species,” Journal of Physical
Chemistry B, vol. 112, no. 43, pp. 13608–13619, 2008.

[34] J. R. Morones, J. L. Elechiguerra, A. Camacho et al., “The
bactericidal effect of silver nanoparticles,” Nanotechnology, vol.
16, no. 10, pp. 2346–2353, 2005.

[35] D. W. Hatchett and H. S. White, “Electrochemistry of sulfur
adlayers on the low-index faces of silver,” Journal of Physical
Chemistry, vol. 100, no. 23, pp. 9854–9859, 1996.



Hindawi Publishing Corporation
Journal of Nanotechnology
Volume 2011, Article ID 209150, 11 pages
doi:10.1155/2011/209150

Research Article

Selective Oxidation Using Flame Aerosol Synthesized Iron and
Vanadium-Doped Nano-TiO2

Zhong-Min Wang,1 Endalkachew Sahle-Demessie,2 and Ashraf Aly Hassan2

1 Environmental Health Laboratory, California Department of Public Health, 850 Marina Bay Parkway, EHLB/G365, Richmond,
CA 94804, USA

2 U.S. Environmental Protection Agency, Office of Research and Development, National Risk Management Research Laboratory,
Cincinnati, OH 45268, USA

Correspondence should be addressed to Endalkachew Sahle-Demessie, sahle-demessie.endalkachew@epa.gov

Received 20 December 2010; Accepted 13 April 2011

Academic Editor: Mallikarjuna Nadagouda

Copyright © 2011 Zhong-Min Wang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Selective photocatalytic oxidation of 1-phenyl ethanol to acetophenone using titanium dioxide (TiO2) raw and doped with Fe or
V, prepared by flame aerosol deposition method, was investigated. The effects of metal doping on crystal phase and morphology
of the synthesized nanostructured TiO2 were analyzed using XRD, TEM, Raman spectroscopy, and BET nitrogen adsorbed surface
area measurement. The increase in the concentration of V and Fe reduced the crystalline structure and the anatase-to-rutile ratios
of the synthesized TiO2. Synthesized TiO2 became fine amorphous powder as the Fe and V concentrations were increased to 3 and
5%, respectively. Doping V and Fe to TiO2 synthesized by the flame aerosol increased photocatalytic activity by 6 folds and 2.5
folds, respectively, compared to that of pure TiO2. It was found that an optimal doping concentration for Fe and V were 0.5% and
3%, respectively. The type and concentration of the metal dopants and the method used to add the dopant to the TiO2 are critical
parameters for enhancing the activity of the resulting photocatalyst. The effects of solvents on the photocatalytic reaction were also
investigated by using both water and acetonitrile as the reaction medium.

1. Introduction

Titanium dioxide (TiO2) is a photocatalyst that is used for
various applications; such as wastewater and air treatments,
virus disinfection and water splitting due to its low cost and
its high activity and stability under irradiation. However,
TiO2 has a large band gap energy (3.2 eV) that prohibits
the use of visible light to activate it and requires UV light
of wavelength ranging 320∼400 nm to generate electron-
hole pairs. Searching for semiconductors that absorbs large
portion of solar spectrum reaching the earth has been
intensified. Recently, there has been increasing interest in
doping TiO2 with transition metal or nonmetal species, such
as nitrogen and sulfur, to narrow or shift the band gap in
order to activate the catalyst using visible light [1–6]. Doping
metals in TiO2 matrix could increase the photocatalytic per-
formance of TiO2 with irradiation both UV and visible light
because of better conducting characteristics. Metal doping

can also change the physical properties, such as lifetime of
electron-hole pair and adsorption characteristics. Various
transition metals have been used as doping materials [7–11],
and many systems have been tested for potential commercial
applications [1, 6] as well as improving photocatalyst activity
of TiO2 in visible light range [12–18].

However, the effects of metal doping on catalytic prop-
erties of the TiO2 are not conclusive. There are also no
general guidelines to be followed in the selection of metal
species or the methods of photocatalyst preparation that
would result in improved activity. Although doping with
transition metals at low concentrations has positive effects
on the photocatalytic activity of TiO2 [19, 20], some dopants
have shown adverse effects [1, 21]. There is a progressive
shift of the light absorption threshold toward the visible light
range when increasing amounts of cations M+n (M: Cr, V, Fe,
Co), but no improvement of the photoactivity of the system
was observed [22]. Metal doping of TiO2 with Cr3+ and Mo5+
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ions have shown to narrow the band gap of TiO2, change
other physical properties such as the lifetime of electron-hole
pairs and adsorption characteristics of the catalyst [23]. The
presence of doping species either on the surface or in the
lattice and the method how the metal species is deposited or
combined with the TiO2 are critical to photocatalytic activity.
Doping metal species in the matrix has been suggested
to create a hole-trap or an electron-hole recombination
center rather than an electron trap. Dvoranová et al. [24]
suggested that transition metals should be coated mainly on
the surface of the photocatalyst to form an electron trap
and hence promote photocatalysis, although their results are
inconclusive. The difference in results could be derived from
differences in preparation methods, synthesis conditions,
and position of doped species on the surface or in the crystal
lattice structure of TiO2 [25]. Overload metal species on
TiO2 promote either phase change [26] or recombination of
the electron-holes by dramatically changing conductivity of
materials [27], becoming detrimental to the photocatalytic
activity. Therefore, optimal dopant concentration is usually
reported for the best photocatalyst performance [27–32].

Flame aerosol synthesis of nanoparticles have been used
for large-scale manufacturing of ceramic powders such as
pigmentary TiO2, fumed silica, and alumina [33]. Advances
in this field has allowed the production of more complex
products with high functionality including molecular doping
of small quantities of materials in the preparation of ceramic
materials [34]. The technology has been used to produce
highly active nanostructured coatings with closely controlled
morphology and composition [33, 35, 36]. Flame synthesis
technology could be a more effective way to make versatile
and low cost nanostructured materials, such as carbon
nano-tubes [37]. This study aims to synthesize metal-doped
nanostructured catalysts using the flame aerosol technology
and test the effect of doping on photo-activities of the
resulted nanostructured catalysts. In this study photocat-
alytic performance of Fe or V doped TiO2 synthesized using
flame aerosol process in addition to further characteristics
are presented. Iron was chosen because of its low toxicity and
the wide availability of data as a doping material. Studies
indicated that V is one of the promising doping materials
[34, 38, 39], therefore it is a good choice as a doping material.

Selective catalytic oxidation of alcohols to carbonyls is
one of the most important chemical transformations in
chemical industry. Acetophenone is the simplest aromatic
ketone with a melting point of 20◦C and has low water
solubility. It is an important intermediate in chemical and
pharmaceutical industries. It is used for fragrance in soaps
and perfumes, as a flavoring agent in food, and as a
solvent for plastics and resins. In addition, it is used as a
polymerization catalyst for the manufacture of olefins, as an
intermediate for pharmaceuticals, agrochemicals, and other
organic compounds as well as a drug to induce sleep.

Commercial acetophenone production involves Friedel-
Crafts acylation of benzene with acetic anhydride or acetyl
chloride. Friedel-Craft alkylation is commonly condensed
using homogeneous acid catalysts such as aluminum chlo-
ride at more than stoichiometric amounts with acetyl
chloride as the acylating agent. This process may create

pollution problems related to the disposal of the catalyst and
treatment of acidic effluent. It can be also obtained by air
oxidation of ethyl benzene, as a by-product of cumene or
from acrylonitrile.

Dehydrogenation of secondary alcohol is usually carried
out using chromic acid or sulfuric acid with potassium
dichromate. However, in the current work, a simple process
was developed based on the utilization of heterogeneous
catalysts to produce acetophenone by photocatalytic oxi-
dation of 1-phenylethanol. The photooxidation process is
cleaner than the conventional synthetic method since the
reaction by-product is water, and the photocatalyst can be
easily recycled back to the reaction system. The oxidation
of 1-Phenylethanol was selected as a probe molecule for this
study. There are studies that have shown that the preparation
methods of meta-doped TiO2 can be critical in promoting
the photoactivity [40].

2. Experimental

2.1. Materials and Preparation of Metal-Doped TiO2 using
Flame Aerosol Methods. Schematic diagram of the flame
aerosol synthesis system for preparing the pure and vana-
dium doped-TiO2 is shown in Figure 1(a). The system
consists of a diffusion burner, an atomizer for generating
aerosol from the titanium (IV) Isopropoxide (TTIP) (97%
Aldrich Chemical) a precursor for TiO2, a water-cooled
stainless steel plate for collecting the products. Mass flow
controllers were used to adjust the flow rates of methane,
oxygen, and air. The organic form of the vanadium, vana-
dium (V) oxy-tripropoxide (98%, Aldrich Chemical), was
easily dissolved in TTIP in the atomizer at preset ratios. The
mixture of precursors flowed to the flame through the center
port of the diffusion burner. Methane and oxygen were fed
through the second and outer ports, respectively. Schematic
diagram of the flame aerosol reactor system for preparing
iron-doped titanium dioxide is shown in Figure 1(b). A
solution of Fe(NO3)3 was used as the iron source since it
is more stable and less volatile than Fe carbonyl. Varying
concentrations of the iron nitrate water solution were used
to obtain desired amounts of Fe doping. Water was removed
from the flow via diffusion dryer before aerosols reach the
flame reactor to avoid quenching and allow better control
of the flame temperature that may result in forming big
clump in the transport tube. Earlier experiments indicated
that in the case of Fe doping the stream bearing precursor
material has to flow through the out port of the burner
to generate higher anatase-to-rutile ratio in the TiO2. The
TiO2 precursor and oxygen were introduced through the
center port of the burner and methane flowed through the
middle annular tube. The precursor oxidized in the flame
and metal-doped TiO2 was deposited on a water-cooled
stainless steel plate placed above the flame and controlled
by an automatic rotating frame support. The flame temper-
atures were controlled by adjusting the gas flow rates and
controlling the fuel-to-air ratios. The quench temperature
profile was adjusted by controlling the rotating speed and the
cooling water flow rate into the cooling plate. The quenching
temperature affected the particle size and the morphology of
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Figure 1: Multiannular coflow diffusion burner for synthesizing nanostructured TiO2 with (a) vanadia doped, (b) Fe doped.

Table 1: Typical flame synthesis condition for the metal doped
TiO2.

Flow Pure TiO2 V-doped TiO2 Fe-doped TiO2

CH4 (L/m) 1.00 1.00 1.13

O2 (L/m) 1.00 1.00 1.00

Air (L/m) 3.88 3.88 3.88

Doping flow (L/m) — — 0.30

the TiO2 particles. The position of the cooling plate above
the flame determined the reaction time of the TiO2 precursor
in the flame, which is a critical parameter to determine the
primary particle size and the characteristics of the flame-
synthesized TiO2. A large number of preliminary tests, XRD,
and Raman spectroscopy measurements were conducted to
determine suitable operation conditions that afforded for
desired crystalline structure, form, particle size, and doping
concentrations of TiO2. The typical experiment conditions
for the flame aerosol synthesis process are shown in Table 1.

2.2. Characterization of the Synthesized Samples. X-ray
diffraction pattern of powder samples of metal-doped TiO2

were characterized by XRD (Rigaku D-2000) for recording
and for determining the crystal structure. Transmission
Electron Microscopy (TEM) (Philips, PW6060) was used
to determine the surface morphology and particle size of

the doped catalysts. The BET surface area was measured
by AutoChem 2920 (Micromeritics, Atlanta, GA). Bulk
doping concentrations of the metal species in the synthe-
sized photocatalysts were determined by inductively coupled
plasma (ICP) emission spectroscopy (Perkin Elmer Optima
3300 DV).

2.3. Photocatalytic Reaction. Photocatalytic activities of neat,
vanadium, or Fe-doped TiO2 were evaluated using oxidation
of a probe molecule, 1-phenylethanol to acetophenone in
two different solvents. All experiments employed the same
light source. The reactions were performed in a 20 mL
microbatch reactor equipped with Pen-Ray 5.5 Watts UV
lamp (TM UVP, Inc. San Gabriel, CA). The irradiance at
the reactor surface was 15 mW/cm2 as measured with a
photometer (International Light Inc. model IL 1400A). The
schematic diagram of the microreactor system is shown in
Figure 2. Neat and doped TiO2 (0.05 g/L) were suspended
in the microreactor that contained 20 mL reaction medium
with substrate concentration at 20 ppm. Water or acetonitrile
were used as the reaction medium to study the effect of
solvents. The mixture was well stirred during the reaction
process using a magnetic stirrer. The UV lamp was place
at the center of the reactor, and oxygen was supplied for
the oxidation. Since adsorbed oxygen served as a trap
for the photogenerated conduction band electron in many
heterogeneous photocatalytic reactions [41], solvents were
saturated with O2 prior to the reaction study. The reactions
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Figure 2: Schematic of the micro reactor system for photoxidation.

were conducted at room temperature and at atmospheric
pressure. Control studies were made to measure the pho-
tocatalytic activity of neat flame synthesized anatase phase
TiO2 and commercially available TiO2 from Degussa (P25).
Liquid samples were collected through the reactor sample
port at selected time intervals, and the mixtures were
analyzed using a Hewlett-Packard 6890 gas chromatograph
with a low-bleed HP-5MS (30 m × 0.25 mm × 0.25 mm)
column and a split/splitless injector. A mass selective detector
equipped with a quadrapole mass filter (Hewlett-Packard
5973) was used for detection of the samples. Quantification
of the oxygenated products was obtained using a multipoint
calibration curve for each product.

3. Results and Discussion

3.1. Structural Characteristics of Metal-Doped TiO2. The X-
ray diffraction patterns for neat TiO2 samples and for Fe-
doped TiO2 with different Fe concentrations are shown
in Figure 3. The primary crystalline structure of the pure
TiO2 was the anatase phase. As the doped Fe concentra-
tion increased, the anatase TiO2 phase fraction decreased,
reaching almost amorphous structure and losing its catalytic
activity as the Fe concentration exceeded 2% in atom ratio.
Similar XRD patterns were observed when the vanadium
concentrations of the doped TiO2 increased beyond 4 wt%.
However, the concentrations of vanadium can reach as
much high as 5% wt. before major changes in the crystal
structure was detected. Other researchers have observed that
niobium and vanadium stabilize the anatase crystalline form
of TiO2 [27, 42]. No diffraction peaks originating from V2O5

crystallite were detected from the vanadium dispersed on
the TiO2, which could be due to the presence of vanadyl
groups (V4+) or polymeric vanadates (V5+). A previous
study [26] has shown that the increase in the doped metal
ion concentrations interferes in flame synthesis of TiO2

converting some of the anatase phase to rutile, and finally
it became amorphous.

The Raman spectrum for the neat and Fe-doped TiO2 are
shown in Figure 4. A well-resolved Raman peak is seen at
153 cm−1, and three broader features are found in the high-
frequency region located at around 415, 515, and 630 cm−1.
In spite of their lower intensity and broader line width, all the
Raman features observed in the spectra are close to those in
the bulk anatase phase. The Raman spectra of the nanophase
TiO2 after different amounts of Fe were doped is shown
in Figure 4. One significant observation of these spectra is
the reduced intensity of the lowest-frequency Eg mode with
increased amounts of Fe and a shift in peak position of the
153 cm−1, indicating the decrease in the crystalline quality
of the TiO2. Therefore, the result confirms XRD data that
the neat TiO2 possesses higher degree of long-range order
of anatase phase. However, with increase in Fe concentration
the peak intensity attenuated gradually, and the weak over-
lapped broader peaks in the high-frequency region indicate
that the short-range order is poor and optical phonons
may decay as imperfect sites. Table 2 summarizes surface
area changes for different doping concentrations of flame-
synthesized Fe-doped TiO2. As the doped Fe concentrations
increased, the particles gradually lost crystalline structure
and the products surface area increased. The surface area of
vanadium-doped TiO2 also increased with increase in the
amount of doping, shown in Table 3. Comparison of TEM
images of pure TiO2, and V- or Fe- doped TiO2 suggested
that the doped metal ions to be present on the top layers of
the TiO2 particles shown as Figure 5. Ranjit and Viswanathan
[31] have reported that the solid solution of TiO2 with
doping materials in the top few layers of the surface promote
the photocatalytic activity of the catalyst. Shah et al. [43]
confirmed that photocatalytic efficiency of TiO2 can be
enhanced by homogeneous doping of Nd3+, Pd2+, and Pt4+,
but Fe3+ doping resulted in little or no improvements. TEM
images show that when the doping concentration is not
relatively high, both of the Fe- and V-doped TiO2 have
similar spherical shapes and uniform particle sizes ranging
from 10 to 50 nm. As the doping concentration increases the
TiO2 particle sizes become smaller, more agglomerated, and
resulting in larger surface areas and change of crystallinity.

3.2. Photocatalytic Oxidation of Aromatic Alcohol. In this
study, the photocatalytic conversion oxidation of 1-
phenlyethanol to acetophenone was tested using undoped
TiO2 prepared by flame aerosol method and from Degussa,
Fe- and V-doped TiO2. Gas phase oxidation of 1-phenyl
ethanol produced multiple products such as benzaldehyde,
styrene, toluene, and acetophenone; however, in liquid
phase acetophenone was the main product observed [44].
Therefore, the yield of acetophenone that is acetophe-
none produced/1-phenyl-ethanol consumed is more than
95%. The initial reaction of photocatalytic oxidation 1-
phenylethanol takes place on the surface of TiO2, where
the primary hole reaches the surface and interacts with the
surface hydroxyl groups followed by an electron transfer
to the hole to form species like OH· and ≡ TiO· [45].
These species react via a mediated pathway. At high alcohol
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Table 2: BET surface area of codeposited Fe-doped TiO2 prepared with flame aerosol method.

Photocatalyst Fe concentration (wt.%) BET surface area (m2/g) % anatase

Degussa 0 51.0 82

Flame-synthesized 0 73.0 95

Pure TiO2

Fe-doped I 0.55 83.4 80

Fe-doped II 1.18 94.6 52

Fe-doped III 3.0 143.6 Amorphous

Fe-doped IV 5.0 198.3 Amorphous

Table 3: BET surface area of codeposited Vanadium-doped TiO2 prepared with flame aerosol synthesis.

Photocatalyst V concentration (%) BET surface area (M2/g) % anatase

Degussa 0 51 82

Flame-synthesized 0 73 95

Pure TiO2

V-doped I 1.78 64.7 90

V-doped II 3.00 68.3 86

V-doped III 4.47 90.6 63

V-doped IV 4.84 96.2 57

V-doped V 4.95 120.7 Amorphous
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Figure 3: X-ray diffraction patterns of flame aerosol prepared iron
deposited TiO2 at different doping concentrations.

concentration, which is the case, there could also be a direct
interaction of the surface hole with the hydroxyl group
of the alcohol [46]. In addition, alcohols may undergo
dehydration on the catalyst surface during photocatalytic
oxidation reaction [47, 48].

The initial photooxidation step here may be the inter-
action of a surface hole with the hydroxyl group of the
alcohol forming a metal-oxo species with the removal of a
proton (Scheme 2) [45]. This proton removal step becomes
easier with increased carbon chain branching as well as
with increased carbon chain length, because of the increased
availability of adjacent removable protons. The higher the
number of adjacent hydrogen atoms present, the easier is
the removal and the greater would be the conversion. It
was observed that presence of a benzene ring enhanced the
conversion. The linking of phenyl rings of 1-phenlethanol to
the TiO2 surface via a π-OH interaction, an inhibition effect
may be produced, preventing phenyl group migration; the
formation of phenyl ethanol hydroperoxide species, which
may give acetophenone and water. This can be attributed
to the electron-deficient nature of the benzene ring, which
results in a reduced electron density at oxygen-hydrogen
bond, thereby making the proton abstraction relatively
easier. In gas phase processes, styrene has been formed
from 1-phenylethanol due to the photocatalytic-induced
dehydration of the alcohol [41].

Photooxidation of cumene to acetophenone in acetoni-
trile has been reported [49], where IR and XPS analysis of
cumene adsorption on TiO2 have shown that an interaction
of the benzene ring with surface OH groups takes place
without appreciable dehydration or dehydroxylation of the
surface. Acetophenone and CO2 were the only reaction
products detected, and the reaction proceeds with the
intermediate of a hydroperoxide.

3.3. Influence of Doping Concentration. Photocatalytic oxida-
tion of 1-phenlethnol over raw nano-phase TiO2 in aqueous
medium (pH = 6.4) after 3 hours of run gave only 4%
conversion. No significant difference in photoactivity was
observed between the TiO2 prepared using flame aerosol
method and the Degussa (P25). Reaction using both V and
Fe-doped TiO2 gave higher conversions than the reaction
with neat TiO2. Other studies have shown that metal-doped
TiO2 have faster electron-hole recombination rate than the
raw neat TiO2 including those doping on TiO2 surface
by impregnation method [50]. The yield of acetophenone
formed as a function of the amount of Fe- and V-doped on
the TiO2 are shown in Figures 7 and 8, respectively. For both
of Fe- and V-doped TiO2 there were doping concentrations
that gave optimal yields of acetophenone at the reaction time
of 3 hours (Figures 7 and 8). The optimal doping amount
for Fe is about 0.6% wt, and 15% yield of acetophenone,
whereas the optimal concentration for V-doped TiO2 of
about 3 wt% gave 40% yield of acetophenone. Increasing
or decreasing the metal-doping concentration lowered the
catalyst activity. Vanadium doping greatly improved the
photoactivity compared to those of pure or Fe-doped
TiO2. Previous studies indicated that the formation of the
photoactive complex by Fe3+ with organics play a key role in
promoting photocatalytic reaction. Increasing Fe2+ of nano-
TiO2 attenuate the photocatalytic activity [51].

One of the possible reasons for the optimal doping
concentration is the competing effects between the recom-
bination rate of the electron and hole pairs on the catalyst
surface, and the hole capture rate by the substrate. At low
metal concentrations, the metal ions do not affect the bulk
electronic structure of the semiconductor and its electron-
hole generation and separation capacity. As a result, the
photoactivity slowly increases with doped metal concentra-
tion. At excess metal concentration, the metal ions may
sharply increase the conductivity of the resulted materials
and the recombination rate of the photogenerated electron-
hole pairs. Further increase of the doping concentration did
not favor enhanced activity. It has been previously observed
that incorporating cations of valence higher than that of the
parent cation, such as W6+, Ta5+, and Nb5+, into the crystal
matrix of TiO2 resulted in enhanced rates of water cleavage
while the opposite is observed upon doping with cations of
lower valence, such as In3+, Zn2+, and Li+ [52]. The change
in the photocatalytic activity is found to be dependent on
the concentration and valence of the doping cations. Those
results are explained in terms of alteration of the bulk
electronic structure of the semiconductor, which influences
its electron-hole generation and separation capacity under
illumination.
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Figure 5: X-Ray diffraction patterns of flame aerosol prepared
vanadium-deposited TiO2 at different doping concentrations.

Studies have also indicated problems concerning the
stability of Fe-TiO2 photocatalysts [53]. One major cause of
a decrease in activity was photocorrosion leading to loss of
Fe from the doped material

≡ Fe(III) + e− −→≡ Fe(II) −→ Fe(II)solution (1)

competing with the activation of oxygen

Fe(II) + O2 −→ Fe(III)−O−2 . (2)

With increased doping concentrations of both Fe and V,
the crystal structure and the morphology of catalyst have
changed, and the size of catalyst particles decreased. As parti-
cle size decreased, the total catalyst surface area increased and
the photogenerated electron density on the surface of each
particle increased. This could have enhanced the photocat-
alytic reaction. However, with increase in the density of the
electron-hole pairs, the possibility of the recombination of
the electrons and holes also increases, which could be one of
the reason that there is an optimal particles size that allowed
highest conversion for the photocatalytic reaction.

Doping of metal ions in TiO2 can alter its bulk electronic
structure, which influences its electron-hole generation and
separation capacity under light illumination. Compared to
Fe-doped samples, higher concentrations of vanadium were
doped to the TiO2 while maintaining the anatase crystal
structure. On the other hand, V-doped photocatalyst has
shown higher photocatalytic activity compared to Fe-doped
and neat TiO2 samples. One of the possible reasons for
the significant difference in the photocatalytic activity in
the TiO2 doped with the two metals is that iron has larger
electric conductivity than vanadium. Higher amounts of
Fe allowed easier recombination of the electrons and holes
which resulted in deleterious effects on the photoactivity of
the doped TiO2. Vanadium has lower conductivity than iron
therefore its concentration could be higher in the doped TiO2

and with little change in the catalytic materials’ conductivity.
Higher valence of V5+ could also help the photoactivity of the
resulted catalyst [52].

3.4. Solvent Effect. The reaction in acetonitrile gave higher
conversions than in water. The effects of using either water
or acetonitrile as solvents on photocatalytic oxidation of 1-
phenylethanol studied are shown in Figures 7 and 8. For V-
doped TiO2, the increase in conversion of 1-phenylethanol
with dopant concentration was 5 to 6 times higher in
acetonitrile compared to the reaction in aqueous medium.
Acetonitrile afforded much higher conversions compared to
that in an aqueous medium because of the higher solubility
of 1-phenyethanol in acetonitrile limiting the availability
of the reactants in water leading to the low reaction rate
[54]. The lower activity of the photocatalyst in water could
also be attributable to the hydrophobic nature of TiO2

limiting the adsorption of 1-phenyethanol. Water molecules
cover most of the titanium dioxide slurry surface due to
their polarity, and the available surface for 1-phenylethanol
directly interacts with the catalyst becoming less and the
diffusion resistance is increased for both of the reactant and
products.
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Figure 6: Transmission electron micrograph of the pure or doped TiO2 particles: (a) pure TiO2 particles using the TTIP Precursor; (b)
0.6 wt% Fe-doped TiO2 particles; (c) 2 wt% V-doped TiO2 particles; and (d) 2 wt% Fe-doped TiO2.

Selective adsorption of reactants on the TiO2 surface
was found to account for differences in product selec-
tivity [55]. Solvents such as chloroform strongly inhibit
the photooxidation process due to the fact that it could
compete with the hydrocarbon for oxidation and with O2

for reduction. Differences in reaction rates and chemo-
selectivity of products was also observed when aqueous
medium was compared to those of organic solvents [56].
Solvent effects have been attributed to the stabilization of
cation radicals intermediates. A highly efficient photocat-
alytic process of linear olefins epoxidation by molecular
oxygen, using TiO2 suspensions, has been reported [57]. The
yield (epoxide produced/olefin consumed) increased with a
decrease of chain length and in solvents with high donor
number as follows: hexane < nitromethane < acetonitrile <
butyronitrile. This effect may well be able to also be explained
by a process that is mediated by the solvent hydroperoxides.

As the reaction time increased from three to six hours,
the yield of oxidation product increased 25% using Fe-doped
TiO2 and 40% for V-doped TiO2. The yield for the vanadium
doped catalyst system has higher conversion rate than the
iron-doped catalyst system for the longer reaction time. This

confirms the experimental data, as vanadium-doped TiO2

has higher activity.

4. Conclusion

The effects of metal doping on flame synthesized nanos-
tructured TiO2 have been studied in order to extend its
response to illumination with visible light. A flame aerosol
codeposition method was used for the preparation of V-
and Fe-doped TiO2. Partial oxidation of 1-phenylethano- to
acetophenone was used as a probe reaction to study photo-
catalytic activity. The type and concentration of dopant have
strong influence in improving or inhibiting photocatalytic
activity partial photooxidation. Although Fe- and V-doped
TiO2 did not show enhanced response to visible light, there
are improvements in photoactivity of doped catalyst. The
photocatalytic activity of V and Fe-TiO2 materials depends
markedly on the doping level. Relatively high amounts of
iron (5 wt% in Fe3+) and vanadium (6 wt% in V5+) had
adverse effect on the activity of TiO2 for 1-phenylethanol
oxidation. However, positive effects are observed with a
lower Fe3+ concentration (0.5 wt%) and V5+ concentrations
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Figure 8: Conversion rate for ketone formation and conversion of
vanadium-doped TiO2 for the different doping concentrations.

(3 wt%), where the conversion of 1-phenylethanol increased
by 2.5 and 6 folds, respectively, compared to undoped TiO2.

With the increase of the metal doping amount, the
crystallinity of titanium dioxide decreased and the ratio of
anatase-to-rutile in the product decreased. As the doping

concentration increased, the resulting product from the
flame process became amorphous fine powders, and the
crystal patterns could not be detected by XRD, and Raman
spectroscopy. These changes in physical properties of the
TiO2 resulted in unique adsorption properties of organic
substrates and allowed controlling the photocatalytic prop-
erties of the catalyst. Vanadium-doped TiO2 showed higher
activity than that of iron-doped TiO2. An optimal doping
concentration existed for both of the doping species in
the applied photocatalytic reaction systems. The optimum
doping concentration also depended on the type of solvent
used for the photocatalytic reaction. The possible reasons for
the optimal doping concentration have also been discussed.
For the studied system, the one using acetonitrile as solvent
has much higher conversions compared to the system using
water as solvent.
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Synthetic nano-scale hydroxyapatite (NHA) was prepared and characterized using X-ray diffraction (XRD) and scanning electron
microscopy (SEM) methods. The XRD data confirmed that the crystalline structure and chemical composition of NHA correspond
to Ca5OH(PO4)3. The SEM data confirmed the size of NHA to be less than 50 nm. A two-dimensional physical model packed with
saturated porous media was used to study the transport characteristics of NHA under constant flow conditions. The data show that
the transport patterns of NHA were almost identical to tracer transport patterns. This result indicates that the NHA material can
move with water like a tracer, and its movement was neither retarded nor influenced by any physicochemical interactions and/or
density effects. We have also tested the reactivity of NHA with 1 mg/L hexavalent uranium (U(VI)) and found that complete
removal of U(VI) is possible using 0.5 g/L NHA at pH 5 to 6. Our results demonstrate that NHA has the potential to be injected as
a dilute slurry for in situ treatment of U(VI)-contaminated groundwater systems.

1. Introduction

Groundwater systems can be contaminated by uranium dis-
charged from ore mining and processing activities and from
various nuclear weapons or fuel manufacturing activities.
Uranium contamination can cause serious diseases including
bone cancer, nonspecific malignant neoplasms, and lung
cancer [1]. Therefore, the US Environmental Protection
Agency (USEPA) standard for uranium in drinking water is
set at 30 μg/L [2].

A number of materials have been used as adsorbents or
reductants for removing hexavalent uranium from ground-
water. These include reactive sorbents such as activated
carbon, zero-valent iron, phosphate rocks, zeolites, and
various types of apatites [3]. Among available sorbent
materials, apatites are one of the most promising candidates
for adsorbing and immobiliting dissolved uranium from
groundwater [4, 5]. This is because the apatite group of
minerals have been found to be stable across a wide range of

geological conditions for hundreds of years [6, 7]. The sol-
ubility product of uranium-apatite minerals (Ksp) can vary
from about 10−20 to 10−150 [7, 8]. Furthermore, apatite is an
ideal material for long-term sequestration of metals due to
its high affinity for actinides and heavy metals [9]. Therefore,
apatite has been widely used for immobiliting heavy metals
such as Pb [10], actinides such as plutonium [11] and U, Cr,
Co, Ni, Al, Cu, Fe, Pu, Cd, Zn, As, Sb, and V [5, 12–14].

In the literature, several researchers have studied ura-
nium removal by apatite using batch-scale [4, 5, 15–19]
and column-scale experiments [20]. Several researchers
have also attempted to apply hydroxyapatite (HA) to treat
contaminant plumes at field sites. For example, commercial
HA, Ca5(PO4)3OH, has been used in a permeable reactive
barrier (PRB) in a shallow alluvial aquifer at Fry Canyon,
Utah to remove uranium [4]. However, almost all previous
studies reported in the literature have focused on evaluating
the feasibility for HA use in permeable reactive barrier
(PRB)-type applications.
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Figure 1: Schematic diagram of in situ groundwater remediation by
injection of nano-HA.

The focus of this study is to demonstrate the feasibility of
a novel in situ remediation technology that can treat uranium
using nano-scale HA that can be directly delivered in situ and
transported to the contaminated zone via injection wells. HA
reacting with hexavalent uranium (U(VI)) has been shown
to produce stable minerals such as chernikovite and autunite
[5]. Use of injection wells would help avoid construction
of expensive barriers, and also the method can target deep
plumes at locations where trenching to construct a PRB is
infeasible or cost prohibitive. Furthermore, a methodology
that involves injection of HA would allow for repetitive
treatments to ensure that sufficient quantities of U(VI) were
immobilized to protect the environment.

A conceptual schematic diagram illustrating the concept
of injecting nano-HA to remediate a dissolved contaminant
plume is shown in Figure 1. The overall goal of this study is
to develop experimental datasets to investigate the feasibility
of the remediation methodologies illustrated in this figure.
The specific objectives of this study are to (1) synthesize
and characterize nano-scale HA particles in laboratory, (2)
investigate the transport characteristics of the synthesized
nano-scale HA, and (3) demonstrate the reactivity of the
nano-HA for treating U(VI) at different pH conditions.

2. Experimental

2.1. Material and Methods. All the chemicals used in the
experiments were reagent grade. Chemicals used in this
study, which include O-phosphoric acid, sodium nitrate,
sodium bicarbonate, sodium hydroxide, and nitric acid, were
purchased from Fisher Chemical Company (Fisher Scientific,
Fairlawn, NJ, USA). Calcium nitrate (CaN2O6·4H2O) was
purchased from Acros Organic (Morris Plains, NJ, USA).
Ammonium hydroxide (6 N) was purchased from Ricca
Chemical Company (Arlington, TX, USA). The acids were
trace metal grade, and the uranium standards and stock solu-
tions were prepared from plasma-grade uranium standard
(using depleted uranium).

2.2. Nano-HA Synthesis. Nano hydroxyapatite (NHA) was
synthesized by reacting Ca(NO3)2·4H2O (0.1 M), and
(NH4)2HPO4 (0.06 M) with ammonium hydroxide (1 M).

The Ca(NO3)2 solution was vigorously stirred at room
temperature and phosphate solution was added dropwise
to the solution. The NH4OH was then slowly added drop
wise to this mixture for about 30 min to produce a milky
gelatinous hydroxyapatite precipitate (Ca10(PO4)6(OH)2),
which was washed with deionized water three times. The
overall precipitation reaction for synthesizing hydroxyapatite
can be written as

10 Ca(NO3)2 + 6(NH4)2HPO4 + 8 NH3H2O

−→ Ca10(PO4)6(OH)2 ↓ + 6 H2O + 20 NH4NO3

(1)

The reaction process described above is a modified
version of an HA synthesis method described in previous
studies [21, 22].

2.3. Batch Experiments. Batch adsorption experiments were
conducted at room temperature (∼295 K) in 50 mL polycar-
bonate centrifuge tubes, each tube yielding one data point.
Experiments were performed in duplicates to verify the
reproducibility of the results. The samples are prepared by
mixing an appropriate amount of the HA, ionic strength
adjuster (0.01 M NaNO3), acidified U(VI) stock solution
(UO2(NO3)2), and distilled deionized water. In all the batch
experiments, the pH of the solution was adjusted using
1 M NaOH or HNO3. The reacted samples were removed
from the shaker and centrifuged to aid in filtration. The
samples were opened and an aliquot of the supernatant was
withdrawn and immediately filtered with a 0.45 μm syringe
filter, and the pH of the remaining suspension was measured.
The filtrate was analyzed to measure the values of aqueous
U(VI) concentration levels using a kinetic phosphorescence
analyzer (KPA) (model KPA-11, Chemchek Instruments,
Richland, WA) after acidifying the filtrate to a pH value of
1. The level of uncertainty associated with the U(VI) analysis
method is ±3% [23, 24].

2.4. Details of Porous Media Transport Experiments. A two-
dimensional aquifer model packed with A-110 silica beads
(Potters Industries, USA) was used in this study. A uni-
form flow field was established by maintaining a constant
hydraulic gradient across the flow tank. Experimental details
of the two-dimensional experiments are summarized in our
previous work [25, 26]. Briefly, the dimensions of the flow
container were 41 cm (length) × 1.1 cm (width) × 30 cm
(height). Two chambers (each 5.5 cm wide) were situated
at the left and right ends of the tank. A series of overflow
orifices were used to control the water level (head) at either
side of the flow tank. In all the transport experiments the
ambient freshwater flowed by establishing a head difference
of 0.7 cm across the chamber. The flow field was allowed to
reach steady state for a period of 10 min before starting the
nanoparticle injection experiments.

The freshwater supply source was marked with a small
amount of nonsorbing red dye, and hence the entire tank
appeared red prior to any injection. After establishing steady-
state flow conditions, 20 mL of uncolored freshwater was
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Figure 2: SEM images of (a) lab synthesized nano-HA and (b) commercial Aldrich-HA.
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Figure 3: Lab synthesized nano-HA and Aldrich HA.

injected into the porous media tank to characterize tracer
transport through the physical system. The location of the
injection point was approximately 11.2 cm from the left
end and 17 cm from the bottom of the flow container. It
took approximately 10 s to manually inject the 20 mL tracer
slug. The movement of the tracer was recorded for about
15 min by taking high-resolution digital pictures at regular
intervals. After completing the tracer study, we injected
similar volume of nano-HA and recorded its migration
patterns and compared it with the tracer data.

3. Results and Discussion

3.1. Characterization of NHA. SEM images of synthesized
nano-HA particles and commercial HA powder purchased
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Figure 4: Influence of pH on U(VI) removal by synthetic NHA;
experimental conditions: U(VI): 1 mg/L and NHA: 0.5 g/L.

from Aldrich Chemicals are shown in Figure 2. The image
confirms that the particles are on the order of 20 to 50
nanometers and are needle shaped.

The XRD data for nano-HA and a commercial HA
powder are shown in Figure 3. The XRD data confirm that
the lab synthesized nano-HA has peaks that correspond to
the peaks of commercial crystalline HA.

3.2. Reactivity of Nano-HA with U(VI). The percent removal
of U(VI) by NHA was investigated using 1 mg L−1 of the
U(VI) at different pH values, and the results are presented
in Figure 4. The data show that almost 100% of U(VI) (at
a concentration of 1 mg/L) can be removed by 0.5 g/L NHA
at pH 5 to 6 (see Figure 4). The U(VI) removal capacity
and the pH dependence pattern of the synthesized NHA
were comparable to the commercial HA (data not shown
here).

3.3. Transport of NHA in Porous Media Systems. The trans-
port patterns of the tracer and NHA observed at different
times are shown in Figure 5. The pictures at 0 min present
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Figure 5: Transport of (a) tracer (uncolored deionized water) and (b) NHA plumes in the two-dimensional flow container.

the location of the plumes immediately after injection.
Other pictures shown in the figure were taken at 2, 6, and
16 minutes. The data indicate that the freshwater tracer
(deionized water) plume dispersed and moved horizontally
and reached the right boundary after approximately 16
minutes of transport (see Figure 5(a)). The NHA plume
also moved horizontally toward the right boundary at a rate
nearly identical to the tracer transport rate (see Figure 5(b)).

Colloidal suspensions can be removed by the porous
medium due to various physical and chemical processes
including charge interaction, filtration, diffusion, intercep-
tion, and/or sedimentation [27]. However, in the case of
NHA, the transport was observed to be similar to that of
a tracer plume. This implies that the transport of dilute
NHA solutions will be controlled primarily by advection and
dispersion processes. A mass balance analysis that compared
the mass of injected NHA with the mass recovered in the
effluent indicated that about 85% of NHA was transported
through the system. The mass balance discrepancy of 15%
is attributed to experimental errors; however, it is possible
that an unrecoverable fraction of NHA particles remain
trapped in the porous medium. Extraction of porous media
samples obtained near the injection zone did not yield any
recoverable amount of NHA.

In the published literature, no datasets are available
that document the transport patterns of NHA in a two-
dimensional (2D) flow tank packed with porous media.
In an earlier report we studied the 2D transport of
stabilized and unstabilized zero-valent iron nanoparti-
cles through porous media [26] and found that density
effects can play a significant role in transporting surface-
modified iron nanoparticles. Such density effects were not
observed in these NHA transport experiments. Since NHA
moved like a tracer, this material could be used either
for extracting contaminants or for in situ stabilization of
contaminants, depending on site-specific needs and condi-
tions.

4. Conclusions

The findings of this study demonstrate that nano-scale
hydroxyapatite (NHA) materials could be used for develop-
ing treatment approaches for removing and/or immobilizing
highly toxic radionuclides such as U(VI) in subsurface
groundwater systems. These approaches would allow reme-
diation of U(VI) without the need to excavate. Since HA has
the potential to immobilize U(VI) to stable minerals such as
autunite and chernikovite [5, 6], this process has important
implication for in situ U(VI) remediation. Our flow tank
data indicate that the transport characteristics of NHA are
similar to tracer transport characteristics. The reactivity data
show that NHA has a strong affinity to efficiently remove
U(VI) around pH 5 to 6. More studies are, however, needed
to further understand and scale up these processes to field-
specific transport conditions.
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Combustion synthesis of iron oxide/iron coated carbons such as activated carbon, anthracite, cellulose fiber, and silica is described.
The reactions were carried out in alumina crucibles using a Panasonic kitchen microwave with inverter technology, and the reaction
process was completed within a few minutes. The method used no additional fuel and nitrate, which is present in the precursor
itself, to drive the reaction. The obtained samples were then characterized with X-ray mapping, scanning electron microscopy
(SEM), energy dispersive X-ray analysis (EDS), selected area diffraction pattern (SAED), transmission electron microscopy (TEM),
X-ray diffraction (XRD), and inductively coupled plasma (ICP) spectroscopy. The size of the iron oxide/iron nanoparticle-coated
activated carbon, anthracite, cellulose fiber, and silica samples were found to be in the nano range (50–400 nm). The iron oxide/iron
nanoparticles mostly crystallized into cubic symmetry which was confirmed by SAED. The XRD pattern indicated that iron
oxide/iron nano particles existed in four major phases. That is, γ-Fe2O3, α-Fe2O3, Fe3O4, and Fe. These iron-coated activated
carbon, anthracite, cellulose fiber, and silica samples were tested for arsenic adsorption through batch experiments, revealing that
few samples had significant arsenic adsorption.

1. Introduction

Arsenic (As) contamination is one of the most challenging
environmental problems today. Millions of people world-
wide are exposed to naturally occurring As-contaminated
groundwater, which they use as their sole source of drinking
water. Increased use of groundwater as a source for drinking
water has caused serious health problems such as neu-
rological, dermatological, gastrointestinal, and cardiorenal
diseases; arsenic is also a suspected carcinogen. Furthermore,
recent research has suggested that As acts as an endocrine
disruptor at extremely low concentrations. Recently, because
of its high nuisance value, The U.S. Environmental Protec-
tion Agency has revised the maximum contaminant level
(MCL) of arsenic in drinking water from 50 to 10 μg/L. As
a result, there is a need to develop simple, low-cost methods
for the removal of As from groundwater used as a source for
drinking water.

Numerous materials have been used for arsenic adsorp-

tion such as rice husk (1), calcined and uncalcined layered
double hydroxides (2), low-cost sorbents (3), aluminium
oxide and phyllosilicate mineral surfaces in smelter-impacted
soils (4), natural soil (5), waste biomass with a high
fibrous protein content obtained from chicken feathers (6),
nanocrystalline anatase form of titanium dioxide prepared
by hydrolysis of titanium sulfate solution (7), and activated
carbons prepared from solvent extracted olive pulp and olive
stones (8).

There is now a growing interest, however, in using iron
and its oxide form for their superior adsorption capability,
when compared with the above mentioned alternatives [1–
14]. Zhang et al. [1] reported that a novel Fe-Mn binary oxide
adsorbent was developed for effective As (III) removal, which
is more difficult to remove from drinking water and much
more toxic to humans than As (V). The synthetic adsorbent
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Figure 1: X-ray mapping images of (a) MN-1 (red-Fe, green-C, and blue-O), (b) MN-2 (blue-Fe, green-O, and red-C), (c) MN-3 (green-Fe,
red-O, and blue-C), and (d) MN-4 (red-Silica, green-Fe, and blue-O).

showed a significantly higher As (III) uptake than As (V).
Zhang et al. [2] showed that the bimetal oxide adsorbent
showed a significantly higher As (V) adsorption capacity
than the referenced Ce and Fe oxides (CeO2 and Fe3O4)
prepared by the same procedure, and some other arsenate
adsorbents reported recently. Adsorption kinetics of arsenate
and dimethylarsinate (DMA) on goethite (alpha-FeOOH)
were investigated at different pH values and inert electrolyte
concentrations. Their adsorption kinetics were described and
compared using Elovich plots [4].

Nanoscale zero-valent iron was tested for the removal
of As (III) in anoxic groundwater. Arsenic (III) adsorption
kinetics were rapid and occurred on a scale of minutes
following a pseudo-first-order rate expression with observed
reaction rate constants of 0.07–1.3 min−1, and these values
were about 1000 times higher than literature values for As
(III) adsorption on micron-sized Iron [6]. New adsorbent,
bead cellulose loaded with iron oxyhydroxide was applied
for the adsorption and removal of arsenate and arsenite
from aqueous systems. The adsorption capacity for arsenite
and arsenate was 99.6 and 33.2 mg/g bead cellulose loaded
with iron oxyhydroxide at pH 7.0, with an Fe content of
220 mg/mL. Kinetic data suggests a pseudo-second-order
reaction model. Arsenate elimination was favored at acidic
pH, whereas the adsorption of arsenite by bead cellulose
loaded with iron oxyhydroxide was found to be effective in
a wide pH range of 5–11 [12]. Effort from our laboratory
to develop simple, low-cost methods for the removal of As
from groundwater used as a source for drinking water herein,

we report on studies of iron oxide/iron nanoparticle-coated
activated carbon, anthracite, cellulose fiber, and silica sample
preparation using microwave-assisted combustion synthesis
and their application in arsenic removal. The reaction occurs
within a few minutes, uses no additional fuel, and is easy to
process.

2. Experimental

The experimental procedure was carried out using Fe
(NO3)3·9H2O (Aldrich, 99%) with various different car-
bons, and the composition ratio is shown in Table 1. The
different ratio of Fe (NO3)3·9H2O to activated carbon,
anthracite, cellulose fiber, and silica was mixed using a
pestle and mortar, and then transferred to an alumina
crucible. The mixtures were then heated under microwave
irradiation (Panasonic kitchen microwave oven with inverter
technology) for one to three minutes (Table 1).

Batch experiments were conducted for arsenic adsorp-
tion at room temperature. A stock arsenic solution was
prepared by dissolution of 0.12 g Na2HAsO4 into 4.0 L H2O
resulting in an initial concentration of 10 mg/L. Additionally,
dissolved inorganic carbon was added by dissolving 1.40 g
NaHCO3 into the stock solution resulting in a dissolved in
inorganic carbon level. Subsequently, the pH was adjusted
to 7.0 by computer-controlled automatic titration. To high-
density polyethylene bottles, 300 mL of stock solution and
0.25 g of synthesized adsorption media (MN-1 to MN-7)
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Figure 2: X-ray mapping images of (a) MN-5 (red-Fe, green-C, and blue-O), (b) MN-6 (blue-Fe, green-O, and red-C), (c) MN-7 (green-Fe,
red-O, and blue-C), and (d) EDS spectrum of MN-7.
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Figure 3: SEM images of iron coated (a) MN-1, (b) MN-2, (c) MN-3, and (d) MN-4.
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Figure 4: SEM Images of iron coated (a) MN-5, (b) MN-6, and (c-d) MN-7.
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Figure 5: TEM images of iron coated (a) MN-1, (b) MN-2, (c) MN-3, and (d) MN-4.
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Figure 6: TEM images of iron coated (a) MN-5, (b) MN-6, (c) MN-7, and (d) MN-8 samples.
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Figure 7: Selected area diffraction pattern (SAED) of (a) MN-1, and (b) MN-5 samples.

were added. Sample bottles were agitated by continuous
tumbling for 48 hours. Approximately 60 mL of supernatant
was extracted, filtered by 0.20 μm syringe filter, and analyzed
by inductively coupled plasma (ICP), and results are given in
Figure 11 and Table 2.

A JEOL-1200EXII TEM with a side-mounted Gatan
digital camera was used for the imaging of activated carbon,
anthracite, cellulose fiber, and silica coated iron oxide/iron
nanoparticles. Fifteen μL of iron oxide/iron nanoparticle
coated activated carbon, anthracite, cellulose fiber, and silica

samples were dispersed in acetone, placed on a formvar-
carbon coated copper grid, and allowed to air dry. Images
were captured at an accelerating voltage of 120 kV and
collected using Gatan software. For SEM, a JEOL-6490LV
with an Oxford X-Act EDS system was used for imaging and
elemental analysis. Images and EDS spectra were captured
using an accelerating voltage of 15 to 30 kV. Spectra were
collected for 50 live seconds using a process time of 5
percent, and a 30 to 50 percent dead-time. A Panalytical
(Expert) 2-theta diffractometer with a copper Kα source was
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Figure 8: XRD pattern of maghemite coated anthracite synthesized
using combustion reaction (MN-1 sample).
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Figure 9: XRD pattern of maghemite coated commercial carbon
synthesized using combustion reaction (MN-5 sample).

used to identify crystalline phases of the iron oxide/iron
nanoparticle-coated activated carbon, anthracite, cellulose
fiber, and silica samples. Scans were performed over a 2-theta
ranging from 5 to 70◦

3. Results and Discussion

Combustion synthesis or self-propagating high-temperature
synthesis (SHS) provides striking realistic alternative to the
conventional methods of producing advanced materials,
such as ceramics, composites, and intermetallic compounds.
The combustion procedure involves the decomposition of a
reduction/ oxidation reaction system, which then proceeds
as a self-sustaining front throughout the reactant gel mixture.
The reaction conditions and the large amount of heat evolved
during the reaction make possible the direct fabrication of a
large number of single or multicomponent powders that are
crystalline and homogeneous and have a narrow particle size
distribution.
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Figure 10: XRD pattern of hematite coated cellulose fibers
synthesized using combustion reaction (MN-7 sample).
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Figure 11: Arsenic adsorption study results.

The combustion synthesis of iron oxide/iron coated
activated carbon, anthracite, cellulose fiber and silica sam-
ples were carried out in a kitchen microwave oven. The
reaction uses activated carbon, anthracite, cellulose fiber
and silica obtained from different vendors, and iron nitrate
as precursor material for iron oxide/iron nanoparticle-
coating. Nitrate, which was present in the precursor, Fe
(NO3)3·9H2O, can be used as a fuel for obtaining the desired
materials. The different concentrations of iron nitrate with
activated carbon, anthracite, cellulose fiber and silica were
ignited using the microwave oven, in highly exothermic
reactions completed within one to three minutes. A uniform
coating of iron oxide/iron nanoparticles was observed (see
Figures 1(a)–1(d) and Figures 2(a)–2(c)). X-ray mapping
images of MN-1 (red-Fe, green-C, and blue-O), MN-2 (blue-
Fe, green-O, and red-C), MN-3 (green-Fe, red-O, and blue-
C), and MN-4 (red-Silica, green-Fe and blue-O) samples
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Table 1: Code, composition, and time of exposure of the reaction mixture.

Sample number Sample code Sample composition

Time exposed to
microwave
irradiation

(Min)

1 NM1
5.4 gm activated carbon + 8.8 gm of Fe
(NO3)3·9H2O

1 + 1.5 + 3

2 NM2
9.9 gm anthracite + 4.9 gm of Fe
(NO3)3·9H2O + 0.5 mL H2O

2

3 NM3
9.9 gm anthracite + 11.12 gm of Fe
(NO3)3·9H2O + 0.5 mL H2O

2

4 NM4
5 gm carbon (Hydrodarco 4000, lot No.
873812) + 11 gm of Fe (NO3)3·9H2O +
0.5 ml H2O

2

5 NM5
5 gm carbon (Norit, GAC 1240 lot.
30212-6) + 11.2 gm of Fe (NO3)3·9H2O
+ 0.5 mL H2O

2

6 NM6
5 gm activated carbon + 11.1 gm of Fe
(NO3)3·9H2O + 0.5 mL H2O

2

7 NM7
4.92 gm cellulose fibrous long (sigma
batch.047k0142) + 11.98 Fe
(NO3)3·9H2O + 0.5 mL H2O

1 + 1

8 NM8
24.8 gm of sand coarse + 9.8 Fe
(NO3)3·9H2O + 0.5 mL H2O

2

Table 2: Arsenic adsorption study results.

Sample name As removed (%) Adsorption (mg/g)

E33 96.7 42.0

MN-1 19.8 5.9

MN-2 45.0 13.3

MN-3 20.5 6.2

MN-4 84.6 25.3

MN-5 98.8 29.8

MN-6 54.1 15.9

MN-7 98.5 28.7

MN-8 25.8 7.6

are shown in Figures 1(a)–1(d), respectively. X-ray mapping
studies indicate that iron nanoparticles are coated uniformly
on the surface of carbon, anthracite, and silica. Similar
coatings were observed for the MN-5 (red-Fe, green-C, and
blue-oxygen), MN-6 (blue-Fe, green-O, and red-C), and
MN-7 (green-Fe, red-O, and blue-C) samples. The energy
dispersive spectrum (EDS) indicates the presence of iron in
each case, and a representative EDS image of MN-7 is shown
in Figure 2(d).

In order to understand the surface morphology, crystal
shape and size, SEM analysis performed on MN-1 to MN-
8 samples, and the results are shown in Figures 3 and 4.
Figure 3 shows the SEM images of the iron-coated MN-
1, MN-2, MN-3, and MN-4 samples. The iron oxide/iron
nanoparticle coating varies from particles to flake depending
upon the material used for preparation (see Figure 3). MN-1,
MN-3, and MN-4 samples exhibit a spherical iron oxide/iron

nanoparticle coating whereas MN-2 displays a flake-like
coating. The flake-like iron oxide/iron structures may result
from insufficient fuel energy to break the iron into particles.
Highly dispersed iron oxide/iron coatings appear on MN-
5, MN-6, and MN-7 samples as shown in Figure 4. Notably,
the MN-7 sample carbon, which was obtained from cellulose
fiber, retained its parent structure even after modification
with iron oxide/iron coating.

These fiber-based, carbon-coated iron oxide/iron mate-
rials exhibit numerous practical applications, including
serving as membranes for arsenic removal. TEM studies
confirm that nanoscale iron oxide/iron particles are achieved
regardless of the material used for preparation (see Figures 5
and 6). MN-1 and MN-2 samples yielded spherical particles,
while MN-3 yielded brush-like structures and MN-4 yielded
ring-like structures (see Figure 5).

In the case of MN-5, MN-6, and MN-7, spherical-shaped
structures were formed, while brush-like structures were
formed on the MN-8 sample. For the selected samples, SAED
results are shown in Figure 7. The samples crystallize in
cubic symmetry. XRD was performed on all the synthesized
samples and representative data are shown in Figures 8–
10 (also see Figure S1–S5). Depending on the substrate
and concentration of Fe(NO3)3used, four major phase were
identified, namely, maghemite(γ-Fe2O3), Fe3O4, hematite
(α-Fe2O3), and Fe metal. Generally, broad XRD peaks
indicate the coated iron particles of nanometer size.

Commercially available Bayoxide E33 (Bayer) is com-
pared to these synthesized media for arsenic adsorption
studies, and the data is shown in Figure 11 and Table 2.
MN-4, MN-5, and MN-7 show comparable arsenic removal
capabilities at tested time interval.
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4. Conclusions

Combustion synthesis of iron oxide/iron nanoparticle-
coated carbons such as activated carbon, anthracite, and
silica is described. The reactions were carried out in alumina
crucibles using a kitchen microwave oven, and the reaction
completes within a few minutes. The method uses no
additional fuel and uses a nitrate which is present in the
precursor itself to drive the reaction. Depending upon the
source of carbon used for the preparation, the formation
of iron oxide/iron is observed. The coated iron oxide/iron
nanoparticles were mostly spherical in nature, with size
ranging from 50 to 400 nm. In a few cases, however, such
as MN-3 and MN-8, brush-like structures were observed.
Samples MN-4, MN-5, and MN-7 had significant arsenic
adsorption when compared with samples MN-1, MN-2,
MN-3, MN-6, MN-8, and the E-33 control sample. The
synthesized iron oxide/iron nanoparticle-coated activated
carbon, anthracite, cellulose fiber, and silica samples may
serve as a part of practical applications for environmental
remediation, catalysis, membrane design, and other techno-
logical solutions.
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