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Chemists are required to generate a diverse array of organic
and inorganic molecules using eco-friendly conditions,
including low-cost and short-reaction times. A primary
driver of synthetic chemistry is, therefore, the development
of efficient and environmentally benign synthetic protocols,
as the pressure to produce the myriad of substances required
by society in an eco-friendly fashion has continued to
increase. Up to now, many works have been published on
synthesis and characterization of various multidimensional
micro/nanostructured materials via diverse synthesis meth-
ods. However, complex conditions and long synthesis time
were required for most of these technologies.

Microwave-assisted processing methods, as good exam-
ples, have been developed for a variety of applications
in organic and inorganic synthesis and transformations.
There are many examples of the successful application
of MW-assisted green chemistry for synthesis of
micro/nanostructured materials in the literature. This
special issue addresses rapid methods for synthesis of
organic and inorganic micro/nanomaterials to maximize the
efficient use of safer raw materials and to reduce waste for
fabrication of various micro/nanostructured materials. This
special issue contains nineteen papers including seventeen
research and two review papers.

In “Studying the effects of adding silica sand nanoparticles
on epoxy based composites,” T. Ahmad et al. produced

Epoxy-SiO2 nanocomposites using Tronoh silica sand
nanoparticles as reinforcement. They reported that density of

the epoxy-SiO2 nanocomposites increases from 1.157 g/cm3

to 1.244 g/cm3. The mechanical properties of the fabricated
nanocomposites decrease with the addition of silica sand
nanoparticles due to improper mixing of the nanoparticles.
SEM micrographs show white and agglomerate zones on
fracture surfaces which indicate that silica sand nanoparticles
are not homogeneously dispersed in epoxy.

In their paper, J. Panda et al. studied a “Green chem-
istry approach for efficient synthesis of Schiff bases of Isatin
derivatives and evaluation of their antibacterial activities.”
They synthesized Schiff base of Isatin derivatives by conven-
tional and microwave irradiation method. With microwave
synthesis, the yield of product increases from 60% up to
85% as compared to conventional method. By microwave
irradiation the reactions are completed within 5–10 min,
which reduced the time, waste, and formation of byproduct.
This microwave-assisted synthesis is reported as a simple
and eco-friendly route. From their results of antibacterial
studies, they concluded that compounds exhibited significant
antibacterial activities against both Gram-positive and gram-
negative organisms.

In his paper, A. K. Singh presented “Microwave assisted
growth of ZnO nanorods and nanopolypods nanostructure thin
films for gas and explosives sensing.” It was shown that use
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of triethanolamine (TEA) as capping agent has resulted in
the additional growth of ZnO NPPs. The structural analysis
shows hexagonal wurtzite structure of ZnO with planes
highly oriented along (002) direction. The sensing study
of ZnO NRs and ZnO NRs/NPPs samples shows that the
sensor response (𝑆) increases with temperature for both
liquefied petroleum gas (LPG) and oxygen, while, with the
increase in gas concentration from 0.2 to 0.4 vol%, the sensor
response increases gradually and attains saturation for LPG,
and, for oxygen, the response is found to be linear with the
increase in gas concentration. The sensor sensing and the
recovery time analysis show that the recovery time reduces
with the increase in operation temperature for both gas
and explosives. Additionally, the recovery time achieved for
LPG at 0.4 vol% concentration is much lesser than that
previously reported for ZnO thin film with much higher LPG
concentration.

In their paper, “Synthesis of ZnO nanostructures by
microwave irradiation using albumen as a template,” T.
Prakash et al. synthesized ZnO nanostructures via a
microwave irradiation method in the presence of albumen
as a biotemplate. The composition and morphology of the
nanostructures are affected by the presence of albumen as a
template. The optical band gap of the polycrystalline ZnO
nanoparticles increases from 3.22 to 3.25 eV for the sample
synthesized in the presence of albumen because of the
defects’ decrease. The good quality of ZnO nanostructures
produced was also demonstrated by PL studies.

In “Rapid green synthetic protocol for novel trimetallic
nanoparticles,” B. Karthikeyan and B. Loganathan presented
the preparation of nanosized trimetallic nanocomposites
and trimetallic nanotubes from an aqueous solution of
corresponding metallic precursors. They reported a sim-
ple microwave irradiated synthesis of Au-Pt-Ag trimetallic
nanocomposites and Au-Pd-Pt trimetallic nanotubes. EDX
analysis confirmed that the percentage of Pt is maximum on
the surface of trimetallic nanoparticles and nanotubes.

In their paper, “Photocatalytic properties of microwave-
synthesized TiO2 and ZnO nanoparticles using malachite
green dye,” A. K. Singh and U. T. Nakate synthesized TiO2
and ZnO nanoparticles using a green, efficient, and cost-
effective microwave method. The photocatalytic activity of
these nanoparticles was studied for malachite green (MG)
dye under UV light. The photocatalytic tests showed that
TiO2 and ZnO nanoparticles have 49.35% and 23.31% pho-
todegradation efficiency, respectively, for MG dye under
UV light. TiO2 nanoparticles show more than two-order
photodegradation property for MG dye as compared to
ZnO.

In “Tuning the pore size in ionic nanoparticle networks”
M. -A. N. Gauthey et al. described a new ionic nanoparticle
networks (INNS) material based on zirconia nanoparticles
and compared the porous characteristics of different INNs,
with various metal oxide nanoparticles. In these materials, the
liking imidazolium moieties are maintained in the network
and thus remained accessible to adsorbed molecules. The
INN based on zirconia nanoparticles linked by ionic liquid-
like imidazolium bridging units. It was shown that the porous

characteristics of the INN depend on the size and shape of the
nanoparticles. INNs based on large spherical nanoparticles,
like SiO2, are macroporous, while INNs based on small
spherical nanoparticles, like TiO2, are microporous.

In their paper, Y. -W. Chen and D. S. Lee investigated
“Selective hydrogenation of p-chloronitrobenzene on nanosized
pdNiB catalysts.” They prepared a series of PdNiB nanoalloy
catalysts with various Pd contents by chemical reduction
method with NaBH4 as the reducing agent. The magnetiza-
tion of PdNiB remarkably increased with doping Pd into NiB.
High activity and selectivity on PdNiB in the hydrogenation
of 𝑝-CNB could be attributed to both ensemble effect and
electronic effect.

In their paper, “Microwave-assisted synthesis of mixed
metal-oxide nanoparticles,” A. Verma et al. synthesized ZrO2
and ZrTiO4 nanoparticles by microwave-assisted citrate sol-
gel method. Nanoparticles of V2O5 supported on ZrO2 were
also synthesized by microwave-assisted solution combustion
method. The low-angle powder XRD measurements confirm
the mesoporous nature of ZrV2O7 and formation of single
phase material up to 10 wt% of vanadium incorporation.
The HRTEM data confirms the formation of single phase t-
ZrO2. Raman spectra further support the crystalline phase
as well as the specific bands to show the modes of vibration
in Zr-O system, whereas the specific bands indicate the
modes of vibration in Zr-Ti-O and ZrV2O7 systems. The
crystallite sizes were found to be in the ranges of ∼5–10 nm,∼2–5 nm, and ∼20–50 nm for ZrO2, ZrTiO4, and ZrV2O7,
respectively.

In their review article, “Naturally self-assembled nanosys-
tems and their templated structures for photonic applica-
tions,” K. Pradeesh et al. discussed fabrication, structural,
and optical exciton features of naturally self-assembled low-
dimensional IO-hybrid nanosystems. While the fabrication
of these self-assembled systems is usually from solution
chemistry techniques, a novel device-compatible thin film
fabrication from very inexpensive method, that is, intercala-
tion, was reviewed. Finally, the designing and fabrication of
optoelectronic compatible photonic architectures from these
IO-hybrids, especially from template-assisted method, have
been clearly discussed.

In “Rapid, low-cost, and ecofriendly approach for iron
nanoparticle synthesis using Aspergillus oryzae TFR9,” J. C.
Tarafdar and R. Raliya demonstrated a rapid, low-cost, and
eco-friendly synthesis method for fabricating iron nanopar-
ticles using the fungi Aspergillus oryzae TFR9.

In their paper, “CuO-CeO2 nanocomposite: an efficient
recyclable catalyst for the synthesis of aryl-14H-dibenzo[a-
j]xanthenes,” J. Albadi et al. developed a new, efficient, and
green procedure for the synthesis of biologically impor-
tant xanthene derivatives catalyzed by recyclable CuO-CeO2
nanostructured catalyst, under solvent-free conditions. This
catalyst can promote the yields and reaction times over eight
runs without noticeable loss in its efficiency.

In their paper, A. K. Mittal et al. studied “Synthesis of
gold nanoparticles using whole cells of Geotrichum candidum.”
Various reaction parameters like cell age, temperature, pH,
cell mass, and metal ion concentration were optimized to
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increase the yield and to improve the dispersity of nanoparti-
cles. The gold nanoparticle throughout the cell mass suggests

that Au+3 ions entered the cells through a transport system.
The presence of different metabolic enzymes inside the cells

or cytoplasm probably reduced Au+3 to Au0 and capped it by
protective peptide/proteins.

In their article, “Electrochemical method for Ag-PEG
nanoparticles synthesis,” M. V. Roldán et al. presented an
electrochemical method to prepare Ag nanoparticles using
polyethylene glycol (PEG) as stabilizer. The PEG chain length
does not show effects on the shape of the nanoparticles
obtained, which are spherical for all the cases. Nevertheless,
with the longer polymer chain length, it is possible to control
the particle size through the PEG concentration.

In their paper, B. M. Sahoo et al. studied an “Ecofriendly
and facile one-pot multicomponent synthesis of thiopyrim-
idines under microwave irradiation.” With the help of
microwave synthesis, the yield of product increased from 55%
up to 85% as compared to conventional synthesis. In addition,
the reaction time is reduced from 4–8 hrs to 5–10 min.

In their paper, V. L. Chandraboss et al. studied “Sol-
gel synthesis of TiO2/SiO2 and ZnO/SiO2 composite films
and evaluation of their photocatalytic activity towards methyl
green.” In this work, TiO2/SiO2 and ZnO/SiO2 composite
films were prepared by the sol-gel method. These TiO2/SiO2
and ZnO/SiO2 films were then used for the photodegradation
of methyl green (MG) under UV-light irradiation.

In “Antibacterial activity of silver nanoparticles synthesized
by bark extract of Syzygium cumini,” R. Prasad and V. S.
swamy used the silver nanoparticles synthesized from the
bark extract of S. cumini and its antibacterial effect on the bac-
teria, namely, Escherichia coli, Staphylococcus aureus, Pseu-
domonas aeruginosa, Azotobacter chroococcum, and Bacil-
lus licheniformis. In the present study, silver nanoparticles
are synthesized at room temperature within a less span
of time. The size of the nanoparticles ranges from 20 to
60 nm with spherical shape. These nanoparticles showed a
broad spectrum antimicrobial activity against both Gram-
positive and Gram-negative bacteria. Investigation on the
antibacterial activity of synthesized silver nanoparticles using
S. cumini extract against Staphylococcus aureus and Bacillus
licheniformis reveals high potential as antimicrobial agent in
pharmaceutical, food, and cosmetic industries.

In their paper, “Green synthesis of nanocrystalline
Cu2ZnSnS4 powder using hydrothermal route,” S. K. Verma
et al. presented a simple and relatively safe approach of
hydrothermal synthesis of the quaternary semiconductor
CZTS nanoparticles. Spherical nanoparticles with diameters
of about 4-5 nm are obtained without using any expensive
vacuum facilities or high temperature annealing temperature.
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Nanocrystalline Cu2ZnSnS4 (CZTS) powder was synthesized by a hydrothermal process, using thiourea as sulfur precursor. The
powder was qualitatively analyzed using X-ray to identify the phase, and the size of the particles was determined using transmission
electron microscopy (TEM). Raman peak at 337.5 cm−1 confirms the formation of pure CZTS particles. The powder was also syn-
thesized solvothermally using ethylenediamine as solvent. The hydrothermally synthesized powder indicated the presence of the
kesterite phase Cu2ZnSnS4 and particle size of about 4-5 nm. This environmentally green synthesis by hydrothermal route can
produce gram scale synthesis of material with a chemical yield in excess of ∼ 90%. UV Vis absorption spectra measurements indi-
cated the band gap of as-synthesized CZTS nanoparticles to be 1.7 eV, which is near the optimum value for photovoltaic solar cell,
showing its possible use in photovoltaics.

1. Introduction

Thin film solar cells based on chalcopyrite type semicon-
ductors like CuInSe2, CuInGaSe2 (CIGS), and so forth have
shown high efficiency and applicability for large scale appli-
cations [1]. CIGS based solar cells exhibit improved stability
under long-term excitation, and their best efficiency available
nowadays exceeds 20% [2]; however, gallium and indium
used for preparation of the active layer are rare earth elements
and are expensive also. Hence, Cu2ZnSn(SSe)4 was found of
more interest, because of less toxicity, earth abundance, nearly
optimum direct band gap (𝐸𝑔) of about 1.05–1.50 eV, and a
high absorption coefficient [3, 4]. Compared with the vacuum
approaches, the nonvacuum approaches are the more desired
techniques to achieve low production costs, because of the
advantages offered by these methods, such as simplicity, easy
to scale up, and high material utilization [4, 5]. Diverse depo-
sition routes of Cu2ZnSnS4 (CZTS) thin films such as sput-
tering, spray pyrolysis, sol-gel, and electro-deposition have
been reported [6, 7]. Much attention has been focused
recently on fabrication of low cost and highly efficient solar
cells. In this respect, the synthesis of nanocrystalline powders
through wet chemical routes is gaining importance, since spin

casting or printing nanocrystalline powders enable roll to roll
processing for large scale manufacturing. Solar cells based
on Cu2ZnSnSe4 (CZTS) have achieved power conversion ef-
ficiencies as high as 11.1% using a hydrazine based approach
[8]. However, hydrazine is highly toxic and very unstable,
and its use requires extreme caution during handling. Recent
advances in the synthesis of colloidal semiconductor nano-
crystals (NCs) have paved the way for the use of a large variety
of different techniques for the preparation of nanoparticle
inks [9, 10]. Decreasing the particle size to the quantum con-
finement regime allows the band gap to be tuned as a func-
tion of the crystallite size, which facilitates the realization of
multijunctions. Another advantage of using NCs is well con-
trolled stoichiometry, which is one of the limiting steps of
other deposition methods. To adapt these NCs for industrial
purposes, in solar cell applications, the development of syn-
thesis methods enabling the precise control of size, shape, and
composition is of crucial importance. In the last few years,
the synthesis of colloidal CZTS NCs appeared, and the use of
CZTS inks for solar cell applications has also been demon-
strated [9–14]. The choice of a user friendly method of large
scale nanocrystalline synthesis process is a prerequisite to
successively achieve the mission of cost effectiveness. There
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are not many reports on the synthesis of nanocrystalline
CZTS powders. Thin film solar cells based on colloidal route
have achieved a power conversion efficiency of 7.3% and 8.4%
[9, 10].

Hydrothermal/solvothermal process is an attractive route
for large scale synthesis of nanocrystalline powders. Hydro-
thermal reactions have been widely used to synthesize nano-
crystalline materials such as TiO2, ZnO, CdS, ZnS, and ZnSe
[11–18]. Ternary semiconductor quantum dots CuInS2,
CuInSe2 have also been prepared by this method [19, 20].
Madarász et al. [21] prepared CZTS using thermal decompo-
sition of thiourea complexes of Cu (I), Zn (II), and Sn (II)
chlorides. Hydrothermal/solvothermal processing route was
used to synthesize CZTS and related materials [22–29]. Wang
et al. [22] synthesized CZTS by hydrothermal process. Cao
and Shen [23] synthesized CZTS by solvothermal route,
wherein ethylenediamine (EDA) was used as a solvent. Jiang
et al. [24] reported the synthesis of orthorhombic CZTS using
a hydrothermal method using EDA. In this approach, a mixed
solvent EDA and water of 1 : 1 ratio and thiocarbamide were
used as sulfur source. The presence of EDA and the annealing
temperature were reported by Jiang et al. [24] to play an
important role in the process of CZTS phase transitions
between the tetragonal and orthorhombic structures. Large
scale single crystalline CZTS nanosheets of thickness as thin
as 20 nm were produced by a solvothermal approach depend-
ing on the EDA concentration [26].

In the present work, we have synthesized CZTS nanopow-
der by hydrothermal method, using thiourea as sulfur agent.
This method is milder, simpler, more practical, and more
ecofriendly than the solvothermal method, which uses EDA
as solvent. The results demonstrate that hydrothermal route
produces single phase nanocrystalline kesterite phase of
CZTS. These investigations indicated that the formation of
a crystal phase is closely related to the reaction condi-
tions and the sulfur source, the solvent may affect the size
and phase properties. The physical properties of the CZTS
nanocrystalline particles, such as structure, morphology, and
optical properties, were studied. The as-synthesized CZTS
nanoparticles prepared in water showed a kesterite phase,
with nanocrystallite size of 4-5 nm. The use of water as a sol-
vent offers a more green or environmentally benign process,
removing the requirement of organic solvents or hazardous
substances. From the viewpoint of green chemistry, the
hydrothermal approach is a good candidate since the reaction
can proceed at a mild temperature in water in a sealed envi-
ronment. Taking organic compound thiourea as a source of
sulfur, the toxicity is lowered as compared with H2S or Na2S.
Furthermore, thiourea decomposes at a temperature of about
80∘C and releases S−2 slowly, causing the reaction to proceed
slowly and control easily.

2. Experimental

2.1. Synthesis of Nanocrystalline Cu2ZnSnS4 Powder. CZTS
nanocrystalline powder was synthesized by solvothermal
as well as hydrothermal route. In the solvothermal process,
appropriate amounts of analytical grade CuCl2,

(C2H3O2)2Zn, SnCl4, and S were added into a stainless steel
autoclave with a teflon liner, which was filled with ethylene-
diamine up to 50% of the total volume (1000 mL). The auto-
clave was sealed and maintained at 180∘C for 16 h and then
allowed to cool to room temperature naturally. The precipi-
tates were filtered off and washed with absolute ethanol.
Finally, the product was collected for characterization.

In a hydrothermal process, appropriate amounts of ana-
lytical grade CuCl2, (C2H3O2)2Zn, SnCl4 and NH2CSNH2
(thiourea) were added into a stainless steel autoclave with a
teflon liner, which was filled with double distilled water up
to 50% of the total volume (1000 mL). The concentration of
thiourea was kept 20% higher than stoichiometric ratio for
the complete sulfurization of the compound. The autoclave
was sealed and maintained at 180∘C for 16 h and then allowed
to cool to room temperature naturally. The precipitate was
filtered off and washed with double distilled water.

2.2. Characterization. Structural characteristics of powders
were determined by X-ray diffraction in 2𝜃 range from 10∘

to 80∘ using Bruker Analytical X-ray diffractometer equip-
ped with graphite-monochromatized Cu K𝛼 radiation (𝜆 =1.5418 Å) and transmission electron microscope using a
JEOL 2010F TEM operating at an accelerating voltage of
100 kV. For TEM measurements, carbon coated copper grids
were prepared by dispersing 0.1 g powder in 10 ml deionized
(DI) water by ultrasonic treatment for about 250 sec. One
drop of this solution was placed over grid and left to dry. The
particle size and morphology were investigated by UV Vis
absorption spectra which were taken on a UV Vis spectro-
photometer (Shimadzu UV-1601), in which chloroform was
used as a reference solvent. Raman measurements were per-
formed using Renishaw inVia Raman spectrometer, operating
at 514.5 nm Ar ion laser.

3. Results and Discussion

Figure 1 shows the XRD pattern of the as-synthesized CZTS
nanocrystalline particles. The diffraction pattern of the
hydrothermally synthesized CZTS powder showed peaks at2𝜃 = 28.66, 33.1, 47.77, 56.70, 69.59, and 76.94∘. All of these
peaks can be indexed to the kesterite phase of CZTS (JCPDS
26-0575). The major XRD diffraction peaks can be attributed
to the (112), (200), (220), and (312) planes, respectively. Sim-
ilar peaks were present in the powder synthesized by solvo-
thermal process.

Besides these results, some extra peaks at 2𝜃 of 26.822,
30.811, and 51.891∘, indicated by solvothermally prepared
CZTS powder, can be attributed to the diffraction peaks of
(100), (102), and (103) planes of wurtzite structure of ZnS
(JCPDS36-1450). No direct information could be found to
confirm the existence of SnS or SnS2. An earlier report on
solvothermal synthesis had shown similar impurity phase
that was removed on annealing [23]. The powder prepared by
hydrothermal route do not show presence of ZnS impurity
phase. According to the Debye-Scherrer formula 𝑑 = 0.9𝜆/(𝛽 ⋅ cos 𝜃), where 𝛽 is the line width at an angle 2𝜃 and 𝜆
is X-ray wave length. The diameter d of both hydrothermal
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Figure 1: XRD pattern of as-synthesized CZTS powders.

and solvothermal synthesis routes of CZTS gives average
nanoparticle size within 4-5 nm range.

As the XRD pattern of the CZTS particles is very similar
to those of ZnS and Cu2SnS4, the Raman spectra of the mate-
rial was used to characterize the final material. Figures 2(a)
and 2(b) show the Raman scattering data for hydrothermally
and solvothermally synthesized nanoparticles. Raman peaks

for Cu2S, ZnS, and SnS2 are expected at 472 cm−1, 351 cm−1,
and 315 cm−1, respectively [30, 31]. In the present samples, the
line widths are quite broad. The broadening of Raman
peaks has been observed previously for nanocrystals of other
materials and attributed to phonon confinement within the
nanocrystals. This, together with the low intensity of the
Raman peaks, made it very difficult to clearly identify the
presence of impurity phases, especially in hydrothermally
synthesized nanoparticles. For the material synthesized by
hydrothermal route, Figure 2(a) showed a wide peak present

at 335 cm−1, and no other peak in the 100–500 cm−1 region
was observed. On the other hand, the sample synthesized by
solvothermal route showed three peaks present at 236, 343,
and 472 cm−1. The peaks present at 343, and 472 cm−1 may
belong to the CZTS and Cu2S phases, respectively. The pre-
sence of peaks other than that of CZTS further confirmed
the presence of impurity phases in solvothermally synthe-
sized material. Similar results were observed earlier by Cao
and Shen, even though the impurity phases disappear after
annealing [23]. On the other hand, in hydrothermal synthesis
at 180∘C, even the as-synthesized CZTS material is almost in
pure phase, with negligible impurity phases.

Figures 3(a)–3(d) show the TEM image of hydrother-
mally synthesized CZTS nanoparticles. Figures 3(a) and 3(b)
showed the presence of several small sized monodispersed
CZTS nanoparticles of size 4 to 5 nm. Figure 3(b) shows the
presence of sharper lattice fringes in the images of cor-
responding nanoparticles (encircled) that shows the high
crystallinity of these nanoparticles. The selected area elec-
tron diffraction pattern of CZTS nanocrystals shown in
Figure 3(c) confirms the single crystalline nature of nanopar-
ticles. Also, the pattern matches well with JCPDS data card

number 26-0575 as indicated by the diffraction rings corres-
ponding to the (200) and (220) planes of the kesterite struc-
ture of CZTS nanoparticles. Figure 3(d) shows the enlarged
view of nanoparticle encircled in Figure 3(b) and the lattice
fringes in the high resolution TEM image are separated by
0.31 nm which matches the spacing distance of the (112) plane
of Cu2ZnSnS4 nanocrystals.

Figures 4(a) and 4(d) show the transmission electron
microscopic (TEM) image of CZTS nanoparticles synthe-
sized by solvothermal method. Figures 4(a) and 4(c) show
the CZTS nanoparticles of spherical shape having average
size 5-6 nm. Figure 4(b) showed the agglomerated cluster of
CZTS nanoparticles of size∼100 nm, which consists of several
small CZTS nanoparticles. Inset of Figure 4(a) displays the
HRTEM image of CZTS nanoparticles that shows the lattice
fringe distance of 0.31 nm belonging to the (112) plane of the
kesterite structure. Figure 4(d) shows the SAED ring pattern
of polycrystalline CZTS nanoparticles.

The absorption spectra were measured in chloroform and
the as-prepared nanocrystals were ultrasonically dispersed
for several minutes in chloroform. Final solution was then
transferred to the cuvette to measure the absorption spectra,
and pure chloroform was used as reference. Figure 5(a) shows
absorption spectra of CZTS nanoparticles, synthesized by
hydrothermal and solvothermal methods. The band gaps

were obtained by plotting (𝐴ℎ])2 as a function of ℎ]. Hydro-
thermally synthesized powder shows an optical band gap of
1.7 eV, while the solvothermally synthesized powder showed
a band gap of 1.5 eV. This value corresponds well with the lit-
erature values and is near the optimum value for photovoltaic
solar conversion in a single-band-gap device. The energy
band structure of CZTS has already been calculated, and the
measured band gap of kesterite CZTS is within 1.4–1.5 eV
[20, 21], and since the crystallite size of CZTS powder for
hydrothermally synthesized powder is near 4-5 nm, some
band gap enhancement is expected due to quantum confine-
ment.

The chemical composition of nanocrystals was deter-
mined using XRF technique. The composition obtained for
solvothermal route showed the presence of molar concentra-
tion of different components as (Cu = 2, Zn = 0.7, Sn = 1.07,
and S = 3.57) with lesser Zn; however, for hydrothermal route,
the composition is slightly deficient in Cu as compared to Zn
and Sn (Cu = 2, Zn = 1.23, Sn = 1.45, and S = 4.11). These
compositions were calculated on average area of sample since
large area of the thin film of CZTS was scanned. These relative
chemical compositions were obtained for a film of 1 inch ×
1 inch dimension, and thus, a large number of particles have
been simultaneously analyzed. Therefore, they represent an
average value.

The synthesis of large scale nanopowders by green tech-
nology is gaining importance nowadays. In this respect, the
present hydrothermal synthesis of CZTS powder is important
since water is a nonpolluting and nontoxic medium to synthe-
size nanopowders. Also, in hydrothermal process, reaction
takes place in a closed reactor; thus, no fumes/gases are re-
leased in the atmosphere. The hydrothermally synthesized
CZTS nanoparticles exhibited a good solubility in the iso-
propanol and showed a black color due to their strong



4 Journal of Nanoparticles

100 150 200 250 300 350 400 450 500
1000

1050

1100

1150

1200

1250

1300

In
te

n
si

ty
 (

a.
u

.)

Wavenumber (cm−1)

(a)

100 150 200 250 300 350 400 450 500
180

190

200

210

220

In
te

n
si

ty
 (

a.
u

.)

Wavenumber (cm−1)

(b)

Figure 2: Raman spectra for CZTS nanoparticles synthesized by (a) hydrothermal and (b) solvothermal route.
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Figure 3: TEM images of hydrothermally synthesized CZTS powder: (a) average particle size (inset lattice fringes), (b) average particle size,
(c) electron diffraction pattern, and (d) lattice fringes in single particle.
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absorbance for visible light. The particle size of these nanoma-
terials is approximately 4-5 nm, and some effect of quantum
confinement was observed for these CZTS nanocrystals, due
to which an enhanced band gap of 1.7 eV was observed as
compared to the bulk band gap of 1.45–1.5 eV reported for
CZTS material. The solvothermally synthesized powder did
not show any quantum confinement effect.

To propose the growth mechanism, we will first consider
the reactions happening to yield CZTS powder. With the
increase in temperature and stirring, metal ions are com-
plexed with thiourea. (Thiourea in solution forms metal-
thiourea complexes.) On hydrothermal heating, thiourea
decomposes to give hydrogen sulfide (H2S) as follows:

NH2CSNH2 + 2H2O → 2NH3 + H2S + CO2 (1)

H2S, produced in this way, reacts with different metal
ions, to form CZTS compound. Thiourea plays two important
roles in the formation of sulfides. First, it acts as a complex-
ing reagent by forming metal-thiourea ligands, and second
it acts as the source of sulfur after the breaking of C=S
double bond by the strong nucleophilic substitution of the
oxygen atoms in H2O molecules [31]. The metal-thiourea
ligands serves as a reservoir of metal ions and regulate the
nucleation rate by the slow release of ions into solution. When
the reactants were heated, the released S−2 combined with the
metal ions and precipitation of sulfides occurred due to the
stronger coordination capability between metal ions and S−2 .
Because of the excess of thiourea, the metal atoms on the
surface of the CZTS nanocrystallites formed could coordinate
with excess thiourea and thus greatly restrict the growth of
CZTS nanocrystallites. Due to this, hydrothermally synthe-
sized CZTS is of smaller size as compared to solvothermally
synthesized CZTS. Thus, both, the formation of metal-
thiourea ligands and the gradual release of S−2 , can control the
nucleation and aggregation of CZTS nanocrystallites, leading
to the large-scale harvesting of monodispersed nanocrys-
talline particles.

4. Conclusions

A simple and relatively safe approach of hydrothermal syn-
thesis of the quaternary semiconductor Cu2ZnSnS4 (CZTS)
nanoparticles was used. Nearly spherical nanoparticles of
approximately 4-5 nm diameter were obtained without using
any expensive vacuum facilities or high temperature anneal-
ing. The elemental analysis of the synthesized CZTS particles,
performed by XRF, agreed well with the theoretical value of
2 : 1 : 1 : 4. The highly crystalline nature of the CZTS nanopar-
ticles was confirmed by the X-ray diffraction and high-
resolution TEM analysis. The appearance of the strongest

Raman peak at 337.5 cm−1 in the Raman spectrum leaves no
doubt about the formation of pure CZTS nanoparticles. An
intercomparative study with solvothermal synthesis revealed
that the hydrothermal process is far better in terms of being
cheaper, easier, and environmentally green process. As-
synthesized nanoparticles using solvothermal route pro-
duced mixed phase nanoparticles, which convert to pure
CZTS only after annealing. The UV-Vis absorption spectrum

exhibited broad absorption in the visible region. The band gap
was estimated to be 1.7 eV which shows the quantum confine-
ment effect in such small sized nanoparticles. The observation
of such small sized nanoparticles using such a simple, greener,
and inexpensive method is quite advantageous in the respect
that hydrothermal synthesis route is well known for its large
scale synthesis. There is no need for any capping agent to
control the size, which is difficult and cumbersome to remove
afterwards for most of the applications example for charge
transfer among particles to take place.
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The unique property of the silver nanoparticles having the antimicrobial activity drags the major attention towards the present
nanotechnology. The environmentally nontoxic, ecofriendly, and cost-effective method that has been developed for the synthesis of
silver nanoparticles using plant extracts creates the major research interest in the field of nanobiotechnology. The synthesized silver
nanoparticles have been characterized by the UV-visible spectroscopy, atomic force microscopy (AFM), and scanning electron
microscopy (SEM). Further, the antibacterial activity of silver nanoparticles was evaluated by well diffusion method, and it was
found that the biogenic silver nanoparticles have antibacterial activity against Escherichia coli (ATCC 25922), Staphylococcus aureus
(ATCC 29213), Pseudomonas aeruginosa (ATCC 27853), Azotobacter chroococcum WR 9, and Bacillus licheniformis (MTCC 9555).

1. Introduction

The broad spectrum of nanotechnology is important in the
major fields of biology, chemistry, physics, and material
sciences. Nanotechnology deals with the study of materials
at the nanometers [1, 2]. The day to day development of
nanotechnology creates a major interest in the development
and fabrications of different dimensioned nanoparticles [3].
The nanomaterials can be synthesized by different methods
including chemical, physical, irradiation, and biological
methods. The development of new chemical or physical
methods has resulted in environmental contaminations, since
the chemical procedures involved in the synthesis of nanoma-
terials generate a large amount of hazardous byproducts [4].
Thus, there is a need for “green nanotechnology” that includes
a clean, safe, ecofriendly, and environmentally nontoxic
method of nanoparticle synthesis, and in this method there is
no need to use high pressure, energy, temperature, and toxic
chemicals [5, 6]. The biological methods include synthesis
of nanomaterial’s from the extracts of plant, bacterial, fungal
species, and so forth. The synthesis of nanoparticles from the
plant extracts is considered to be a process [7]. The prepa-
ration and maintenance of fungal and bacterial cultures are

time consuming and require aseptic conditions and large
manual skills to maintain the cultures [8].

Plant extracts include bark, root, leaves, fruit, flowers, rhi-
zoids, and latex and are used to synthesize the nanoparticles.
These nanoparticles show different dimensions including the
size, shape, and dispersion which have more efficacy than
those synthesized from the chemical and physical procedures.
Therefore, the use of green plants for similar nanoparticle
biosynthesis methodologies is an exciting possibility which
has compatibility for pharmaceutical and other biomedical
applications, as they do not use toxic chemicals for the
synthesis of nanoparticles [9, 10].

Nanoparticles had a wide variety of application in the
major fields of medicine, electronics, therapeutics, and diag-
nostic agents. Silver nanoparticles have wide application in
biomedical science like treatment of burned patients, antimi-
crobial activity and used the targeted drug delivery, and so
forth [11]. Nowadays the nanoparticles are coated on the med-
ical appliances, food covering sheets, and cans for storing the
beverages and food [12–14]. However, there are many prob-
lems and toxicity of using metal oxide nanoparticles on the
human health. Use of plants for the synthesis of nanoparticles
does not require high energy, temperatures, and it is easily
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Figure 1: Syzygium cumini bark extract sample. Change in the color of the solution from brown to dark brown. (a) Silver nitrate solution, (b)
reaction mixture, and (c) change in the color of the solution.
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Figure 2: UV-visible spectrum of silver nanoparticles.

scaled up for large scale synthesis, and it is cost effective too
[15–17].

Syzygium cumini is a medicinal plant available in the trop-
ical forests and is used for treatment of diabetes. The leaves
and bark are used for controlling blood pressure and gingivi-
tis [14]. The plant contains a variety of phytochemical com-
pounds such as phenols, tannins, alkaloids, glycosides, amino
acids, and flavones, and these molecules are expected to
self-assemble and cap the metal nanoparticles formed in
their presence and thereby induce some shape control during
metal ion reduction [18]. In this study we used the silver
nanoparticles synthesized from the bark extract of S. cumini
and its antibacterial effect on the bacteria, namely,Escherichia
coli (ATCC 25922), Staphylococcus aureus (ATCC 29213),
Pseudomonas aeruginosa (ATCC 27853), Azotobacter chroo-
coccum WR 9, and Bacillus licheniformis (MTCC 9555).

2. Materials and Methods

2.1. Chemicals. All analytical reagents and media compo-
nents were purchased from HiMedia (Mumbai, India) and
Sigma Chemicals (St. Louis, MO, USA).

2.2. Preparation of Plant Extract. The fresh bark of Syzygium
cumini was collected and kept in hot air oven for drying at
60∘C for six hours. The dried bark was chopped into fine
pieces with the help of mixer grinder. It was collected,
weighed for 2.5 g, and then mixed in 100 mL of double
distilled water. This mixture was boiled at 60∘C in the
water bath for one hour. The solution was cooled at room
temperature and filtered by Whatman filter paper No. 1. The
filtrate was collected and stored at 4∘C for further experiment.

2.3. Synthesis of Silver Nanoparticles. Silver nanoparticles
(AgNO3) were synthesized by reducing the freshly prepared
1 mM silver nitrate and stored under dark conditions with
the bark extract. The reaction mixture was prepared in ratio
of 9 : 1 (V/V) of freshly prepared silver nitrate solution and
bark extract, respectively. The initial color of the solution was
observed.

2.4. UV-Visible Spectroscopy. The silver nanoparticles show
the plasmon resonance at 400 to 450 nm in the UV-Visible
spectrum. The UV-Visible spectrum of synthesized silver
nanoparticles was analysed by spectrophotometer (LAB
INDIA UV 300+).

2.5. Atomic Force Microscopy. Atomic force microscopy is
an advanced characterization technique to identify the size,
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Figure 3: Atomic force microscopy. (a) Image of synthesized silver nanoparticles and (b) its histogram.

Figure 4: SEM images of silver nanoparticles synthesized by S.
cumini bark extract.

shape, and dispersion of the silver nanoparticles. In order to
characterize the silver nanoparticles, the sample was prepared
by sonication at room temperature for about 15 minutes in the
ultrasonicator. Then the sample solution was dried as a thin
layer on mica-based glass slide which was used to view under
the AFM Model NT-MDA Solver.

2.6. Scanning Electron Microscopy. SEM analysis of the silver
nanoparticles provides the information regarding the dimen-
sions including the surface, shape, and size. The sample was
prepared by sonicating the sample solution for 15 minutes at
room temperature. A small drop of sonicated sample was
dried on a glass slide, and it was coated by gold and observed
under ZEISS EVO HD SEM.

2.7. Antibacterial Property. The antibacterial property of the
silver nanoparticles was determined by using the bacterial

species including the pathogenic bacteria such as Escherichia
coli (ATCC 25922), Staphylococcus aureus (ATCC 29213),
Pseudomonas aeruginosa (ATCC 27853), Azotobacter chroo-
coccumWR 9, andBacillus licheniformis (MTCC 9555), by the
well diffusion method [14]. The different concentrations used
were at low concentrations (2, 5, 10, and 15 𝜇L) and at higher
concentrations (25, 50, 75, and 100𝜇L) for the identification
of antimicrobial activity of the above bacterial species. All the
plates were incubated at 37∘C for 24 hours, and the zone of
inhibition of bacteria was measured.

3. Results and Discussion

The green synthesis of silver nanoparticles using S. cumini
bark extract was successfully carried out, as the change in
the color of the solution from yellowish brown to dark brown
color exhibits the reduction of the silver nitrate in aqueous
solution due to excitation of surface plasmon vibrations in
silver nanoparticles [19]. During this reaction process the pH
of the solution changes from 5.93 to 5.72, which implies that
the reaction occurs under acidic condition. This complete
reaction occurs in seven hours. The brown to dark brown
color change of the reaction mixture indicated the formation
of silver nanoparticles (Figure 1).

The formation of silver nanoparticles was confirmed
through measurement of UV-Visible spectrum of the reac-
tion mixture. The UV-Visible spectrophotometric analysis of
colloidal reaction mixture of silver nanoparticles synthesized
using S. cumini bark showed sharp peak at 427 nm in
the spectrum, and broadening of peak indicated that the
particles are polydispersed [20] (Figure 2). The efficiency of
this method was tested for stability also. The reaction mixture
was stored for 45 days, and no precipitation in the solution
was observed. It was also checked through UV-Vis absorption
on regular interval.
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Sample A

(a)

Sample B

(b)

Figure 5: Antibacterial effects varying the concentrations of silver nanoparticles samples, (a) lower concentrations (2, 5, 10, and 15 𝜇L) and
(b) Higher concentrations (25, 50, 75, and 100𝜇L).
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The atomic force microscopy (AFM) results display the
surface morphology of the monodispersed silver nanoparti-
cles using S. cumini bark extract. The particle size of the silver
nanoparticles that ranges from 20 to 60 nm was observed. The
topographical image of silver nanoparticles indicated that
they are agglomerated and formed distinct nanoparticles
(Figures 3(a) and 3(b)). The bright spots on the micrograph
indicated that the nanoparticles are spherical in shape.

The biosynthesized silver nanoparticles were character-
ized by scanning electron microscopy for their morphology
and size. The SEM micrograph reveals that the synthesized
silver nanoparticles have spherical morphology with size
range from 20 to 60 nm and also indicated that the particles
are well separated showing no agglomeration (Figure 4).

The different species of bacteria show zone of inhibition
in the well diffusion method of antimicrobial activity. The
different patterns of the zone of inhibitions are observed in
Figure 5. Synthesized silver nanoparticles showed antibacte-
rial activity against both Gram positive and negative bacteria
(Figure 6). The highest zone of inhibition was observed for
Bacillus licheniformis even at lower concentration. The exact
mechanism of the inhibition of the bacteria is still unknown,
but some hypothetical mechanisms show that the inhibition
is due to ionic binding of the silver nanoparticles on the
surface of the bacteria which creates a great intensity of
the proton motive force, and the one hypothesis from the
research states that the silver nanoparticles invade the bacte-
rial cell and bind to the vital enzymes containing thiol groups
[12, 21, 22]. Also, the findings of Sereemaspun et al. (2008)
[23] suggested the inhibition of oxidation-based biological
process by penetration of metallic nanosized particles across
the microsomal membrane [23, 24]. The molecular basis for
the biosynthesis of these silver crystals speculated that the
organic matrix contains silver binding properties that provide
amino acid moieties that serve as the nucleation sites [25, 26].

4. Conclusions

The biological synthesis of the silver nanoparticles is rapid,
ecofriendly, cost-effective, and simple method of synthesis. In
the present study-silver nanoparticles are synthesized at room

temperature within a less span of time. The synthesized silver
nanoparticles were characterized by UV-visible spectrometer,
AFM, and SEM analysis. The size of the nanoparticles ranges
from 20 to 60 nm with spherical shape. AFM and SEM reveal
that the synthesized silver nanoparticles are well dispersed
showing no agglomeration. These nanoparticles showed a
broad spectrum antimicrobial activity against both Gram
positive and Gram negative bacteria. Investigation on the
antibacterial activity of synthesized silver nanoparticles using
cumini extract against Staphylococcus aureus and Bacillus
licheniformis reveals high potential as antimicrobial agent in
pharmaceutical, food, and cosmetic industries.
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The TiO2/SiO2 and ZnO/SiO2 composite films were prepared by sol-gel dip coating method. The surface morphology and crystal
structure of thin films were characterized by means of scanning electron microscopy (SEM) with elementary dispersive X-ray
analysis (EDX) and X-ray diffractometer (XRD). Optical properties of films have been investigated using ultraviolet and visible
spectroscopy (UV-visible spectroscopy). The photocatalytic activity was established by testing the degradation and decolorization
of methyl green (MG) from aqueous solution with artificial UV-light.

1. Introduction

Nanomaterials may provide solutions to scientific and eco-
logical challenges in the areas of catalysis, medicine, solar
energy conversion, and water treatment [1, 2]. This increasing
demand must be accompanied by “green” synthesis meth-
ods. In the global efforts to decrease generated hazardous
waste, “green” chemistry and chemical processes are pro-
gressively integrating with contemporary developments in
science and industry. Implementation of these sustainable
processes should adopt the 12 fundamental principles of
green chemistry [3]. These principles are gear to guide in
minimizing the use of dangerous products and maximizing
the efficiency of chemical processes. Hence, any synthetic
route or chemical process should address these principles
by using environmentally benign solvents and nontoxic
chemicals [4].

From a biological and physiological point of view, the
removal of poisonous chemicals from waste water is currently
one of the most important subjects in pollution control.
MG is a basic triphenylmethane-type dicationic dye, usually
used for staining solutions in medicine and biology [5] and
as a photochromophore to sensitize gelatinous films [6].
Triphenylmethane dyes are used widely in the textile industry

for dyeing of nylon, wool, cotton, and silk as well as for
coloring of waxes, varnish, oil, plastics, and fats.

The application of illuminated semiconductors has been
effectively working for the decomposition of variety of
organic contaminants in water [7]. The major organic com-
pounds that constitute the industrial wastewater include dyes,
phenols, chlorophenols, aliphatic alcohols, aromatics, poly-
mers, and carboxylic acids. Among these, toluene, salicylic
acid, and 4-chlorophenol have been identified as a water
pollutant arising from numerous sources including paper
milling, textile, and cosmetic industries [8], causing bad odor
to the water. Hence, the destruction of organic compounds
is of considerable interest. Over the years, a large number
of semiconductors have been utilized as photocatalysts. The
most commonly studied photocatalysts are TiO2 and ZnO
[9, 10].

TiO2 films have been broadly studied in photocatalytic
degradation of the dyes, because of their low solubility in
wastewater, high oxidation efficiency, ecofriendly properties,
and avoiding the need for posttreatment separation in a
system. Moreover, the coatings propose a benefit of a strong
particle-substrate coupling that allows long-term perfor-
mance. A variety of methods are obtainable for the prepa-
ration of nanostructured TiO2-based photocatalytic films,
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such as vacuum arc plasma evaporation [11], electrochemical
method [12–14], classical and modified sol-gel methods [15–
18], and chemical vapor deposition (CVD) [19, 20].

ZnO has a competitive photocatalytic activity (PA)
greater in some cases than TiO2, for example, in the dis-
coloration of Reactive Blue19, a textile anthraquinone dye,
in aqueous suspension [21], and in the oxidation of pro-
tocatechuic acid [22]. Furthermore, ZnO thin films have
been found to decompose aqueous solutions of reactive dyes
[23, 24], as well as phenol and chlorophenol [25], and other
environmental pollutants [26, 27].

ZnO is available at low cost, which gives it an important
advantage. However, the solar UV-light reaching the surface
of the earth and available to excited TiO2 is relatively small
(around 4%), and artificial UV-light sources are somewhat
expensive. The biggest advantage of ZnO is that it absorbs
over a larger fraction of the solar spectrum than TiO2 [28, 29].
The biggest advantage of ZnO in comparison with TiO2 is
that it absorbs over a larger fraction of UV spectrum and the
corresponding threshold of ZnO is 425 nm [30]. For this rea-
son, ZnO is the most suitable photocatalyt for photocatalytic
degradation of dyes under UV-light irradiation.

Recently, some researchers synthesized TiO2, ZnO thin
films, and composite materials for photocatalytic activity of
some industrial pollutants and dyes [31–34]. In this context
our research group has successfully prepared TiO2/SiO2 and
ZnO/SiO2 composite films by sol-gel method. Then, the
photocatalytic activity of these composites towards is studied.

2. Materials and Methods

2.1. Materials. Zinc acetate dihydrate [Zn(CH3COO)2⋅
2H2O], titanium tetraisopropoxide [Ti(iso-OC3H7)4], tet-
raethyl orthosilicate [TEOS], methyl green, diethanolamine,
and ethanol were purchased and used as such. The aqueous
solutions were prepared by using double distilled water.
All glassware was cleaned with chromic acid followed by
thorough washing with distilled water. Chemical structure of
MG is shown in Figure 1.

N +N

CH3 CH3

CH3

Cl−

Cl−
H3C

H3C

H3C

C2H5

·ZnCl2

N+

Figure 1: Chemical structure of methyl green.

2.2. Preparation of TiO2/SiO2 and ZnO/SiO2 Composite Films.
Initially diethanolamine in ethanol was stirred well and then
zinc acetate dihydrate was added to the previous solution
(solution I). Tetraethyl orthosilicate dissolved in ethanol is
taken as another (solution II). The solution II is added to
the solution I and stirred (600 rpm) at 65∘C for 2 hour. The
dip coating was achieved when cleaned glass plates were
gradually immersed into the solution. The films were dried at
100∘C for 4 hours to evaporate the solvent and to remove the
organic residuals. Finally the films were calcinated at 400∘C to
get uniform ZnO/SiO2 composite film (Scheme 1). The above
procedure was also carried out for TiO2-doped SiO2 film.

2.3. Analytical Methods. Scanning electron microscopy
(SEM) with elementary dispersive X-ray analysis (EDX)
experiments was carried out on an FEI Quanta FEG 200
instrument with EDX analyzer facility at 25∘C. X-ray
diffraction (XRD) spectra were recorded on the X’PERT
PRO model X-ray diffractometer from Pan Analytical
instruments operated at a voltage of 40 kV and a current of
30 mA with Cu K𝛼 radiation. UV-visible absorbance spectra
were measured over a range of 200–800 nm with a Shimadzu
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Figure 2: SEM images of TiO2/SiO2 composite film with scale bars of (a) 1 𝜇m, (b) 0.5 𝜇m, and (c) EDX spectrum of TiO2/SiO2 composite
film.

UV-1650PC recording spectrometer using a quartz cell with
10 mm of optical path length.

2.4. Photocatalytic Activity. Photocatalytic studies were car-
ried out in a multilamp photoreactor (HML MP88, supplied
by Heber Scientific, India) fitted with eight 8 W mercury
UV lamps of wavelength 365 nm. The volume of the reaction
solution was maintained as 30 mL. Air was bubbled through
the reaction solution for effective stirring. The degradation of
MG was followed spectrophotometrically. The solution was
diluted to keep the absorbance within the Beer-Lambert law
limit.

3. Results and Discussion

3.1. Characterization of TiO2/SiO2 and ZnO/SiO2
Composite Films

3.1.1. SEM with EDX Analysis. The morphology of the TiO2/
SiO2 and ZnO/SiO2 composite films was determined by scan-
ning electron microscopy. Figure 2 shows SEM micrograph of
TiO2/SiO2 film annealed at 400∘C (scale bars of 1 and 0.5 𝜇m)

(Figures 2(a) and 2(b)). EDX analysis confirmed the presence
of Ti, Si, and O (Figure 2(c)). Figure 3 shows SEM micrograph
of ZnO/SiO2 film annealed at 400∘C (scale bars of 1 and
0.5 𝜇m) (Figures 3(a) and 3(b)). EDX analysis confirmed the
presence of Zn, Si, and O (Figure 3(c)). Uniform morphology
of the prepared composite materials has been confirmed from
the previous observation.

3.1.2. XRD Analysis. Figure 4(a) shows XRD of TiO2-doped
SiO2 composite film. The peaks at 23.5∘, 27.0∘, 38.0∘, 42.4∘,
and 48.8∘ are the diffractions of the TiO2 (1 0 1), SiO2 (1 0 1),
TiO2 (1 1 2), SiO2 (2 0 0), and TiO2 (2 0 0). The diffractogram
consists of broad diffraction peaks of TiO2 anatase phase
(JCPDS file no. 84-1286). Figure 4(b) shows XRD of ZnO-
doped SiO2 composite film. The peaks at 26.5∘, 31.7∘, 33.3∘,
36.0∘, 49.4∘, and 68.9∘ are the diffractions of the SiO2 (1 0 1),
ZnO (1 0 0), ZnO (0 0 2), ZnO (1 0 1), SiO2 (1 1 2), and ZnO
(2 0 1). The diffractogram consists of broad diffraction peaks
of ZnO (JCPDS file no. 36-1451).

3.1.3. Optical Transmittance Analysis. Optical transmit-
tance spectra of TiO2/SiO2 and ZnO/SiO2 composite films
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Figure 3: SEM images of ZnO/SiO2 composite film with scale bars of (a) 1 𝜇m, (b) 0.5 𝜇m, and (c) EDX spectrum of ZnO/SiO2 composite
film.
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Figure 4: XRD amorphous data of (a) TiO2/SiO2 composite film and (b) ZnO/SiO2 composite film.
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Figure 5: Optical transmittance spectra of (a) TiO2/SiO2 composite film and (b) ZnO/SiO2 composite film.
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Figure 6: UV-visible absorption spectra of methyl green at 10-minute interval: (a) TiO2/SiO2 composite film and (b) ZnO/SiO2 composite
film.

annealed at different temperatures (100∘C, 150∘C, 200∘C,
250∘C, and 300∘C) are shown in Figure 5. When the films
were heated at different temperatures, the transmittance
of the films becomes lower as the temperature increases.
Transmittance of the ZnO/SiO2 film was slightly lower than
the TiO2/SiO2 with increasing temperature (Figures 5(a) and
5(b)).

3.2. Photodegradation and Decolorization of MG

3.2.1. Photodegradation of Methyl Green with Artificial UV
Light. The photodegradation of MG in aqueous medium in
the presence of atmospheric air on TiO2/SiO2 and ZnO/SiO2
composite films was studied using multilamp photoreactor

with mercury UV lamps of wavelength 365 nm. The reference
wavelength of MG reaction solution is 630 nm. Initially the
dye solution is dark green in color; after the photodegradation
and decolorization the color of the solution becomes pale
green. The reaction time affords the photodegradtation and
decolorization of MG.

3.2.2. Photocatalytic Activity of TiO2/SiO2 and ZnO/SiO2
Composite Films. The absorption spectrum of MG in the
presence of TiO2/SiO2 and ZnO/SiO2 is shown in Fig-
ures 6(a) and 6(b), respectively. The absorption spectrum
shows the decrease in intensity with respect to time. The
rapid decrease in the intensity of ZnO/SiO2 is noted in
the photocatalysis compared with TiO2/SiO2. The enhanced
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Figure 7: Photodegradation at different concentration of methyl green: (a) TiO2/SiO2 composite film and (b) ZnO/SiO2 composite film.

photocatalytic activity shown by ZnO/SiO2 is compared with
TiO2/SiO2 composites.

3.2.3. Effect of Dye Concentration. The progress of the pho-
todegradation of MG represents increases with light intensity
in the presence of TiO2/SiO2 and ZnO/SiO2 composite films.
Different concentrations of MG were prepared and used for
the photodegradation process. At lower concentration, the
degradation and decolorization of MG are high but at higher
concentration, the photocatalytic activity is low (Figure 7).
The photodegradation of TiO2/SiO2 and ZnO/SiO2 is shown
in Figures 7(a) and 7(b), respectively. From these figures,
it is concluded that the degradation efficiency of ZnO/SiO2
composite film is higher than TiO2/SiO2 composites only at
lower concentration of MG.

4. Conclusions

TiO2/SiO2 and ZnO/SiO2 composite films were prepared by
the sol-gel method. The prepared films were characterized
by SEM with EDX, XRD, and optical transmittance studies.
TiO2/SiO2 and ZnO/SiO2 films were used for the pho-
todegradation of MG under UV-light irradiation. The pho-
todegradation of MG on TiO2/SiO2 and ZnO/SiO2 composite
films in aqueous medium has been studied as a function
of dye concentration. ZnO/SiO2 composite film exhibited
reasonable activity under UV-light and had much better
activity when compared to that of TiO2/SiO2 composite films.
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A rapid, improved, and ecofriendly synthesis of thiopyrimidines is carried out via one-pot multicomponent reaction of
ethylcyanoacetate, substituted benzaldehydes, and thiourea in presence of ethanolic K2CO3 using microwave irradiation heating
method. Excellent yields, shorter reaction time, and easy workup are the major advantageous features of this green protocol. So the
application of multicomponent reactions involves the combination of multiple starting materials with different functional groups
leading to the highly efficient and environmentally friendly construction of multifunctional drug molecules. The structures of the
newly synthesized products were assigned on the basis of IR and 1HNMR spectral data.

1. Introduction

One-pot multicomponent organic reactions (MCORs) have
emerged as an efficient tool for benign synthesis by virtue
of their convergence, productivity, facile execution, and gen-
eration of highly diverse and complex products from easily
available starting materials in a single operation. MCORs
are now being tuned for synthesizing various heterocyclic
compounds due to their diverse biological activities [1]. The
environmental acceptability of the process is improved if
the multicomponent strategy is applied under microwave
irradiation (MWI) technology [2]. For an organic synthesis, a
major adverse effect on the environment is the consumption
of energy for heating. To overcome this problem, it is
highly desirable to develop suitable methods of heating that
use microwave irradiation. So, the synthetic methodologies
nowadays should be designed in such a way to use and
generate substances that possess little or no toxicity to human
health and the environment. Microwave heating provides a
valuable tool to perform reactions faster with enhanced prod-
uct yields with high purity by reducing unwanted formation
of byproducts [3]. From an environmental and economic
perspective, it is becoming obvious that the traditional

methods of performing chemical synthesis are unsustainable
and have to be changed. Multicomponent coupling reactions
provide a solution since they are more efficient, cost effective,
and less wasteful than traditional methods. The achievement
of making multiple bonds in a one-pot multicomponent
coupling reaction promotes a sustainable synthetic approach
to develop new drug molecule in a drug discovery process.

Microwave (MW) irradiation facilitates better thermal
management of chemical reactions. The rapid MW heat
transfer allows reactions to be carried out very much faster
compared to conventional heating methods often resulting
in increased product yield [4, 5]. Furthermore, the products
of temperature sensitive reactions from kinetic or thermo-
dynamic pathways can be selectively tuned and isolated. The
fundamental mechanism of microwave irradiated synthesis
involves agitation of polar molecules or ions that oscillate
under the effect of an oscillating electric or magnetic field.
In the presence of an oscillating field, particles try to orient
themselves or be in phase with the field. Only materials
that absorb microwave radiation are relevant to microwave
synthesis [6, 7].

These materials can be categorized according to the three
main mechanisms of heating such as dipolar polarization,
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conduction, and interfacial polarization. In the electromag-
netic spectrum, the microwave radiation region is located
between infrared radiation and radiowaves. Microwaves have
wavelengths of 1mm ± 1m, which corresponds to the
frequencies between 0.3 and 300 GHz [8, 9]. Microwave
radiation is introduced into the reaction system remotely
without direct physical contact with reaction materials, which
can lead to a rapid increase in temperature throughout the
sample causing less byproducts formation or decomposition
of products. Microwave heating is able to heat the target com-
pounds without heating the entire furnace or oil bath, which
saves time and energy. In contrast, conventional heating of
organic reactions such as oil baths, sand baths, or heating
mantles is rather slow and creates an inward temperature gra-
dient, which may result in localized overheating and reagent
decomposition when heated for prolonged periods. In con-
ventional heating method, the wall of reactor is heated by
convection or conduction. The microwave-assisted organic
synthesis has been classified into various categories such
as microwave-assisted reactions using solvents, microwave-
assisted reactions under solvent-free conditions, microwave-
assisted reactions using solid-liquid phase, and microwave-
assisted reactions on mineral supports in dry media [10, 11].

Since the multicomponent reactions often create the com-
plete and complex molecular products in a single synthetic
step, it is more accepted to describe this modern synthetic
procedure as microwave multicomponent synthesis (MMS)
[12, 13]. The experimental benefits of generating complex
structures from the simple starting materials without engag-
ing protection-deprotection protocols and lengthy prod-
uct purification procedures improve the synthetic approach
for medicinal chemist wishing to contribute products to
a more scientifically innovative society [14]. The previous
facts prompted us to synthesize thiopyrimidines via one-
pot multicomponent reaction of ethylcyanoacetate, substi-
tuted benzaldehydes, and thiourea in presence of ethanolic
K2CO3 using microwave irradiation heating method [15–
18]. Generally the one-pot multicomponent synthesis of
thiopyrimidines follows the principle of Biginelli reaction
protocol [19, 20].

2. Experimental Method

2.1. Materials. The melting points were taken in open cap-
illaries and are uncorrected. The purity of the compounds
was checked by TLC on precoated silica gel-aluminum plates
and visualized by exposure to UV light (254 nm) or iodine
vapor. The IR spectra of the compounds were recorded
on FT-IR Spectrophotometer, IR Affinity-1 (SHIMADZU),
using potassium bromide (KBr) powder and the values are

expressed in cm−1. 1H-NMR spectra of selected compounds
were recorded on multinuclear FT-NMR Spectrometer,
Advance-II (Bruker) (at 400 MHz), using tetramethylsilane
[Si(CH3)4] as an internal standard. The microwave irradiated
synthesis was performed in scientific microwave oven (Cat-
alyst System, Model No-CATA 2R). All the reactions were
carried out at power level-2, which corresponds to 210 W.

2.2. Chemistry. Multicomponent reactions (MCRs) consti-
tute a highly valuable synthetic tool for the construction of
polyfunctionalized heterocyclic compounds. Thus, a series of
thiopyrimidine derivatives was synthesized based on multi-
component reaction (MCR) which involves one-pot organic
reactions [21, 22]. This reaction involves two mechanisms
such as Knoevenagel condensation and Michael addition.
First various substituted benzaldehydes (RC6H4CHO) react
with ethylcyanoacetate (NCCH2COOC2H5) in presence of
ethanolic K2CO3 to produce an intermediate by Knoeve-
nagel condensation reaction. Then the intermediate reacts
with thiourea [SC(NH2)2] via Michael addition to produce
thiopyrimidines as depicted in Scheme 1.

2.3. Synthesis of Thiopyrimidines

2.3.1. Conventional Method. A mixture of appropriate
substituted benzaldehydes (RC6H4CHO) (0.03 mole),
ethylcyanoacetate (NCCH2COOC2H5) (0.03 mole, 3.39 g),
and thiourea [SC(NH2)2] (0.03 mole, 2.28 g) in ethanol
(C2H5OH) (25 mL) containing potassium carbonate
(K2CO3) (0.03 mole, 4.15 g) was taken and refluxed for 4–8 h
on a water bath. The completion of reaction was monitored
by TLC. The potassium salt of compound 4(a–g), which
precipitated during the reaction, was poured into cold water
and acidified with glacial acetic acid (CH3COOH). The
precipitate was filtered out, dried, and recrystallized from
ethanol (C2H5OH).

2.3.2. Microwave-assistedMethod. Required quantity of reac-
tants and catalysts as mentioned previously was taken and
refluxed under microwave irradiation for 5–10 min at power
level-2 (210 W). The completion of reaction was monitored
by TLC. The potassium salt of compound 4(a–g), which
precipitated during the reaction, was poured into cold water
and acidified with glacial acetic acid (CH3COOH). The
precipitate was filtered out, dried, and recrystallized from
ethanol.

3. Results and Discussion

In the present study, thiopyrimidine derivatives were syn-
thesized by both conventional and microwave techniques.
As compared to conventional method, microwave synthesis
provides higher yield in lesser reaction time. From the results
as summarized in Table 1, it can be observed that in case
of conventional method of heating, the reactants are slowly
activated by a conventional external heating source (water
bath). Heat is driven into the reacting substances, passing
first through the walls of the vessel in order to reach the
solvent and the reactants. So, this is a slow method for
transferring heat energy into the reaction medium. Hence,
for the synthesis of the titled compounds of present work,
which takes 4–8 h to complete the reaction. While con-
sidering microwave synthesis, microwaves couple directly
with the reacting molecules of reaction mixture, leading
to a rapid rise in the temperature. Since this process is
not limited by the thermal conductivity of the vessel, the
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Scheme 1: Synthetic route of the titled compounds 4(a–g).
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Figure 1: Photographs displaying microwave irradiated synthesis of titled compounds.

result is an instantaneous localized superheating of reacting
substances that will respond to either dipole rotation or
ionic conduction. Since the ability of a molecule to couple
with the microwave radiation is a function of its molecular

polarisability (i.e., a function of its dipole moment), only
polar molecules interact with microwave energy. As a part
of ongoing research of developing environmentally benign
synthesis of thiopyrimidine derivatives, we explored a green
multicomponent reaction (MCR) protocol using ethanol as
solvent. Three component reactions such as the Biginelli
reaction with ethylcyanoacetate, substituted benzaldehydes,

and thiourea are well-known microwave-induced reactions
(MW). Here an attempt was also made to carry out the
synthesis of thiopyrimidine by microwave at power level-1
(140 W) but this energy was not sufficient to complete the
reaction for getting final product. For the investigation of
the optimized reaction condition, it was observed that the
synthesis of target compounds by microwave required 5–
10 min at power level-2 which corresponds to the energy of
210 W. The photograph of microwave irradiated synthesis of
titled compounds was given in Figure 1. During synthesis,
thin layer chromatographic (TLC) study was carried out to
monitor the completion of reaction using chloroform : ethyl
acetate (60 : 40) as the mobile phase. The retention factor
(𝑅𝑓) of the synthesized compounds was in the range of
0.32–0.51. The melting points of the synthesized compounds
were also checked and the results were given in Table 2.
All the synthesized compounds are solid, white, crystalline,

or amorphous. The photographs of some of the synthe-
sized compounds were given in Figure 2. Most of the com-
pounds are freely soluble in CH3OH, C2H5OH, CH2Cl2,
(CH3)2SO, (CH3)2NC(O)H. The compounds were analyzed

by IR and 1H-NMR spectra. All the compounds showed

an IR absorption band at a region 3410–3525 cm−1 which

corresponds to the asymmetric stretching of 20 –NH group.
They also showed the IR absorption band in the regions

of 3150–3030 cm−1, 2235–2198 cm−1, 1795–1693 cm−1, 1640–
1590 cm−1, 1450–1530 cm−1, and 1380–1270 cm−1 for different
groups like (Ar–H Str.), (CN Str.), (C=O Str.), (C=C Str.),
(Sec. N–H def.), and (C–N str.) vibration, respectively. The
halogenated derivatives showed the IR absorption bands in

the regions 900–1100 cm−1, 755–780 cm−1, and 495–585 cm−1

corresponds to (C–F str.), and (C–Cl str.), (C–Br str.) vibra-
tions respectively. The IR absorption band in the region 1230–

1255 cm−1 which corresponds to the C=S str. vibration. The
1H-NMR spectra showed two singlets in the range 𝛿 8.00–
8.30 ppm due to –NH proton. They also showed the signals at𝛿 7.46–7.91 ppm due to aromatic proton (Ar–H).

4. Conclusion

A new series of thiopyrimidine derivatives was synthesized
successfully by both conventional and microwave irradiated
methods to compare the reaction time and yield of the
compounds. With the help of microwave synthesis, the yield
of product increased from 55% up to 85% as compared to
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(a) Compound 4a (b) Compound 4b

(c) Compound 4d (d) Compound 4e

(e) Compound 4f (f) Compound 4g

Figure 2: Photographs displaying some of the synthesized compounds by microwave irradiation method.

conventional synthesis. And also the reaction time is reduced
from 4–8 h to 5–10 min. Microwave synthesis reduced the
formation of waste and byproduct. This is particularly rele-
vant for high energy heterocyclic reactions. The predominant
use of protic solvents leads to quicker, greener, and therefore
more environmentally friendlyr reaction. The application of
MW irradiation technology in MMS significantly enhanced
the synthetic yield of thiopyrimidine obtained by consecutive
Knoevenagel and Michael addition reactions performed on a

mixture of substituted benzaldehydes, ethylcyanoacetate, and
thiourea. MCRs have been proved as simple and convenient
ways to produce a plethora of physiologically active thiopy-
rimidines. The strategy of MCR has been developed to enable
the rapid construction of diverse structures from starting
materials in a single operation. Multicomponent reactions
are economically and environmentally very advantageous
because multistep syntheses produce considerable amounts
of waste mainly due to complex isolation procedures often
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Table 1: Comparative data on reaction time, heating energy, and yield of compounds 4(a–g) by conventional and microwave assisted
synthesis.

Compound code
Conventional synthesis Microwave synthesis

Time (h) Energy (temp. ∘C) Yield (%) Time (min.) Energy (power. watt) Yield (%)

4a 4 98–100 66 5 210 85

4b 6 98–100 65 10 210 85

4c 5 98–100 62 7 210 82

4d 8 98–100 60 9 210 79

4e 6 98–100 61 6 210 82

4f 7 98–100 55 8 210 78

4g 6 98–100 59 7 210 80

Table 2: Melting point and TLC report of synthesized compounds 4(a–g).

N
H

NH
NC

S

O

R

4 (a-g)

Comp. code R M.F M.W. mp (∘C) 𝑅𝑓
4a H C11H7N3OS 229.25 285–287 0.36

4b –4F C11H6FN3OS 247.24 195–197 0.37

4c –2Cl C11H6ClN3OS 263.70 185–187 0.51

4d –3Cl C11H6ClN3OS 263.70 275-276 0.37

4e –4Cl C11H6ClN3OS 263.70 205–207 0.32

4f –3Br C11H6BrN3OS 308.15 250–252 0.35

4g –4Br C11H6BrN3OS 308.15 242–244 0.40

involving expensive, toxic, and hazardous solvents after each
step. Thus, MCRs are suited for synthesis of compound
libraries and are considered as an important tool during the
developmental process of new drugs.
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In this work we present an electrochemical method to successfully prepare silver nanoparticles using only polyethylene glycol as
stabilizer and without any other reactive. Here we study the use of the polymeric stabilizer to allow the introduction of a potential
tool to reinforce the control of the size and shape of the nanoparticles throughout the synthesis process. The evolution of the
reactions was followed by UV-Vis spectroscopy. The electrode processes were characterized by cyclic voltammetric measurements
and the final product was studied by Atomic Force Microscopy, Transmission Electron Microscopy, and X-Ray Diffraction. The
influences of the current density, polymer length, and concentration media were analyzed.

1. Introduction

Noble metal nanoparticles have been intensely investigated
due to their amazing properties such as optical, catalytic,
and electric ones that can be controlled depending on the
particles size, the size distribution, and shape [1]. Metallic
silver particles in particular are technologically important
because they show unique properties normally related to
noble metals (excellent conductivity [2], chemical stability,
nonlinear optical behavior [3, 4], etc.) besides other specific
ones (catalytic activity [5], antibacterial action [6]). These
characteristics make them suitable for a variety of potential
applications on several devices [7–9].

Several methods have been reported for Ag nanopar-
ticles synthesis, including Ag ions chemical reduction in
aqueous solutions with or without stabilizing agents [10–
13], thermal decomposition in organic solvents [14, 15],
biochemical reduction [16, 17], chemical and photo reduction
in reverse micelles [18–20], “nanosphere lithography” (NSL)
[21], electrochemical reduction [22–27], irradiation reduc-
tion [28], microwave assisted [29–31] and chemical reduction
in nonaqueous solvents with surface modifiers [32, 33]. Each
method has typical advantages and disadvantages.

Particularly, the electrochemical techniques are quite
interesting because they allow obtaining particles with a high
purity using fast and simple procedures and controlling the

particle size easily by adjusting the current density [22, 23].
Through these techniques particles have been obtained with
determined size and shape [24, 25] of several compositions
[26, 27, 34–36]. Also, this method is eco-friendly because it
avoids the use of reducer agents that usually are toxic.

Different stabilizers have been used in electrochemical
techniques, which include organic monomers as electrostatic
stabilizers [26] and polymeric compounds as steric stabilizers
[37]. Ionic organic compounds can act as stabilizers and
support electrolytes simultaneously avoiding the use of addi-
tional chemicals [26]. However, some authors showed that
steric stabilizers allow obtaining more stable nanoparticles
than electrostatic stabilizers [38]. Also, chemical reduction
techniques assisted by polymers allow controlling the shape
and size of nanoparticles by changing the polymer chain
length [39, 40]. On the other hand, some authors showed that
polyethylene glycol-stabilized silver nanoparticles are highly
stable and sufficiently permeable to allow the diffusion of
small molecules [41]. Thus, they are useful to several applica-
tions as Surface-enhanced Raman Scattering techniques and
others. Then, we propose the use of the polymeric stabilizer
polyethylene glycol to obtain stable nanoparticles and we
study their ability to control the nanoparticles morphology.

In this work we present an electrochemical method to
prepare silver nanoparticles using polyethylene glycol as
stabilizer. We study the effect of the stabilizer concentration,
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polymer chain length, and current density over the particle
size and shape. These are common strategies for the control
of the particle morphology, but they have dissimilar behavior
at different systems, mainly the stabilizer concentration. Also,
the use of a polymeric stabilizer allows the introduction of a
potential tool to reinforce the control of the size and shape of
the nanoparticles by using different polymer chains lengths
and so we study this strategy too.

2. Experimental Section

2.1. Electrochemical Synthesis of Silver Nanoparticles. Silver
nanoparticles were prepared by electrochemical reduction
within a simple two-electrode type cell. The volume of the
electrolysis cell was 50 ml. A platinum sheet (0.5 × 7 cm) was
employed as cathode and a platinum rod (0.1 × 7 cm) as
anode, the two being 3 cm apart. The cell was maintained into
an ultrasonic bath. Silver nitrate (AgNO3, Merck) was used as
silver ion precursor and polyethylene glycol (PEG, Aldrich)
with different chains lengths 𝑀𝑤 = 400 (PEG-400), 600
(PEG-600), 1450 (PEG-1450), 2000 (PEG-2000), and 6000
(PEG-6000) which was employed as stabilizing agent.

In a typical synthesis, the reaction medium was prepared
to obtain an aqueous solution of silver nitrate 2.5 mM with 0.5
to 2% w/v of PEG. The solution was mixed and purged with
N2 during 20 minutes. Then, the electrolysis was carried out
under ultrasonication at constant current and N2 atmosphere
during 30 minutes. The current chosen (7 mA, 10 mA, or
13 mA) was given by adjusting the applied potential.

2.2. Characterization of Silver Nanoparticles. In order to
study the optical behavior of silver colloid, ultraviolet-
visible (UV-Vis) absorption spectra of different samples were
recorded by a Jasco V-530 UV-Vis spectrophotometer using
as reference a corresponding blank sample.

The shapes and sizes of the nanoparticles were deter-
mined by Atomic Force Microscopy (AFM) and Transmis-
sion Electron Microscopy (TEM). AFM images were taken
using NanoTec ELECTRONICA equipment in tapping mode
configuration with a Si3N4 tip in air at room temperature. In
order to prepare the sample for the AFM study, the particles
were redissolved in ethanol and drop-cast onto a freshly
peeled HOPG substrate. TEM images were taken with Philips
EM 301 equipment. Samples were prepared by placing a drop
over a TEM grid and leaving it to evaporate the solvent.
To study the crystalline structure of the nanoparticles, X-
ray Diffraction patterns were recorded by grazing incidence
with a 2∘ incidence angle with an X’Pert Phillips PW 1700
diffractometer using CuK radiation (1.5405 Å) and a graphite
monochromator (the step size was of 2𝜃 = 0.2∘; 10 s/step) for
samples prepared over SiO2 by drop-cast.

The cyclic voltammetric measurements (CV) were per-
formed with an EG&G potentiostat/galvanostat in a con-
ventional three-electrode cell at room temperature. A plat-
inum rod embedded in epoxy resin was used as a working
electrode and only its cross section was allowed to contact
the electrolytes; a platinum microelectrode and a saturated
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Figure 1: Absorption spectra of silver nanoparticles prepared using
PEG-2000 at a concentration of 1% w/v with a current equal to
10 mA. Initial spectrum (dotted line) and spectra after 15 (dashed
line) and 30 minutes of reaction (solid line).
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Figure 2: Cyclic voltammograms of 2.5 mM AgNO3 aqueous solu-
tions with 1% w/v (dashed line), 2% w/v (dotted line), and without
PEG-2000 (solid line).

Ag/AgCl electrode were used as the auxiliary electrode and
the reference electrode, respectively.

3. Results and Discussion

3.1. Characterization of the Reaction Progress. The reaction
mixture was characterized in different stages of the reaction
progress by UV-Vis spectroscopy. Figure 1 shows the evolu-
tion of the optical properties for silver nanoparticles prepared
by electrochemical reduction using PEG-2000 as stabilizer at
a concentration of 1% w/v and applying a current equal to
10 mA. At the initial time, the absorption spectrum exhibits
a single shoulder at a wavelength near to 300 nm, which was
attributed to ions NO3

− in aqueous solution [42] with a lower
contribution of Ag+ [43]. After 15 minutes of reaction, a broad
band appeared at 392 nm and its intensity increased until an
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Figure 3: X-Ray Diffraction pattern of silver nanoparticles. The
principal position peaks are shown in the figure.

absorption maximum centered at 425 nm which was obtained
after 30 minutes of reaction. This latter absorption band
corresponds to the surface plasmon resonance of spherical
silver nanoparticles [44]. An absorption minimum appears at
320 nm, which corresponds to a minimum in the imaginary
part of the refractive index for bulk silver [45]. In a control
experiment a similar solution was placed in the ultrasonic
bath with nitrogen atmosphere, but no one current was
applied. After 50 minutes no spectral change was observed
(not shown here); then reducing action by PEG-2000 was
ruled out in these conditions.

In the electrochemical synthesis of silver nanoparticles,
there is a competition between two different cathode surface
processes: the silver particle formation and the silver deposi-
tion on cathode [46]. The key to electrochemical synthesis of
silver nanoparticles in aqueous medium is to avoid formation
of silver plating and to force reduced particles to leave
the cathode surface. In order to test the PEG influence
over these processes, CV experiments were carried out [37].
Figure 2 shows the CV in silver nitrate solutions with different
amounts of PEG. All CV experiments present one reduction
peak near 337.4 mV and one oxidation peak near 492.0 mV
approximately. The reduction peak is attributed to silver
ions reduction and their electrodeposition on the platinum
surface; the oxidation peak is related to oxidation of the silver
electrodeposition on the electrode [42]. CV show that the
reduction peak intensity is the same for all the cases. The
oxidation peak intensity decreases when the PEG amount
increases and this is attributed to the PEG influence over
the electrode processes. In the PEG-free solution the reduced
silver was almost completely deposited on the surface of
working electrode and then, when the scan was swept in the
oxidation sense, almost all the reduced silver was oxidized.
On the other hand, in the PEG containing solution, the
silver ions reduced were divided: a part was deposited on
the electrode surface whereas another part was reduced
to nanoparticles and stabilized by PEG. Thus, when the
scan was swept in the oxidation sense, only the deposited
silver was oxidized again. So, CV results show that PEG

effectively enhances the nanoparticles formation and reduces
the electrodeposition on the electrode surface.

3.2. Characterization of Silver Nanoparticles. The nanoparti-
cles were characterized by XRD, AFM microscopy, and UV-
Vis spectroscopy. In Figure 3 the XRD pattern of nanopar-
ticles, is shown where three distinct diffraction peaks were
observed at 2𝜃 values of 38.13∘, 44.31∘, and 64.47∘, corre-
sponding to the (111), (200), and (220) crystalline planes of
cubic Ag, respectively. The broad nature of the XRD peaks is
attributed to the nanosize of the particles [47].

In order to determine the size and shape of the particles,
AFM images were registered. Figure 4 shows a typical AFM
image. The particles are uniformly spherical in shape with
an average diameter of 30.36 nm. The average diameter was
determined by statistical analysis from histograms of several
AFM images of the nanoparticles. This average diameter is
near to the value obtained from the XRD spectrum. An
average nanoparticle size of 45.85 nm was calculated from the
breadth of (111) diffraction line at its half-intensity (Figure 3),
with an instrumental broadening of 0.25∘, using the Scherrer
equation [48]. If we compare the mean sizes of the Ag
nanoparticles estimated by microscopic technique and XRD,
it seems that the Scherrer calculus overestimated the radius.
This fact is due to the fact that the sample is polydisperse
and the XRD is particularly sensitive to the largest particles
or crystallites [49]; then, this result seems to be reasonable.

TEM images (Figure 5) show mainly spherical particles
between 10 and 30 nm of size and a few nanospheres bigger,
with diameter of 200 nm approximately. These last ones
would be responsible for the dispersion effect that is observed
as a mild decline of the signal towards longer wavelengths in
the UV-Vis extinction spectra.

Furthermore, the morphological characteristics of the
particles during different experiments stages were followed
by the study of the UV-Vis spectra taking into account the
knowing relations between the number and position of the
absorption bands and the size and shape of the particles [50].
In silver nanospheres with diameter shorter than 100 nm only
one peak in the UV-Vis spectra is observed between 400 and
500 nm [51].

In metallic nanoparticles, the size dependence of the
surface plasmon absorption is not easily explained as in the
case of semiconductor nanoparticles, where a blue shift or a
red shift of the absorption onset undoubtedly results from
decreasing size or increasing size, respectively.

The peak position of surface resonance is not well suited
for discussion of size effect within the intrinsic size region in
metallic nanoparticles [52]. However, the size dependence of
the optical spectra of large nanoparticles (2𝑅 > 25 nm) is
an extrinsic particle-size effect governed only by dimension
of the particle with respect to the wavelength of the light,
and therefore a red shift of the peak position of surface
resonance undoubtedly results from increasing size [43]. This
relationship is used to obtain qualitative information about
relative media size between different samples.

3.3. Influence of Synthesis Conditions. In order to determine
the influence of the current density, PEG concentration and
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Figure 4: AFM image of PEG protected silver nanoparticles (a) and the corresponding size distribution analysis (b).
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Figure 5: TEM images of PEG protected silver nanoparticles.

polymer chain length on the size and shape of the Ag
nanoparticles several experiments were performed to study
one by one each parameter of the experimental conditions.
After each experiment, a UV-Vis spectrum was taken to
analyze the number and position of the absorption bands and
then to infer the nanoparticles shape and relative size.

3.3.1. Current Density. Reetz and Helbig determined that
the particle size of Pd clusters obtained by electrochemical
reduction can be controlled by variation of the current
density [53]. In order to determine if the current density has
some effect on silver particle size, the synthesis was repeated
using currents of 7, 10, and 13 mA, respectively, whereas the
other conditions were the same for these samples: 2.5 mM
AgNO3 and 1% w/v PEG-2000. Figure 6 shows the UV-Vis
spectra of the obtained colloids. A blue shift in the plasmon
peak can be observed as the current is increased, from 454 nm
for the sample prepared at 7 mA to 405 nm for the sample
prepared at 13 mA. This infers that for our samples the use of
higher current density during the synthesis produces small
particles. This behavior is similar to other reports by several
authors for different systems with other metallic ions or
stabilizers [45, 53].

3.3.2. PEG Concentration. The influence of PEG-2000 con-
centration on the silver particle size was studied through UV-
Vis spectroscopy. The synthesis was repeated using PEG-2000
concentration of 0.5, 1, 1.5, and 2% w/v. Figure 7 shows the
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Figure 6: UV-Vis spectra of Ag nanoparticles obtained by using
different current density during the synthesis process. From the
bottom to the top: 7 mA, 10 mA and 13 mA. In the figure, the
plasmon position is indicated for each spectrum.

UV-Vis spectra for the colloids obtained with different PEG-
2000 amounts.

A displacement of the maximum of absorption was
observed towards the blue with the increase of the concentra-
tion of PEG-2000 in the range between 0.5 and 2% w/v. Then,
increasing the PEG concentration in the reaction medium,
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Figure 7: UV-Vis spectra of Ag nanoparticles obtained by using
different polymer concentrations of PEG-2000 during the synthesis
process. From the bottom to the top: 0.5, 1.0, 1.5, and 2.0% w/v. In
the figure, the plasmon position is indicated for each spectrum.
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Figure 8: UV-Vis spectra of Ag nanoparticles obtained by using
different polymer concentration of PEG-6000 during the synthesis
process. From the bottom to the top: 0.5, 1.0, 1.5, and 2.0% w/v. In
the figure, the plasmon position is indicated for each spectrum.

the particle size obtained decreases. Then, it is concluded
that it is possible to reinforce the control over the particle
size by adjusting the PEG-2000 concentration. This behavior
was similar when the same experiment was repeated using
PEG-6000 in the range between 1 and 2% w/v (Figure 8).
Meanwhile with PEG-600 an unsystematic behavior of the
position of the maximum of absorption in function of the
wavelength was found (Figure 9), and the same to PEG-400
(not shown here). Then, it is concluded that it is possible to
control the particle size by adjusting the PEG-2000 and PEG-
6000 concentration between 1 and 2% w/v.

3.3.3. PEG Chain Length. In some cases, when polymeric
stabilizers are used, just by changing the chain length of the
stabilizer, variations in the form of particles can be produced
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Figure 9: UV-Vis spectra of Ag nanoparticles obtained by using
different polymer concentration of PEG-600 during the synthesis.
From the bottom to the top: 0.5, 1.0, 1.5, and 2.0% w/v. In the figure,
the plasmon position is indicated for each spectrum.
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Figure 10: UV-Vis spectra of Ag nanoparticles obtained by using
different polymer length during the synthesis process. From the
bottom to the top: PEG-6000, PEG-1450, PEG-2000, and PEG-400.
In the figure, the plasmon position is indicated for each spectrum.

[39]. The effect of PEG chain length on the particle size
was also investigated by UV-Vis spectroscopy. Polymers with
several molecular weights were used: 𝑀𝑤 = 400, 1450, 2000,
and 6000. Nevertheless, in all our experiments only one
maximum of absorption between 400 and 430 nm appears
to be assigned to the spherical appearance of nanoparticles
(Figure 10). Then, it is concluded that the 𝑀𝑤 did not
influence the form of particles and nanospheres are obtained
for all the cases.

With all the studies shown during these investigations we
obtained stable nanoparticles using PEG as stabilizer and we
found the correct experimental parameters that control the
morphology. These nanoparticles have the possibility to be
used for several purposes, such as bactericide, because they
could be manipulated as a powder.
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4. Conclusions

Spherical silver nanoparticles were synthesized by an elec-
trochemical method with PEG as stabilizer. This method is
a rapid and eco-friendly technique to obtain silver nanopar-
ticles. PEG is an efficient stabilizer that favours the parti-
cle formation over silver deposition on the cathode. The
influence of synthesis conditions was studied. The current
density is an adequate parameter to control particle size. The
PEG chain length does not show effects on the shape of
the nanoparticles obtained, which are spherical for all the
cases. Nevertheless, with the longer polymer chain length
it is possible to control the particle size through the PEG
concentration. Thus, the use of polymeric stabilizer of long
chain adds an additional tool to control the particle size with
respect to other electrochemistry techniques.
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The synthesis of nanoparticles with desired size and shape is an important area of research in nanotechnology. Use of biological
system is an alternative approach to chemical and physical procedures for the synthesis of metal nanoparticles. An efficient
environment-friendly approach for the biosynthesis of rapid and stable Gold nanoparticles (AuNPs) using whole cells ofGeotrichum
candidum is discussed in this paper. The enzymes/proteins present in the microorganism might be responsible for the reduction
of metal salts to nanoparticles. Various reaction parameters such as culture age, temperature, pH, metal salt, and cell mass
concentrations were optimized. The AuNPs were characterized by UV-visible spectroscopy, dynamic light scattering (DLS),
energy dispersive spectroscopy (EDS), scanning electron microscope (SEM), and Fourier transform infrared spectroscopy (FTIR).
Nanoparticles were isolated by sonicating the whole cells after treatment with Tween 80. The whole cell mediated process showed
the simplistic, feasible, easy to scale up, and low-cost approach for the synthesis of AuNPs.

1. Introduction

Metal nanoparticles have been an extensive area of research
because of their unique chemical, physical, and optical
properties [1]. These make them potential candidates in
the field of catalysis, labeling, biosensing, drug delivery,
antimicrobial, and so forth [2, 3]. AuNPs have wider ranges
of applications in the biomedical field for biosensor devel-
opment, drug delivery, imaging, photo diagnostics, and so
forth [4]. Development of reliable processes for the synthesis
of metal nanomaterials with excellent dispersity and stability
with minimum harmful effects is the need of the day [5].
Traditional chemical and physical methods reported in the
literature involve the use of hazardous chemicals and extreme
reaction conditions [6–8]. The current research is directed
towards the development of eco-friendly protocols for the
synthesis of nanomaterials/nanostructures of desirable sizes
and shapes [9, 10]. Considering applications of AuNPs in
the fields of biology and medicine, environment, and tech-
nology, there is a growing need for the development of
cost-effective method for the synthesis of new nanoparticles

[11]. The biological methods fulfil all the requirements of
a process to be green [12]. Synthesis of nanoparticles utilizing
biological system such as bacteria, fungi, and several plant
extracts have been widely reported in the literature [6, 13–
15]. Microorganisms are able to produce metal nanomate-
rials either intra- or extracellularly. Intracellular synthesis
of metal nanoparticles (Pseudomonas stutzeri, Escherichia
coli, Vibrio cholerae, Pseudomonas aeruginosa, Salmonells
typlus, and Staphylococcus currens) has been investigated
by many workers [16, 17]. The formation of extracellular
silver nanoparticles by photoautotrophic cyanobacteria, Plec-
tonema boryanum, has been described in [18]. The intra-

cellular synthesis of AuNPs by microbial reduction of Au+3

using Shewanella algae has been investigated by Konishi et
al. in 2006 and Konishi et al. in 2007 [19, 20]. The synthesis
of AuNPs of different sizes and shapes has been reported
in both aqueous and nonpolar organic solvents [21, 22].
Some well-known examples of plant mediated synthesis of
gold nanotriangles using aloe-vera extract and tamarind
leaf extract are also available in literature [23, 24]. In this
paper, we report the intracellular synthesis of AuNPs using
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yeast, Geotrichum candidum, its downstream processing and
characterization.

2. Materials and Methods

2.1. Chemicals. Gold (III) chloride trihydrate salt (99.99%)
was purchased from Sigma-Aldrich (Steinheim, Germany).
Different salts, buffer, and media components were purchased
from Qualigens Chemicals (Mumbai, India), Hi Media
(Mumbai, India), and Central Drug House (P) (New Delhi,
India).

2.2. Microorganism and Culture Conditions. Geotrichum can-
didum NCIM 980 was procured from National Collection of
Industrial Microorganisms, National Chemical Laboratory,
Pune, India. The organism was grown in YPD medium (yeast
extract 3 g/L, peptone 3 g/L and dextrose 10 g/L, pH 6.5) at
30∘C in an incubator shaker (200 rpm).

2.3. Synthesis of Gold Nanoparticle and Its Downstream
Processing. The cells were grown in specified medium for
24 h at 30∘C in shaker incubator (200 rpm). The fermentation
broth was centrifuged at 7,000×g for 15 min; cells were
washed thoroughly and resuspended in deionised water.
Suspension of wet cell mass (10%) in deionised water was
prepared. Tetrachloroauric acid trihydrate (AuCl4⋅3H2O) was
added to the cell suspension (10%) to final concentration
of 1 mM. The reaction was carried out at 30∘C, 200 rpm
for 72 h and observed for visual colour change. For the
isolation of nanoparticles from the whole cells, various dis-
ruption methods were used. Cell disruption was performed
using ultrasonication after treatment with surfactant (Tween
80). The supernatant was collected after centrifugation at
10,000×g for 15 min and lyophilized to concentrate the
AuNPs.

2.4. Characterization of Nanoparticles. An essential part in
the synthesis of nanoparticles is its characterization. The
synthesised AuNPs were characterized by UV-visible spec-
trometry, dynamic light scattering (DLS), scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), and energy dispersive spectroscopy (EDS). Observa-
tion of strong broad surface plasmon peaks at visible regions
(510–525 nm) has been well documented for AuNPs, with
sizes ranging widely from 10 to 100 nm. The reduction of pure

Au+3 ions to Auo was monitored by measuring through UV-
Vis spectroscopy by taking the samples of reaction mixture
(gold nanoparticle solution). Dynamic light scattering (DLS
or Zeta-sizer) was used to measure the size, size distribu-
tion, and potential (charge) of nanoparticles dispersed in a
liquid. Scanning electron microscopic (SEM) analysis was
done using the instrument (S-3400, Hitachi) operated at an
excitation voltage of 25 kV. The nanoparticles or whole cell
suspensions were mounted onto steel stage using double-
sided adhesive tape on a glass cover slip by just dropping
a very small amount of the sample on the cover slip, and
the film was allowed to dry and coated with gold using
ion sputter (E-1010, Hitachi). The SEM was used for the

determination of size and morphology of the nanoparticles.
The functional groups and capping of the synthesized AuNPs
were confirmed by FTIR spectroscopy. Elemental analysis
and chemical composition of NPs were determined using
energy dispersive spectroscopy.

2.5. Optimization of Various Reaction Parameters

2.5.1. Culture Age and Its Concentration. Cell age has pro-
nounced effect on the synthesis of nanoparticles. In order
to determine the optimum culture cell age for nanoparticle
production, the cells were harvested at different phases of
growth. After harvesting, the cells were thoroughly washed,
resuspended in deionised water, and tetrachloroauric acid
trihydrate (AuCl4⋅3H2O) was added to make final concen-
tration of 1 mM, and reaction mixture was incubated at 30∘C
(200 rpm). After 48 h, cells were harvested by centrifugation
at 7,000×g for 15 min. The effect of cell mass concentration
was studied by incubating different concentrations of cells
(25–250 mg/mL) with gold salt at 35∘C (200 rpm) for 72 h.
From time to time, the samples were taken from the reaction
mixture, and nanoparticles were characterized according to
the set procedures.

2.5.2. ReactionTemperature. Tetrachloroauric acid trihydrate
(AuCl4⋅3H2O) was added in 1 mM concentration to the
resuspended whole cells, and the flasks were incubated at
a range of temperature of 15 to 40∘C (200 rpm). Samples
were collected at a regular interval of time and characterized
accordingly.

2.5.3. Reaction pH. To the cell suspension, tetrachloroauric
acid trihydrate (AuCl4⋅3H2O) was added to achieve a final
concentration of 1 mM, and the flasks were incubated at 35∘C
(200 rpm). A range of pH (3–13) of the reaction mixture was
chosen. Samples were collected at a regular interval of time
and characterized accordingly.

2.5.4. Metal Salts. To the whole cell suspension, different
concentrations (1 to 10 mM) of AuCl4⋅3H2O were added,
and the flasks were incubated at 35∘C (200 rpm). Samples
were collected at a regular interval of time and characterized
accordingly.

3. Results and Discussion

The shape, size, and size distribution of metal nanoparticles
produced by the reduction of gold ion (Au3+) by Geotrichum
candidum in solution depend on various reaction conditions
such as temperature, cell age, cell mass pH, and concentration
of metal salt. After downstream processing, the nanoparticles
were characterized by various techniques.

3.1. Characterization of AuNPs

3.1.1. Visual Observation. It has been reported [25] in the lit-
erature that the formation of AuNPs is detected by observing
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Figure 1: Visual observations of AuNPs produced by whole cell
Geotrichum candidum.

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

A
b

so
rb

an
ce

Abs

400 450 500 550 600 650 700

Wavelength (nm)

Figure 2: UV-Vis spectra of AuNPs produced by whole cell Geotri-
chum candidum.

the colour change of reaction mixture. In this case, also
the formation of nanoparticle was preliminarily identified
by observing the colour change of the reaction mixture
(Figure 1). The cell mass of G. candidum turned light yellow
(Figure 1(a)) to purple colour (Figure 1(b)) indicating the
synthesis of AuNPs. The synthesis might be either intracel-
lular or on the cell surface.

3.1.2. UV-Vis Spectral Analysis. As previously reported by
other workers [26] on the colloidal solution of gold nanopar-
ticle when subjected to UV-Vis spectrometry, a strong peak
was absorbed at 520–530 nm (Figure 2).

3.1.3. Control of Size and Shape of AuNPs. To achieve the
better size and shape of AuNPs synthesised by the cells
of Geotrichum candidum, parameters such as cell age, pH,
temperature, metal ion, and cell mass concentration were
optimized. Metabolic activities of cell vary with the cell
age. The cellmass harvested at 48 h of growth produced
highest amount of AuNPs (Figure 3(a)). This may be due to
expression of higher amount of reductant at that the time
of harvest (48 h growth) resulting in higher reduction. With
the increase in temperature, reaction rate increased up to
a certain value and then it started decreasing. Temperature

of 35∘C was found to be optimum for nanoparticle syn-
thesis, beyond which the absorption at 520 nm decreased
(Figure 3(b)). This may be due to instability of reductive
compounds (protein/peptide) at higher temperatures. Ger-
icke and Pinches [27] also found similar effect for the Au-
nanoparticle synthesis. Nanoparticle synthesis is a crystalli-
sation phenomenon that depends upon solubility of salt in
the media. pH affects the solubility and thus can affect the
nanoparticle formation. The optimum pH for synthesis of
gold nanoparticle was found to be 7 where the maximum
absorption was observed (Figure 3(c)). Both above and below
pH 7, aggregation took place. Higher concentration of auric
chloride was found to be toxic to the microbial cell. Lower
concentration of auric chloride (1 mM) was very efficiently
reduced by the cells of G. candidum (Figure 3(d)). Cellmass
concentration also showed prominent effect on the nanopar-
ticle formation. Keeping all the other parameters constant,
the cellmass concentration was varied from 25 to 250 mg/mL,
and 50 mg/mL was found to give maximum yield of AuNPs
(Figure 3(e)).

3.1.4. Zetasizer. The synthesized nanoparticles have average
particle size of about 76.58 nm and PDI of 0.231 (Figure 4(a))
which indicates monodispersity, and Zeta potential of−17.5 mV (Figure 4(b)) shows that the synthesized AuNPs are
capped by -vely charged groups and are moderately stable.

3.1.5. Scanning Electron Microscopy (SEM) Analysis. A rep-
resentative SEM image of the synthesized AuNPs is shown
in Figure 5. This SEM image shows that the synthesized
nanoparticles lay on the surface of Geotrichum candidum
(Figure 5(a)). The average nanoparticle size lies in the range
of 65–70 nm. Figure 5(b) shows the harvested AuNPs isolated
from the cellmass of G. candidum.

3.1.6. Energy Dispersive Spectroscopy (EDS). An area profile
EDS spectra of AuNPs (Figure 6) synthesized by whole cells
of G. candidum after purification showed the presence of
strong signals of the gold atoms.

3.1.7. FTIR Spectroscopy. FTIR spectroscopy analysis was
done to reveal the involvement of possible biomolecules
affecting the reduction and subsequent capping of the metal
nanoparticles [28] synthesized by G. candidum. The proteins
can bind to nanoparticles through its various functional
groups [29]. The FTIR spectra revealed the presence of
different functional groups such as amide and –COOH
linkages on amino acid residues in protein and synthesized

AuNPs. The bands were observed at 1299 cm−1, 3433.14 cm−1,
2923.27 cm−1, and 1735.66 cm−1 (Figure 7), acknowledged as
amide III band, –OH stretching, C–H stretching, and C–
O stretching of carboxylic acid, respectively [30]. The band

at 1647 cm−1 represents C=O stretching of amide bond. The

band at 1351.71 cm−1 represents C–N stretching which is
commonly present in proteins, indicating the presence of
protein as ligand for AuNPs, which increases the stability



4 Journal of Nanoparticles

0

0.5

1

1.5

2

0 20 40 60 80

A
b

so
rb

an
ce

Cell age (h)

(a)

0

0.5

1

1.5

2

10 20 30 40 50

A
b

so
rb

an
ce

Temperature ( C )

(b)

0

0.5

1

1.5

2

0 5 10 15

A
b

so
rb

an
ce

pH

(c)

0

0.5

1

1.5

2

0 5 10 15

A
b

so
rb

an
ce

Metal salt (mM)

(d)

1

1.2

1.4

1.6

1.8

2

0 100 200 300

A
b

so
rb

an
ce

Cell mass (mg/mL)

(e)

Figure 3: Optimization of various physicochemical parameters for AuNPs synthesis by whole cells of Geotrichum candidum.

of synthesized nanoparticles [31]. All peaks of FTIR spectra
showed the presence of protein attachment to the AuNPs.

4. Conclusion

Geotrichum candidum was reported for the first time to
synthesize AuNPs. Various reaction parameters like cell age,
temperature, pH, cell mass, and metal ion concentration,
were optimized to increase the yield and to improve the
dispersity of nanoparticles. Proteins are responsible for the
reduction of metal salts as well as its stabilization by capping.
The gold nanoparticle throughout the cellmass suggests that

Au+3 ions entered the cells through a transport system. The
presence of different metabolic enzymes inside the cells or

cytoplasm probably reduced Au+3 to Auo and capped it by
protective peptide/proteins. The microorganism mediated
synthesis of metal nanoparticles can be a viable alternative to
physical and chemical methods and can be easily scaled up.
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Figure 5: SEM images of AuNPs synthesized by Geotrichum
candidum (a) in the whole cell and (b) after downstream processing.
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CuO-CeO2 nanocomposite is reported as a highly efficient recyclable catalyst that is applied for the synthesis of Aryl-14H-
dibenzo[a-j]xanthenes under solvent-free conditions. The catalyst was synthesized by coprecipitation method and characterized
by X-ray powder diffraction (XRD), BET specific surface area, field emission scanning electron microscopy (FESEM), and energy
dispersive spectroscopy (EDS) analysis. The copper nanoparticles are dispersed as fine and amorphous phases on the surface of
ceria and made nanoclusters with average size of about 33 nm. This catalyst can be recovered by simple filtration and recycled up
to 8 consecutive runs without any losing of its efficiency. This procedure provides several advantages such as simple workup, mild
reaction conditions, short reaction times, and high yields of the products.

1. Introduction

In recent years, nanocatalysis has emerged as a sustainable
and competitive alternative to conventional catalyst since the
nanoparticles possess a high-surface-to-volume ratio, which
enhances their activity and selectivity, while, at the same time,
maintaining the intrinsic features of a heterogeneous catalyst
[1]. In particular, nanocrystalline oxides have proved to be
useful to chemists in the laboratory and industry due to the
good activation of adsorbed compounds and reaction rate
enhancement, selectivity, easier workup and recyclability of
the supports, and the eco-friendly green reaction conditions
[2–6]. Also, the practical applications of nanocomposite
metal oxides as the catalysts in organic synthesis have been
increased due to their high catalytic activity because of the
high surface area [7, 8]. The recyclability of the catalyst
is the added advantage in the case of these catalysts. The
catalytic activity of CuO-CeO2 nanocomposite is well known
for the oxidation of CO in H2-rich streams [9]. Xanthene
derivatives are important class of compounds that received
significant attention from many pharmaceutical and organic
chemists because of the broad spectrum of their biological
and pharmaceutical properties such as antibacterial [10],

anti-inflammatory [11], and antivirial properties [12]. Fur-
thermore, these compounds are used as dyes and fluorescent
material for visualization of biomolecules and in laser tech-
nologies due to their useful spectroscopic properties [13, 14].
Aryl-14H-dibenzo[a-j]xanthenes are among the most impor-
tant classes in the family of xanthenes due to their distinctive
structures and great potential for the further transformations
[15]. Various methods have been reported for the synthesis
of Aryl-14H-dibenzo[a-j]xanthenes; among these methods,
the one-pot condensation of𝛽-naphthol with aldehydes is the
most common procedure. Therefore, various catalysts have
been developed for the improvement of this reaction [16–
25]. In the continuation of our research program to develop
the efficient, and green catalysts in organic synthesis [26–
29], herein, we wish to report a green, efficient and recyclable
catalyst for the synthesis of Aryl-14H-dibenzo[a-j]xanthenes
under solvent-free conditions (Scheme 1).

2. Experimental

All products were identified by the comparison of their spec-
tral and physical data with authentic samples. Chemicals (2-
naphthol, aromatic aldehydes, cerium, and copper nitrates)
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Scheme 1: Synthesis of Aryl-14H-dibenzo[a-j]xanthenes catalyzed
by CuO-CeO2 nanocomposite oxide.

were purchased from Merck Chemical company in Germany.
Yields refer to isolated pure products.

2.1. Catalyst Preparation. CuO-CeO2 nanocomposite was
prepared by coprecipitation method using aqueous solution
of cerium and copper nitrates and drop-wise adding KOH as
precipitant agent under vigorous mixing, while temperature
and pH were fixed at unique values. Then, acquired sample
was filtered, washed, and calcined to obtain final catalyst for
using atsynthesis of Aryl-14H-dibenzo[a-j]xanthenes.

2.2. General Procedure for Synthesis of Aryl-14H-dibenzo[a-
j]xanthenes. A mixture of 2-naphthol (2 mmol), aldehyde
(1 mmol), and CuO-CeO2 nanocomposite (0.05 g) was added
to a round-bottomed flask. The reaction mixture was placed
in an oil bath at 80∘C and magnetically stirred for the
appropriate times according to Table 1. After completion
of the reaction (monitored by TLC), the mixture reaction
was cooled to room temperature, next acetone (10 mL) was
added, and the mixture stirred for 5 min. Then, the catalyst
was recovered by filtration to be reused subsequently. The
filtrate was evaporated to dryness, and the solid residue
recrystallized from hot ethanol to give pure products in high
yields. The experimental procedure with this catalyst is very
simple and the catalyst can be removed easily by filtration.
The solid products were easily recrystallized from hot ethanol
and were obtained in good to high yields during the short
reaction times. Very low amount of the catalyst is needed.
Moreover, our procedure is environmentally friendly as it
does not use any toxic auxiliary or solvent.

2.3. Catalyst Characterization. The catalyst structure charac-
terization was performed by X-ray powder diffraction (XRD),
using a Bruker AXS D8 advanced diffractometer equipment
with CuK𝛼 radiation (𝜆 = 1.5406 A∘). The Debye-Scherrer
equation is used to determine average crystallite size of
nanoparticles. Field emission scanning electron microscopy
(FESEM) and energy dispersive spectroscopy (EDS) carried
out by a Hitachi S4160 instrument to see the morphology, the
evaluation of cluster size, and the metal composition of the
catalyst. BET specific surface area was estimated from the N2
adsorption/desorption isotherms, measured at 77∘K using a
Quantachrome CHEMBET-3000 instrument.

3. Results and Discussions

XRD pattern of fresh CuO-CeO2 nanocomposite calcined
at 450∘C is illustrated (Figure 1). The main reflection placed
at 2𝜃 range of 15–80∘ indicates a cubic fluorite structure

Table 1: Synthesis of Aryl-14H-dibenzo[a-j]xanthenes catalyzed by
CuO-CeO2 nanocomposite.

Entry Aldehyde Time (min) Yield (%)a M. P. (∘C)

1 PhCHO 15 93 185–186

2 2-NO2C6H4CHO 12 91 213–215

3 3-NO2C6H4CHO 15 90 210–211

4 4-NO2C6H4CHO 8 90 310–312

5 2-ClC6H4CHO 12 90 213–215

6 4-ClC6H4CHO 10 91 289–290

7 2,4-Cl2C6H3CHO 12 90 251–252

8 2,6-Cl2C6H3CHO 15 89 267–269

9 4-FC6H4CHO 10 90 237–238

10 2-MeC6H4CHO 18 89 258–260

11 3-MeC6H4CHO 12 90 199–201

12 4-MeC6H4CHO 20 90 228–229

13 4-MeOC6H4CHO 30 89 202–204

14 4-BrC6H4CHO 15 91 296–298

15 4-OHC6H4CHO 45 88 139–141
a

Isolated yield. bProducts were characterized by the comparison of their
spectroscopic data (NMR and IR) and melting points with those reported in
the literature [17, 18].
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Figure 1: XRD pattern of the CuO-CeO2 nanocomposite catalyst.

with highest intensity at (1, 1, 1) plane that belongs to the
XRD standard JCPDS card number of 43-1002. According
to the pattern of pure CeO2 (not shown in the figure), only
the diffraction peaks of ceria crystallites are detected, and
there is no peaks related to copper oxide nanoparticles. It is
supposed that fine dispersion and/or amorphous structure
of CuO with low content on the surface of ceria clusters is
responsible for absence of copper oxide peaks at the XRD
pattern [9, 30, 31]. However, there is some difference between
values of unit cell parameters for pure CeO2 and CuO-
CeO2 due to lattice shrinkage in surface ceria structure. The
calculation showed 5.45 and 5.42∘A for CeO2 and CuO-CeO2,
respectively. The observed shrinkage may be consequence of
partial incorporation of CuO into the CeO2 lattice structure
that has been reported for coprecipitation synthesis [30,
31]. The calculated average crystal size of the ceria in the



Journal of Nanoparticles 3

(a) (b)

Figure 2: FESEM image of the CuO-CeO2 nanocomposite catalyst.
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Figure 3: EDS analysis of the CuO-CeO2 nanocomposite catalyst.

catalyst based on dominant peak at 2𝜃 of 28.5∘ using Debye-
Scherrer equation was 7.5 nm. BET specific surface area
result was 131 m2/g that confirms estimated value for average
nanoparticle size of the catalyst by XRD test.

Figures 2(a) and 2(b) present FESEM micrograph of the
catalyst at two different magnifications to study the mor-
phology and the evaluation of nanoclusters size of catalyst. It
seems that 7 nm particles calculated based on the BET surface
area are agglomerated to approximately 33 nm sized clusters
and made bigger nanostructure CuO-CeO2 catalyst.

EDS analysis (Figure 3) showed the presence of 5.8 and
94.2 wt.% for Cu and Ce elements in the catalyst, respectively.

Optimization of the reaction conditions showed that
the best results in the presence of 0.05 g of CuO-CeO2
nanostructured catalyst at 80∘C were obtained under solvent-
free conditions, when the relative ratio of the aldehyde
and 2-naphthol was 2 : 1, respectively. Using these optimized
conditions, the reaction of various aromatic aldehydes, con-
taining electron-donating and electron-withdrawing groups,
was explored (Table 1). Aliphatic aldehydes remain intact
under the same reaction conditions. Therefore, the method
can be useful for the chemoselective synthesis of Aryl-
14H-dibenzo[a-j]xanthenes from aromatic aldehydes in the
presence of aliphatic ones.

Table 2: Recyclability of CuO-CeO2 nanocomposite.

Run 1 2 3 4 5 6 7 8

Time (min) 15 15 15 18 18 20 20 25

Yield (%)a 93 93 92 92 92 90 88 88
a

Isolated yield.

The activity of the recycle catalyst was also examined
under the optimized conditions, and the desired product
was obtained in high yields after 1–8 runs (Table 2). To
investigate these property for our introduced catalyst, the
reaction of benzaldehyde with 2-naphthol was selected as the
model (Table 2). After each reaction, we washed and dried the
catalyst with acetone and reused for the next run. This process
was repeated for 8 runs, and no appreciable yield decrease was
observed.

4. Conclusions

We have developed a new, efficient, and green procedure for
the synthesis of biologically important xanthene derivatives
catalyzed by recyclable CuO-CeO2 nanostructured catalyst,
under solvent-free conditions. This catalyst can promote the
yields and reaction times over 8 runs without noticeable
loss in its efficiency. Moreover, high yields of products, short
reaction times, ease of workup, and clean operation are the
most important advantages of this method which makes the
procedure beneficial compared to conventional methods.
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Development of reliable and ecofriendly green approach for synthesis of metallic nanoparticles biologically is an important step in
the field of application of nanoscience and nanotechnology. The present paper reports the green approach for iron nanoparticle syn-
thesis using Aspergillus oryzae TFR9 using FeCl3 as a precursor metal salt. Valid characterization techniques employed for biosyn-
thesized iron nanoparticles including dynamic light scattering (DLS), transmission electron microscopy (TEM), and high resolu-
tion-transmission electron microscopy (HR-TEM) for morphological study. X-ray energy dispersive spectroscopy (EDS) spectrum
confirmed the presence of elemental iron signal in high percentage. Apart from ecofriendliness and easy availability, low-cost
biomass production will be more advantageous when compared to other chemical methods. Biosynthesis of iron nanoparticles
using fungus has greater commercial viability that it may be used in agriculture, biomedicals and engineering sector.

1. Introduction

Nanotechnology is the manipulation or self-assembly of indi-
vidual atoms, molecules, or molecular clusters into structures
to create material and devices with new and vastly different
properties. “Nano” suffix usually refers to a size scale between
1 nanometer (nm) and 100 nm at least at one dimension [1].
Owing to its inimitable properties, nanotechnology provides
the basic tools and subsequently the technology for gathering
information and designing innovative devices to probe ques-
tions related to biological importance of nutritional avail-
ability, and the application of this knowledge in diverse sector
including physics, chemistry, biology, and engineering [2].

Conventional methods such as sol-gel, aerosol, template
assisted, sonochemical, laser exposer, wet-chemical synthe-
sis, thermal decomposition, plasma synthesis, and hydrother-
mal synthesis often required several processing steps, con-
trolled pH, temperature, pressure, much expensive equip-
ment, and toxic chemicals. Furthermore, such techniques
also generate several byproducts which are toxic to ecosys-
tems. So, there is a need to develop a low-cost, ecofriendly
method for agriculturally important nanoparticles [3, 4].

Therefore, microbial systems are now being increasingly
explored as safer alternatives for production of nanoparticles
[5, 6]. Shahi and Patra [7] produced nanoparticles of usnic
acid with an ascomycetes fungus. Lee et al. [8] produced
superparamagnetic nanoparticles by Shewanella sp. Yadav
et al. [9] produced selenium containing nanostructures using
Pesudomonas aeruginosa while Sadowski and Maliszewska
[10] produced nanoparticles of silver using Pesudomonas
stutzeri. Senapati et al. [11] produced bimetallic alloy of Au-Ag
using microorganisms.

Synthesis of nanoparticles using fungi (eukaryotic organ-
ism) has several advantages over prokaryotic mediated
approach regarding reproducibility of nanosized materials,
and these also include ease to multiplication, grow, handling,
and rest of downstream process for this top-down approach
of nanobiosynthesis through nanofactories [3].

During the recent years, there has been a great deal of
interest in iron nanoparticles due to technological applica-
tions such as high-density magnetic recording media, biosen-
sors, ferrofluids, magnetic resonance imaging, nutritions and
biomedicine [12]. Iron is the metal used at the active site
of many important redox enzymes dealing with cellular
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respiration and oxidation reduction in plants and animals.
Iron also acts as cofactor and structural component for
various enzymes.

In the present investigation attempt was made for rapid,
low cost and ecofriendly iron nanoparticles synthesis using
the fungi Aspergillus oryzae TFR9. This study includes mor-
phological and elemental characterization of the biosynthe-
sized iron nanoparticles.

2. Experimental

2.1. Isolation of Fungi. The fungus, Aspergillus oryzae TFR9
(NCBI GenBank accession no. JQ675292), was isolated from
agricultural research farm (26∘18N 73∘01E) of Central Arid
Zone Research Institute, Jodhpur, India. The pure culture
of fungi was isolated by plating the primary inoculum on
Martin’s-rose Bengal agar medium (HiMedia, India, pH 7.2)
after serial dilutions of collective soil sample. Antibiotic
chloramphenicol (Sigma-Aldrich, St. Louis, MI, USA) was

added at a concentration of 10𝜇g mL−1 after autoclaving to
prevent bacterial contamination. Inoculated plates were incu-
bated at 28∘C for 72 h in biological oxygen demand (BOD)
incubator. Individual fungal colonies were picked and further
purified by subculturing on potato dextrose agar (PDA)
media (HiMedia, India). Preliminary identification of fungal
isolates was performed on the basis of morphological charac-
teristics, results not shown here.

2.2. Molecular Identification of Used Fungus. The molecular
level identification in which partial sequencing of 18S and
28S rRNA and complete sequence of internal transcribed
sequence 1 (ITS-1), internal transcribed sequence 2 (ITS-
2), and 5.8S rRNA gene (complex of 18S-ITS1-5.8S-ITS2-
28S-) was made using universal primer ITS1 (5-TCCGT-
AGGTGAACCTGCG-3) and ITS 4 (5-TCCTCCGCTTA-
TTGATATGC-3). The genomic DNA was isolated by cetyl-
trimethylammonium bromide (CTAB) extraction method
suggested by Sambrook et al. [13]. The rRNA (ribonucleic
acid) sequence was submitted to the GenBank of National
Centre for Biotechnological Information (NCBI).

2.3. Biosynthesis of Iron Nanoparticles. The fungi, Aspergillus
oryzae TFR9 (NCBI GenBank accession no. JQ675292), was
grown up in 150 mL Erlenmeyer flask containing 50 mL
potato dextrose broth medium. After adjusting, the pH of
the medium to 5.8, the culture was grown with continuous
shaking on a rotary shaker (150 rpm) at 28∘C for 72 h. After
complete incubation, fungal mycelia were separated from the
culture broth by filtration process using Whatman filter paper
no. 1 (Whatman, England) under biosafety cabinet (iMSet,
Surana Scientific, India) followed by washed thrice with
sterile double distilled water. The harvested fungal mycelia
were resuspended in 50 mL sterile Milli-Q-water in 150 mL
Erlenmeyer flask and again kept on a rotary shaker (150 rpm)
at 28∘C for 12 h. After incubation, the cell-free filtrate was
obtained by separating the fungal biomass using 0.45𝜇 size
membrane filter (Whatman, England). Using cell-free filtrate,

salt solution of FeCl3 (Sigma, USA) was prepared with final

concentration of 10−3M in Erlenmeyer flasks, which was
found to be optimum precursor salt concentration for the
synthesis of iron nanoparticles. The entire mixture was kept
on rotary shaker at 28∘C at 150 rpm. The reaction was allowed
to carry out for a period of 12 h. The biotransformed product
was collected periodically for characterization of particle size
on the basis of dynamic light scattering method.

Isolation of Fungi

Fungus was isolated (Martin’s rose Bengal agar
medium, pH 7.2, 28∘C for 72 h)

↓
Further subculturing on potato dextrose agar media

↓
Molecular identification

↓
Biosynthesis of iron nanoparticles

Biosynthesis of Iron Nanoparticles

Fungus was grown up in 150 mL Erlenmeyer flask
containing 50 mL potato dextrose broth

medium (pH 5.8, 28∘C for 72 h at 150 rpm on shaker)

↓
Mycelia separated from the culture broth by filtration
using Whatman filter paper no. 1

↓
Harvested fungal mycelia resuspended in 50 mL ster-
ile Milli-Q water in 150 mL Erlenmeyer

flask and kept on a shaker (150 rpm) at 28∘C for 12 h.

↓
Cell-free filtrate obtained by separating the fungal
biomass using 0.45 𝜇 size membrane filter

↓
Salt solution of FeCl3 prepared using cell-free filtrate

(10−3M)

↓
Entire mixture kept on shaker (150 rpm) at 28∘C for
12 h.

↓
Iron nanoparticle synthesized

2.4. Characterization of Iron Nanoparticles

2.4.1. DLS Analysis. The particle size of iron nanoparticles
was monitored using dynamic light scattering (DLS) mea-
surements which determines particle size by measuring the
rate of fluctuations in the laser light intensity scattered
by particles as they diffuses through solvent. Particle size
analyzer (Beckman DelsaNano C, USA) was used for size
measurement and confirmation of nanoparticles size distri-
bution.
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2.4.2. TEM and HR-TEM Analysis. For the confirmation
of biosynthesized iron nanoparticle size and shape, trans-
mission electron microscope (TEM) measurements were
carried out using drop coating method in which a drop of
solution containing nanoparticles was placed on the carbon
coated copper grids and kept under vacuum desiccation for
overnight before loading them onto a specimen holder. TEM
and high-resolution transmission electron microscope (HR-
TEM) micrographs of the sample were taken using the JEM-
2100F TEM instrument. The instrument was operated at an
accelerating voltage of 200 kV.

2.4.3. EDS Analysis. X-ray energy dispersive spectroscopy
(EDS) was used for elemental composition analysis, and
samples were prepared on a carbon coated copper grids
and kept under vacuum desiccation for three hours before
loading them onto a specimen holder. Elemental analysis
on single particles was carried out using Thermo-Noran
EDS attachment equipped with TEM (JEM-2100F). It was
performed for determination of the elemental composition
and purity of the sample by atom percentage of metal.

3. Results and Discussion

3.1. Identification of Fungi. Identification of fungi Aspergillus
oryzae TFR9 (NCBI GenBank accession no. JQ675292) was
made on the basis of molecular characterization of fungal
isolate which was performed by partial sequencing of 18S
and 28S rRNA and complete sequence of internal tran-
scribed sequence 1 (ITS-1), internal transcribed sequence 2
(ITS-2), and 5.8S rRNA gene (complex of -18S-ITS1-5.8S-
ITS2-28S) and has been submitted in the NCBI GenBank
(Accession no. JQ675292). The sequence was compared
using Basic Local Alignment Search Tool (BLAST) of NCBI
and submitted sequence is available on a public domain
http://www.ncbi.nlm.nih.gov.

3.2. Biosynthesis of Iron Nanoparticles. The biosynthesis of
iron nanoparticles was carried out by exposure of a precursor

salt aqueous FeCl3 solution of 10−3M concentration to fungal
cell-free filtrate obtained by incubating the fungusAspergillus
oryzaeTFR9 in an aqueous solution. The reaction was carried
out for 12 h at 28∘C.

3.3. Characterization of Iron Nanoparticles. Particle size of
biosynthesized iron nanoparticles was analyzed using particle
size analyzer (Figure 1). Histogram clearly shows particle size
in ranges between 10 nm and 24.6 nm. The polydispersity
index (PDI) was 0.258 which shows high monodisperse
nature of the particles. PDI reflects the uniformity in syn-
thesized nanoparticles and measured by DLS. The size and
uniformity in the biosynthesized iron nanoparticles were
further validated by TEM study.

TEM measurements were used to study the morpho-
logical confirmation of iron nanoparticles. A TEM micro-
graph (Figure 2) showed well distribution of spherical iron
nanoparticles. Furthermore it can be seen in the HR-TEM
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Figure 1: DLS histogram of iron nanoparticles for particle size
analysis.

10 nm

Figure 2: TEM micrograph of biologically synthesized iron
nanoparticles.

micrograph (Figure 3), which supports also the crystalline
nature of biosynthesized iron nanoparticle.

EDS analysis of the particles revealed a strong signal for
iron nanoparticles at 6.4 keV, characteristic of iron metal. The
EDS spectrum of drop coated biosynthesized iron nanopar-
ticles was shown in Figure 4. Quantitative measuring results
obtained from EDS analysis reflect that 84% atom particles
were of iron metal which confirms the purity of iron metal
in the biotransformed product. The other peaks of chlorine
(12.4% atom) and oxygen (3.6% atom) are owing to used
precursor salt for biosynthesis of iron nanoparticles.

Microorganisms are well known to defense themselves
from metal stress either by segregating the ions intracellular
or by secreting them into the external medium [14]. This
defensive behavior can be exploited for the biosynthesis of
advanced functional iron nanomaterials which has definite
edge over chemical synthesis methods. Hazardous organic
solvents and surfactants which are often employed in chem-
ical synthesis can be avoided through biosynthesis. Further
bio-based synthesis of iron nanoparticles can be reproducible
and the resulting nanoparticles were further stabilized by
the proteins and reducing agents secreted by the fungus
[15]. Extracellular secretion of enzymes offers the advantage
to obtain pure, monodisperse nanoparticles, which are free



4 Journal of Nanoparticles
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Figure 3: HR-TEM micrograph of single iron nanoparticles.
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Figure 4: EDS spectrum of biosynthesized iron nanoparticles.

from cellular components, associated with organisms and
easy downstream processing.

4. Conclusions

In conclusion, the present research of economically efficient,
ecofriendly green approach was made to synthesize iron
nanoparticles using the fungi Aspergillus oryzae TFR9. These
useful features of the biosynthesized iron nanoparticles may
benefit in agriculture, biomedical, and engineering sector.
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Self-assembly has the advantage of fabricating structures of complex functionalities, from molecular levels to as big as macroscopic
levels. Natural self-assembly involves self-aggregation of one or more materials (organic and/or inorganic) into desired structures
while templated self-assembly involves interstitial space filling of diverse nature entities into self-assembled ordered/disordered
templates (both from molecular to macro levels). These artificial and engineered new-generation materials offer many advantages
over their individual counterparts. This paper reviews and explores the advantages of such naturally self-assembled hybrid
molecular level systems and template-assisted macro-/microstructures targeting simple and low-cost device-oriented fabrication
techniques, structural flexibility, and a wide range of photonic applications.

1. Introduction

Fabrication of nano/mesa photonic architectures from top-
down technology involve precise growth techniques like
molecular beam epitaxy (MBE), chemical vapor deposi-
tion (CVD) and also involve patterning techniques such as
photolithography, particle beam lithography, scanning probe
lithography, and nanoimprint lithography. While the above
mentioned processes are laborious, time-consuming, and
costly, the “bottom-up” technology based on self-assembly
approach is the simplest, cost effective technique. Self-
assembly is one of the most important “molecular engi-
neering” strategies used in fabricating complex functional
structures, from micro to the molecular levels, utilising
the advantage of self-interaction of molecules. Molecular
self-assembly is a strategy for nanofabrication that involves
designer molecules and supramolecular entities so that
molecules naturally aggregate into specific desired struc-
tures [1, 2]. This method reduces many difficult steps in
nanofabrication, those involving atomic-level modifications
of the structures. Moreover, molecular self-assembly tends
to produce structures that are relatively defect-free and
self-healing, because the target structures are selective with

thermodynamically stable assembly between the possible
configurations. Several self-assembly methods have been
developed in the recent past, such as phase-separation of
copolymers, formation of pores in alumina, liquid crystals,
zerogels, and polymer spheres templating [3–5]. At molec-
ular levels, one of the examples of self-assembly is the
intercalation strategy wherein the organic entities are space-
filled within naturally self-assembled crystalline inorganic
semiconductor hosts, with an opportunity to produce a very
special and tailor-made semiconductor, known as inorganic-
organic hybrids [6–8]. In a macro level, mono dispersed
mesa sized spherical colloids are self-assembled to form
three-dimensionaly periodic lattices and are famously known
as synthetic opals (3D photonic crystals) [9–17]. Another
relatively easy and cost-effective methodology to produce
nano to wavelength-scaled photonic structures with long-
range order is through self-organized systems, which can
be used to create periodic patterns, followed by material
filling into the interstitial spaces through techniques like
electrochemical deposition. This approach is called templated
self-assembly. Overall, for large-scale production, the self-
assembly and template assisted self-assembly techniques are
better alternatives to top-down technology.
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2. Naturally Self-Assembled Nanosystems

Though inorganic semiconductors are still a material of
choice for high-performance semiconductor devices, in
recent years organic semiconductors have attracted consid-
erable interest for applications as active materials in low-
cost semiconductor devices. For example, displays based on
organic light-emitting diodes have already made their way
into commercial products, and semiconductor devices like
organic FETs have been demonstrated and are being rapidly
improved [18–22]. Analogous to low-dimensional inorganic
semiconductors are low-dimensional organic nanolayers,
which are basically a self-assembly of organic molecules
(e.g., J-aggregates) [23–25]. Significant advantages of these
self-organized molecular nanostructures (J-aggregates) are
the ultra-sharp absorption line widths with giant oscilla-
tor strengths, especially room-temperature performance. J-
aggregates exhibit a very narrow and red-shifted electronic
absorption band (J band) and strong fluorescence with a
small Stokes shift. These characteristic optical properties,
which are the origins of their expected functions, are
explained by the interaction between the transition dipole
moments [26, 27]. However, while organic semiconductors
have obvious advantages, due to simple fabrication and
high performance, the main draw-backs are a slow-optical
response, lack of thermal/mechanical durability, and most
importantly limited life span.

3. Naturally Self-Assembled Inorganic-Organic
(IO) Hybrid Systems and Applications

Inorganic-organic (IO) hybrid nanostructures have recently
emerged as highly-promising systems for applications as
optoelectronic devices, opening up a new dimension to
nanotechnology, as unique replacement to their inorganic
and organic counterparts. These hybrid systems have great
advantage to combine distinct properties of inorganic and
organic components within a single-molecular material. The
art of combining dissimilar components to yield improved
materials is not actually new: ancient building construction
material, adobe [28], was made from a mixture of clay
(inorganic) and straw (organic). Another classical example
is “blue Maya color” developed in around 900 A.D., is an
IO-hybrid composite. In fact the Maya blue is an inorganic-
organic hybrid composed of palygorskite clay and organic
indigo dye C16H10N2O2 [29, 30]. The most characteristic
beauty is its unusual stability; even after centuries of exposure
to heat, humidity, and extreme atmospheric conditions, the
color hardly faded.

Among various IO-hybrids, one of the most interesting
and well-studied materials is a perovskite type hybrid [31].
These self-organized materials are derived from the general
structure form of AMX3 where A is an organic moiety,

M is a divalent metal (such as Pb2+, Sn2+, Ge2+, Cu2+,
Ni2+, Mn2+, Fe2+, Co2+, and Eu2+), and X is a halide
(such as I, Br, and Cl). This simple 3D structure AMX3
consists of corner-sharing MX6 octahedra extended in three
dimensions, where the “A” cations are located in the larger

3D

Organic moiety 

M

XMX6 octahedra

Where
M =Pb, Sn, Ge...

X = I, Br, Cl...

Figure 1: Schematic of MX6 octahedra and the organic moiety of
the basic AMX3 perovskite unit cell and three-dimensional network
formed by AMX3 perovskite unit cells.

12-fold coordinated voids between the octahedra (Figure 1).
These self-assembling inorganic-organic perovskites adopt an
alternating framework of semiconducting inorganic sheets
and organic layers. The increasing interest is because of
the ability to derive low-dimensional crystals, which show
unique crystal structure and physical and optical properties,
from parent 3D networks of AMX3 from simple and effective
natural self-assembly [32–43]. These materials involve differ-
ent types of interactions allowing the assembly of complex
and highly-ordered structures with various bonding schemes.
The chemical bonding involved in these IO-hybrid assembled
systems are generally described as

(i) covalent/ionic bonding within the inorganic network
which favors the formation of sheets of corner-
sharing metal halide octahedra,

(ii) hydrogen/ionic bonding between the organic cations
and the halogens in the inorganic sheets,

(iii) various weak interactions like Van der Waals interac-
tions between the organic R-groups.

Many structural, electrical, thermochromic, and magnetic
studies were carried out from almost a decade, to explore
the advantages of IO-hybrids over organic and inorganic
counterparts [44–46], These hybrids have an advantage
of structural flexibility to choose suitable organic spacers
(usually monofunctional or difunctional amines). The crys-
tallographic orientation and the thickness of the perovskite
sheets can be tailored as per the choice of appropriate
organic cations. In other words, inorganic units can be self-
organized into low-dimensional crystals of zero-(0D), one-
(1D) and two-(2D) dimensional networks (Figure 2). In 0D
networks, MX6 octahedra are isolated and are surrounded
with the organic spacers. In 1D networks, metal halides
(MX6 octahedra) are extended as a chain along one direction
with corner/edge/face shared to form 1D hybrid. Similarly,
inorganic network can be extended as layered sheets with
corner shared MX6 octahedra to form 2D networks. In 2D,
inorganic and organic layers are stacked alternatively with
orientation along a specific crystal direction.

During synthesis, the organic moieties, apart from con-
trolling the dimensionality, can also alter the crystallographic
orientation of the parent network. For example, based on
the organic moiety interaction with metal halide network,
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(quantum dots)
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(quantum wires)

2D 
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Figure 2: Schematic of 2D, 1D, and 0D IO-hybrid derived from
parent AMX3 type 3D IO-hybrid.

the resultant network can deviate from ⟨100⟩ oriented 2D
network [47] to 1D dimensional ⟨110⟩ oriented hybrid
structures also [48, 49]. Under special circumstances, based
on organic moiety conformation, the metal halides may self-
assemble into either edge sharing or face sharing of metal
halide octahedra, forming various low dimensional inorganic
halide networks of different orientations. Based on such
different networks, these hybrids show marked variation in
their structural and optical features [50–59].

Several studies were carried out in the recent past to prove
the potential ability of IO-hybrids in photonic applications:
electro-absorption and electroluminescence [60–64], photo-
conductive devices, [65, 66], optical nonlinear devices [67,
68], stark effect [69] magneto- absorption, and spontaneous
magnetization [70, 71]. Apart from linear optical studies,
high-optical excitation effects such as ultrafast dynamics
of excitons [50, 72], observation of higher-order excitons
(biexciton and triexciton) [51, 52, 73–75], and even an attempt
of biexciton lasing [76] were also reported. Photonic devices
such as thin film transistors (TFTs), inorganic-organic field-
effect transistors (IOFETs), inorganic-organic light emitting
diodes (IOLEDs), and scintillators were also been success-
fully demonstrated [77–79].

4. Naturally Self-Assembled Two-Dimensional
IO-Hybrid Systems

Among the several low-dimensional hybrids mentioned
before, 2D hybrids are of special interest. The 2D (⟨100⟩
oriented) hybrids are analogous to natural multiple quantum
wells (MQWs), where inorganic and organic sheets (of
molecular level sizes) are alternatively stacked. This is of
special attraction because such natural MQWs are easily
achieved from solution-processing techniques, without any
involvement of laborious instrumentation like molecular
beam epitaxy deposition. Various possible layered schemes of
these MQWs are shown in Figure 3. Depending on respective
inorganic and organic bandgaps, these MQWs can be classi-
fied [80] into Type I, II, or III (Figure 3).

In Type I, the conduction band of the inorganic layer
is generally below that of the organic layer, and the valence
band is above that of the organic layer (Figure 3). Therefore,
inorganic sheets act as “quantum wells” for both electrons
and holes leading to Type I heterostructure. Similarly, if
larger bandgap inorganic sheets are integrated with more
complex, conjugated organic cations (with bandgap less than

Type I

CB VB

Type II

CB VB

Type III

CB VB

Figure 3: 2D IO-hybrid structure and several possible energy level
schemes.

inorganic layer), the well and barrier layer roles can be
reversed [77] forming Type II heterostructure (Figure 3). In
special cases, by appropriate modifications of the chemistry
of the organic and inorganic layers, the bandgaps for the
organic and inorganic layers can also be offset, leading to
Type III heterostructure, in which the wells for the electrons
and holes are in different layers. The present study deals
with the IO-hybrid system of R-PbI4 (where R is organic),
having Type I structure, where the inorganic (PbI network∼3 eV) bandgap is much less than the organic bandgap (4
to 6 eV), therefore, the electron-hole confinement is solely
within inorganic network.

The most influencing factors in 2D IO-hybrids are (1) the
choice of organic moiety, (2) how the organic moiety interca-
lates into the inorganic network (vice versa), thereby altering
the structural rearrangement and the consequent energy
band structure, (3) quantum confinement due to quantum-
limit widths of the individual organic and inorganics, and
(4) the dielectric contrast between the organic and inorganic
sheets. Technically the last two are dependent on first two
factors.

5. Structure and Fabrication
Strategies of Naturally Self-Assembled
IO-Hybrid Systems

5.1. Structure of Naturally Self-Assembled IO-Hybrids.
Generic way of visualization of these IO-hybrids is inter-
calation of organic guest moieties into a parent crystalline
host. Recent efforts in the crystal engineering resulted into
the reduction of structures into 0, 1, 2, or 3- low-dimensional
hybrid networks [32, 33, 77, 83–87]. The dimensionality
of these IO-hybrids, based on the bridging of organic
moiety between the MX one-dimensional planes, is critically
dependent on (1) the choice of hydrogen bonding scheme
between protonated amine terminal group(s) of organic
moiety and the MX network and (2) the driving force, size,

and shape of the organic molecule [80]. The simplest MX4
2−

network consists of corner-sharing metal halide octahedra
oriented along ⟨100⟩ plane and, based on how the organic is
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Figure 4: (a) Packing structure, (b) asymmetric unit, and (c) NH-I terminal halide configuration (equilateral triangle configuration) of CAPI
[81].

intercalated into the parental network, intercalated structures
of 0D, 1D, 2D, and 3D can be expected [32, 33, 48, 86, 88, 89].

In the two-dimensional R-MX4 type hybrids, (MX4)
2−

octahedral network sheets are stacked up along ⟨100⟩
direction with alternate layers of organic moieties. The
crystallographic information for one of the IO-hybrid (4-
ClC6H4NH3)2PbI4(CAPI) has been presented in Figure 4.
CAPI IO-hybrid crystallizes in the monoclinic space group

P21/c in which the asymmetric unit consists of half a (PbI4)
2−

anion and one (Cl-C6H4NH3)
+ cation. These structures com-

prises of well-ordered organic and inorganic layers, arranged
alternately stacked along the a-direction with layers infinitely
extended in the 𝑏𝑐 plane.

5.2. General View of Synthesis, Fabrication, and Implications.
Many device applications demand simple and effective fab-
rication protocols specially the techniques to make highly
uniform device-quality thin films. IO-hybrids are gener-
ally fabricated from conventional solution processing meth-
ods, and single crystals are harvested by slow evaporation

technique [90–94]. Though several synthesis recipes are
available, a simpler, generalized, high product yield, and
commercially viable process is as follows. Stoichiometric
quantities of organic moiety and inorganic (PbI2) were mixed
with concentrated aqueous HI at 60∘C. The resultant solution
was allowed to rest at 60∘C for an hour and then cooled slowly
to room temperature without stirring. The precipitate, thus,
obtained was filtered off and dried.

The general synthesis is as follows:

2 (R − NH2) + PbI2 + HI → (R − NH3)PbI4. (1)

Single crystals of the respective compounds were harvested
from slow evaporation process by dissolving the compound
in a sparingly soluble solvent. However, the synthesis proce-
dure slightly varies from its generic route depending on the
nature of organic moiety.

From the application perspective, thin film process-
ing demands to achieve easy and controlled thickness/
morphology over large areas and most importantly highly
oriented IO-hybrids. The applications of IO-hybrids will be
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immense only if the fabrication parameters are precisely
controlled. For the same reason, one has to develop methods
of fabrication that can be carefully predicted and controlled
for a predetermined technological application. Usual way of
fabricating these thin films is from spin-coating of IO-hybrid
solutions onto a desired substrate. Although other techniques
like single- and double-source thermal vapor deposition,
Langmuir Blodgett (LB) method, layer by layer deposition,
spray pyrolysis, and low-temperature melting process had
been employed to obtain films, it is always difficult to find
empirical conditions and processes to obtain well-ordered
thin films of these IO-hybrids [95–100]. Especially the appli-
cability of thermal vapor deposition technique is limited due
to stability and contamination issues and to balance organic
and inorganic evaporation rates simultaneously. Recently,
Rikukawa group [95] had developed layer-by-layer self-
assembly method to fabricate ultra-thin films of bifunctional
amino end-group based IO-hybrid. This method is based on
alternate dipping of hydrophilic substrates in organic iodide
and lead halides solutions followed by repeated washing to
remove unreacted residuals, and this procedure was repeated
several times to obtain required self-assembly films, up to 12
layers.

We have recently explored one of the much simpler,
but efficient technique, so-called intercalation process to
fabricate highly-ordered IO-hybrids over centimeter size
lateral dimensions. In fact, the word intercalation in general
refers to insertion of guest into self- assembled 2D/3D solids.
Gieseking [101] and MacEwan [102] showed, for the first time,
the ability of the formation of IO-hybrid by intercalation
of organic cations into layered and charged inorganic hosts
and further extended to neutral guest/hosts by Bradley [103].
Owing to the intense interest in new nanocomposite func-
tional hybrid materials for fundamental and device-oriented
research, new intercalation chemistry has been established
[104]. For 2D layered hybrids it is essential to focus on both
new hybrids as well as highly ordered films, however, the later
one has not been widely considered.

As mentioned before, the kinetics and layer formation
during intercalation are critically dependent on the nature
and shape of the guest moiety, concentration of guest
molecules, thickness of parent films, intercalation time, and
the solvent used [7]. The schematic of intercalation strat-
egy of IO-hybrid for a high-quality thin film fabrication
is demonstrated in Figure 5. When predeposited layered
PbI2 film is intercalated with presynthesized organic iodide,
the structural network of PbI2 and the conformation of
organic chain are changed to form IO-hybrids. Uniform
2D IO-hybrids films can, thus, be fabricated by an appro-
priate choice of organic moieties. A brief description of
the intercalation process is explained here by taking an
example of the IO-hybrid 2(1-cyclohexenyl) ethylammonium
tetraiodoplumbate ((C6H9C2H4NH3)2PbI4, CHPI) [7]. The-
organic iodide, 2-(1-cyclohexenyl) ethylammonium iodide
(C6H9C2H4NH3I) (CHI) is formed when 1 mL of 2-(1-
cyclohexenyl) ethylamine was added to 2.1 mL of HI (47%).
The obtained light yellow precipitate CHI eventually has been
filtered and dried for further use. Similar is the method
for other organic iodide synthesis. Suitable solvent (such as

+
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Figure 5: Schematic representation of intercalation process for
2D layered IO-hybrid thin films [7]. Essentially the intercalation
method involves the intercalation of organic moiety into intestinal
spaces of layered inorganic host to obtain desired inorganic-organic
exfoliated layered hybrid.

toluene or a combination of toluene and isopropanol) is taken
to dissolve organic iodide. Special care has to be taken on the
solvent ratio so as to dissolve only the organic iodide but not
PbI2 or the resultant hybrid. Finally, the deposited PbI2 thin
films are dipped into organic iodide films, with a controlled
speed and for specific time, to obtain desired IO-hybrid films.
The resultant films, fabricated by the intercalation process,
were smooth and uniform over a large area and had shown
relatively well-stacked (00l oriented) inorganic and organic
monolayers [7] (Figure 6).

6. Room-Temperature Optical
Exciton Features

Exciton absorption/emission features in these low-dimen-
sional IO-hybrids, especially in 2D hybrids, are significantly
enhanced as compared to the 3D counterpart, due to the low-
dimensionality. In the PbI based 2D IO-hybrids, electrons are
excited from the valence band (VB), consisting of a mixture
of Pb (6s) and I (5p) states, to the conduction band (CB),
derived mainly from the Pb (6p) states, leaving holes in
the VB. An electron and hole pair up to form an exciton
via coulomb interaction, and the resulted excitons produce
photoluminescence by radiative recombination [105, 106].
The enhancement of exciton features in 2D systems is a
well-known phenomenon because of the spatial electron and
hole confinement in a very thin and deep quantum wells
and, hence, multiples the exciton binding energy, enabling
quantum confinement effect. Apart from the usual quantum
confinement in these natural MQWs, the excitons binding
energies are further enhanced due to large contrast in
dielectric constants of organic and inorganic layers. Such
large binding energy enhancement, leading to strong room-
temperature exciton features, often is referred as dielectric
confinement effects [107, 108]. Ishihara et al. [105] in 1989,
reported for the first time the exciton binding energy of
(C10H21NH3)2PbI4 (C10PI), which is 370 meV and is much
higher than that of bulk PbI2, (∼30 meV) [106]. This was well-
accounted from dielectric confinement assumption, where the
dielectric difference between “well” and “barrier” induces
strong columbic interaction between an electron and a hole
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Figure 6: X-ray diffraction patterns of pure PbI2 film, spin-coated CHPI (from synthesized CHPI), and intercalated CHPI films (for 10
seconds) [7]. Bottom microscopic reflection images represent the obtained periodic photonic structures using top-down technology: (a)
patterned structures from direct deposition of materials from templates using intercalation technique and (b) femtosecond laser written
structures on CHPI thin films.

and as a consequence the binding energy of the exciton is 12
times larger than that of PbI2 [84, 105, 107–109].

For example, in CAPI (Figure 4), the inorganic and
organic layer thicknesses are estimated to be 6 Å and 10 Å.
This layered structure resembles MQWs, where inorganic
layer has a bandgap of∼3 eV forming “well,” and organic layer
has a bandgap ∼6 eV forming “barrier.” Figure 7 shows the
typical photoluminescence (PL) and absorption spectra of
CAPI thin film.

The room-temperature absorption of CAPI shows two
principal absorptions: a broad absorption at ∼400 nm and a
strong narrow peak at ∼480 nm (Figure 7 (black)). While the
former is attributed to the charge-transfer transition between
the organic and inorganic layers, the narrow absorption
peak at about 480 nm is attributed to the lowest exciton
within the inorganic layers [84, 105, 110]. CAPI thin films
show strong room-temperature photoluminescence (PL) at∼485 nm upon UV excitation (Figure 7 (red)). The PL spec-
trum of CAPI has narrow line shape with spectral width∼15 nm. The oscillator strength of exciton absorption peak
obtained for the hybrid CAPI thin film (of thickness 100 nm)
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Figure 7: Absorption and PL spectra of the 2D layered IO-
hybrid, CAPI, thin film [81]. Inset shows typical single crystal PL
microscope image.
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Figure 8: (a) Schematic representation of self-assembly template assisted fabrication of photonic structures and (b) polymer microsphere
templates.

is 𝑓 = 6.5 × 1015 cm−2. Since, for the film thickness of
100nm, there are ∼70 quantum wells, the oscillator strength

per quantum-well 𝑓qw = 9.2 × 1013 cm−2. This value is an
order of magnitude higher than the conventional inorganic
quantum wells such as InGaAs structure [111].

Despite some understanding on the dependence of exci-
ton energies of 2D layered IO-hybrids on various parameters
like the inorganic well width and organic barrier separation,
the dielectric contrast and the inorganic layer geometrical
arrangement, quantitative calculations of exciton binding
energies remain out of reach. A systematic correlation
between the exciton energies and a specific structural feature
has recently been established and discussed [110, 112]. How-
ever, the structural features are strongly dependent on several
factors such as (1) disorder or conformation of the organic
moiety, (2) crystal packing, (3) arrangement of inorganic
layers, and (4) position of tagging of ammonium group
in organic moiety to the PbI network. As a consequence
the optical excitons features are also strongly dependent on
the studied IO-hybrid thin films based on organic moi-
ety conformation, solvent used, temperature, and the film
thickness [110, 113–115]. Special control over thickness of the
IO-hybrid film is critical for device oriented 3D structure
fabrication, to avoid the exciton deformation and defect
related emission/absorption features.

7. Templated Self-Assembled Microstructures

Carving useful materials itself into the nano to micron-sized
structures using simple bottom-up technology is econom-
ically viable. This new approach is based on the natural
self-assembly of templates and subsequently space filling
the voids either by precipitation via chemical routes or
by the electrochemical reduction of materials (Figure 8).
Therefore, nano-/microstructuring using templates such as
artificial polymer opals and liquid crystal is a whole new

class of research. These micro-/nanostructures have potential
applications such as tunable plasmonic bandgaps [116], novel
types of liquid crystal displays [117], and nanolaser cavities
[118]. These macroporous materials are already available in
the market as surface enhanced Raman scattering (SERS)
devices [119]. Despite the fact that the methodology offers
highly ordered structures with very large single-crystalline
domains, it has so far been restricted only to metals.

However, fabrication of self-assembled semiconductor
photonic structures is still scarce, particularly understand-
ing the chemistry for interstitial filling and deposition for
semiconductors and adequate interconnectivity between the
pores [120–123]. Electrochemical deposition is one of the
low-cost deposition techniques which is an optimal bottom
up technique for complete interstitial space filling of desired
material through various types of templates. Over the years,
conducting thin films (Ag, Au, etc.) were deposited on
various semiconducting and conducting substrates utilizing
this technique, but the deposition of semiconductors, organic
materials, and polymers have always been a formidable task,
due to low-conductivity issues. Constant research work on
electrodeposition finally emerged out to be more useful than
expected when deposition of semiconductors and several
organic materials had been possible. However, structural and
optoelectronic properties of semiconductors are critically
affected by the preparation conditions such as fabrication
method, types of substrates, thickness, and annealing condi-
tions. Nevertheless, it is necessary to optimize the fabrication
conditions and postprocessing methods for desired applica-
tions.

Here the template assisted method to fabricate periodic
structures from 50 nm to as big as 20 micron is exemplified.
After having optimized electrodeposition conditions, such
as electrolyte recipe, surface quality, structural, and optical
properties, we have extensively investigated to fabricate 2D
and 3D periodic and quasiperiodic nano/micro-structure
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Figure 10: Scanning electron microscope images of template-assisted PbO, PbI2, PbS, and C12PI microstructures [82].

from template-assisted growth techniques [11, 12, 17, 82].
During this investigation, several composite semiconductors
such as CdSe, CdTe, ZnO, PbO, PbS, and PbI2 are suc-
cessfully fabricated and their optoelectronic properties are
thoroughly investigated. We further demonstrated micron-
scale 2D periodic highly emitting IO-hybrid structures, using
template-assisted electrochemical growth followed by three-
step processing, which can be easily extended to wave-length
scale and nanoscale structures.

The systematic procedure has been explained in the
schematic diagram (Figure 9). Essentially the electrode-
posited PbO/PbS microstructures (Figure 10) are iodinised to
obtain PbI2microstructures, then the presynthesized organic
iodide is intercalated into PbI2 to obtain desired IO-hybrid
microstructures. During the process, the thickness of IO-
hybrid film has to be fixed and such thickness optimization
is required because these type of IO-hybrids are sensitive
to thickness induced stacking imperfections, which directly
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Figure 11: (a) SEM, (b) dark field microscope, and (c) PL microscope images (𝜆ex ∼ 410 nm), (d) corresponding to the PL spectra from the
fabricated C12PI microstructures [82].

results into rapid change in their exciton-related emis-
sion/absorption behavior. The thickness-dependent disorder
produce uneven crystalline planes, and as a consequence, the
shift in the exciton PL peak and/or broad defect emission
were observed [81, 113].

The fabricated IO-hybrid microstructures (Figures 10 and
11) are uniform over large areas and are highly luminescent.
In general, the fabrication of 3D structures from infiltration
methods, using conventionally synthesized hybrids is difficult
due to surface morphology issues [81]. In contrast to that,
the hybrid structures fabricated from this novel method pave
the way for new directions in the fabrication of different
photonic structures of IO-hybrids. As a hybrid nanosystem,
low-dimensional IO-hybrid systems have shown potential
applications and those applications were reviewed in previous
sections. Photonic structures of these nano systems could
further improve the optical properties and hence would find
device applications in the area of optoelectronics.

8. Conclusions

Fabrication, structural and optical exciton features of nat-
urally self-assembled low-dimensional IO-hybrid nano sys-
tems were discussed. While the fabrication of these self-
assembled systems are usually from solution chemistry tech-
niques, a novel device-compatible thin film fabrication from
very inexpensive method, that is, intercalation, was reviewed.
Finally, the designing and fabrication of optoelectronic-
compatible photonic architectures from these IO-hybrids,
especially from template-assisted method, have been clearly
discussed.
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Nanoparticles of mixed metal oxides, ZrO2, ZrTiO4, and ZrV2O7 were prepared by microwave-assisted citrate sol-gel and solution
combustion method. The prepared nanoparticles were characterized for their structural details using XRD and TEM techniques.
The broadening of Raman bands is ascribed to local compositional fluctuations or local positional disordering produced due to
random distribution of Zr4+ and Ti4+between equivalent sites. The XPS spectra confirm the incorporation of Ti in ZrO2 and
suggest Zr as well as Ti in +4 oxidation state. Gelation and fast combustion seem to be the reason for smaller particle sizes.
ZrV2O7 nanocrystalline material was synthesized by microwave- assisted solution combustion method. Low angle powder XRD
measurements confirm the mesoporous nature of the prepared material. The effect of calcination temperature on the phase trans-
formation of the materials has been investigated. Among tetragonal, monoclinic, and cubic phases, the monoclinic phase is pre-
dominant at higher calcinations temperature. The XPS confirms the incorporation of V2O5 in ZrO2 and suggests that Zr and V
are in the same oxidation state (+4). The average particle sizes for ZrO2, ZrTiO4, and ZrV2O7 were found to be in the ranges of
5–10 nm, 2–5 nm, and 10–50 nm, respectively.

1. Introduction

Combination of two metal oxides M1O and M2O can be
either a simple mechanical mixing involving weak van der
Waals forces or a chemical possessing chemical linkages of the
type M1-O-M2. The physicochemical properties of the latter
combination will be entirely different from the simple combi-
nation of individual oxides (mechanical mixture). The degree
of dispersion in the chemical rout depends on preparation
method and synthetic conditions. Because of this, many dif-
ferent synthetic routes for mixed metal oxides have been
developed. Some of the popular routes for preparation of
mixed oxides are coprecipitation, sol-gel method, condensed
phase combustion, and microwave-assisted solution combus-
tion method.

Coprecipitation (wet precipitation) is the most widely
used method for oxide synthesis. In this method hydroxide
of the metals is precipitated from an aqueous solution of the
metal salt by titrating it with ammonia solution. The hydrox-
ide is washed, dried, and calcined to get the metal oxide. Sol-
gel method is used to prepare metal oxides by hydrolysis and
condensation of metal alkoxides M(OR)𝑧:

M(OR)𝑧 + 𝑥HOH → M(OR)𝑧−𝑥(OH)𝑥 + 𝑥ROH (1)

The reaction follows an SN2 mechanism in which the nucle-
ophile OH−adds to the M+ and increases its coordination
number in the transition state:
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The H+ changes its position to alkoxy group producing a
protonated ROH species which is subsequently eliminated,
and metal hydroxide is produced. Production of MgO is
a typical example. The rate of hydrolysis and condensation
depends on (1) electronegativity of the metals atom, (2)
ability of the metal atom to increase its coordination number,
(3) steric hindrance of the alkoxy group, (4) solvents, (5)
molecular structure of the metal alkoxide, (6) hydrolysis ratioℎ = H2O/Metal, and (7) catalyst. The rate of hydrolysis of
Ti(OEt)4 is 107 times faster than that of Si(OEt)4. This can be
attributed to the ability of Ti to expand its coordination num-
ber from 4 to 6. For the same reason the hydrolysis of Sn(OR)4
is much faster compared to Si(OR)4.

Most advanced ceramics are multicomponent systems
having two or more types of cations in the lattice. It is there-
fore necessary to prepare gels of high homogeneity in which
cations of various kinds are distributed uniformly at an
atomic scale through M-O-M bridges. A major problem in
forming homogeneous multicomponent gel is the unequal
hydrolysis and condensation rates of the metal alkoxides. This
may result in chemical inhomogeneities, leading to higher
crystallization temperatures or even undesired crystalline
phases. Several approaches have been attempted to overcome
this problem including partial prehydrolysis of less reactive
precursors, matching of hydrolysis rates by chemical modifi-
cation with chelating ligands, and synthesis of heterometallic
alkoxides. Conventional self-propagating high temperature
synthesis (SHS) or condensed phase combustion is associated
with difficulties like large particle size of nanomaterials and
high reaction temperature of about 2000∘C. Combustion of
metal oxides by Mg in the presence of NaCl produces small
particles of metals coated with NaCl. Subsequent treatment
of the powder with dilute acid removes MgO impurity. Metal
can be recovered by washing the sample with water.

Microwave-assisted method of oxide synthesis is gaining
popularity because of its high rate of reaction, efficient heat
transfer, and environmental friendly nature. In this process
material is directly heated by radiation instead of indirect
heating by thermal sources leading to higher temperature
homogeneity in the reaction mixture. In this process of heat-
ing, microwave radiation interacts with the polar molecules
possessing dipole moment and makes them reorient through
rotation. A large number of molecules try to orient together
resulting in collision and production of heat. Thus microwave
heating is energy conversion method in which electro-
magnetic radiation is converted into heat energy rather
than heat transfer by convection in conventional heat-
ing. In microwave-assisted solution combustion synthesis
(MWSCS) an aqueous solution of metal nitrate (oxidant) and
fuel (urea, citric acid) is subjected to a microwave heating
for few minutes to obtain a viscous gel which on drying and
calcination produces the metal oxide/mixed metal oxide. The
solution combustion method seems to be modification of
the conventional oxalate method which is used for preparing
metal oxides and supported metal oxides. The citrate gel de-
composition process is better known as a thermally induced
anionic oxidation-reduction reaction. In the process chelates
are formed between metal ions facilitating atomic scale dis-
tribution of ions in a polymer network. Heating of this resin

causes the breakdown of the polymer, and a solid amorphous
precursor material is finally obtained. On subsequent heating
between 500 and 900∘C, the cations are oxidized to form the
respective metal oxides. Microwave-assisted MVSCS tech-
nique can be used for preparing materials or catalysts, catalyst
support, fuel cells, capacitors, Li-ion rechargeable batteries,
dye-sensitized solar cells, solid oxide fuel cells (SOFC), and
direct methanol fuel cells (DMFCs).

The development of zirconia (ZrO2) nanoparticles has
attracted much attention due to their multifunctional char-
acteristics. Nanoparticles have been recognized to have
potential in the area of photonic applications. It has several
applications such as solid oxide fuel cell, biosensors, H2 gas
storage material, oxygen sensor, catalyst, and catalyst support
[2–5]. In addition, zirconia is used as piezoelectric material,
electrooptic material, and dielectric material [6–8]. It is also
used as support to disperse various noble and transition met-
als for distinct catalytic applications. Zirconia is a well-known
solid acid catalyst and an n-type semiconductor material.
ZrO2 is also used as toughening ceramics in thighbone and
oral planting [9]. The existence of metastable tetragonal (t-
ZrO2) at low temperature has been synthesized by several
methods. Some of the methodologies such as oxidation of
ZrCl2 by molecular oxygen [10], molten hydroxides method
[11], nonhydrolytic sol-gel reaction between isopropoxide
and ZrCl4 [12], and sol-gel template technique [13, 14] are
developed to prepare nanocrystalline ZrO2.

The traditional preparation of zirconium titanate (ZrTiO4)
ceramic is based on solid-state reaction between the TiO2
and ZrO2 powders at high temperatures (above 1400∘C)
[15]. In order to improve the functional properties of the
ceramic material, heat treatments are generally necessary
which consume high amount of energy. Chemical method
based on Coprecipitation of the reactive precursors was
developed to prepare powders with a high purity and low
treatment cost after reaction [16]. Low temperature synthesis
of zirconium titanate has been reported by Karakchiev et al.
[1] and Dos Santos et al. [17]. Zirconium titanate possessing
a layered wolframite-type structure (ABO4) with space group
P2/a finds applications as microwave components. As catalyst
and catalyst supports, ZrTiO4 is employed for a wide variety
of catalytic applications both in liquid and gaseous phases [18,
19]. Recently it has been reported that the oxide nanoparticles
are promising for photonics, and their monodispersion and
appropriate contact with the surrounding medium are very
crucial parameters [20, 21].

Vanadium incorporated zirconia (V2O5-ZrO2) is a meso-
porous material and is very useful catalyst. Nanoporous
materials consist of a regular organic or inorganic framework
supporting a regular, porous structure. A mesoporous mate-
rial is a material containing pores with diameters between
2 and 50 nm. The 𝛼-phase (cubic) of ZrV2O7 is the stable
structure at ambient conditions. It consists of ZrO6 octahedra
whose corners share their oxygen atoms with VO4 tetrahedra.
Vanadium oxide catalysts supported on different metal oxides
are widely used in many industrial reactions, such as selective
catalytic reduction of NO with NH3, ammoxidation of alkyl
aromatics, and the selective oxidation of hydrocarbons. Prop-
erties of supported vanadium catalysts depend on a variety
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of factors, such as percentage of vanadium loading, method
of preparation interaction, and nature of the support [22].
Various supporting oxides used for vanadium loading include
Al2O3, TiO2, SiO2, ZrO2, MgO, and HfO2 [23, 24]. Among
all these oxides, ZrO2 is a better choice as it interacts with
vanadium relatively strongly, preventing its sintering, and
helps in producing highly dispersed vanadium on ZrO2.
Besides, ZrO2 is thermally and chemically stable at the dif-
ferent reaction conditions. Solution combustion synthesis is
a versatile, low-cost, simple, and rapid process, which allows
effective synthesis of a variety of nanosize materials. This
process involves a self-sustained reaction in homogeneous
solution of different oxidizers (e.g., metal nitrates) and fuels
(e.g., urea, glycine, and hydrazides) [25, 26].

The objective of the present work is to synthesize zir-
conium oxide, zirconium titanate, and zirconium vanadate
nanocrystalline powder by microwave-assisted method. The
combustion synthesis for preparing ZrO2 has been per-
formed under microwave using citric acid as fuel and zir-
conium oxychloride as oxidizer. The ZrTiO4 particles were
prepared using titanyl nitride and zirconium oxychloride as
precursors. The ZrV2O7 nanoparticles were synthesized by
microwave-assisted solution combustion method. The pre-
pared nanoparticles were characterized for their structure-
property relationship. The particle size and crystalline phase
of the catalysts were determined by powder X-ray diffraction
(XRD). The TEM technique was used to confirm the forma-
tion of single phase material with nanocrystalline particles.
Raman and XPS spectroscopy techniques were used to char-
acterize the structure and electronic properties. The present
problem was undertaken with an aim (1) to develop a versa-
tile, effective, low-cost, simple, and fast solution combustion
assisted method for synthesis of these zirconia-based oxide
nanoparticles and (2) to characterize the prepared nanopar-
ticles by employing various physicochemical methods.

2. Experimental Details

Zirconia (ZrO2) nanoparticles were prepared by citrate sol-
gel method. High purity chemicals, zirconium oxychlo-
ride (S.D. Fine Chemicals), and anhydrous citric acid
(LOBA Chemie Pvt. Ltd.) were used as precursors. In the
present set of experiments, 9.78 g of zirconium oxychloride
(ZrOCl2⋅8H2O) was mixed with 7.68 g of citric acid (C2O4H2)
in a 250 mL corning glass beaker. Demineralized water was
added to have homogeneous slurry of pH 2. The solution was
evaporated to dryness by exposing it to microwave for 2 min.
The material swells into a white colored gel. The product
obtained was ground and kept for calcination in a tubular
furnace at a temperature of 450∘C for 4 h. On calcinations
a black colored residue was obtained which was ground in
a motor pastel to make a fine powder. Similarly, zirconium
titanate (ZrTiO4) nanoparticles were prepared by citrate sol-
gel method. Zirconium oxychloride, anhydrous citric acid,
and titanyl nitrate were used as starting materials. The titanyl
nitrate was prepared by reacting tetrabutyl orthotitanate with
nitric acid and evaporating the resulting mixture to dryness.
The replacement of Zr by Ti was optimized, and two sets of

compositions in Zr : Ti ratio, 1 : 0.1 and 1 : 1, were prepared. In
a typical preparation, 3.2 g of ZrOCl2⋅8H2O, 0.29 g of titanyl
nitrate, and 3.5 g of citric acid were used for 1 : 0.1 ratio of
Zr : Ti (named ZT1), and 3.2 g of ZrOCl2⋅8H2O, 2.95 g of
titanyl nitrate, and 6.15 g of citric acid were used for the 1 : 1
ratio of Zr : Ti (named ZT2). These precursors were mixed
in a 250 mL corning glass beaker, and enough demineralized
water was added to have homogeneous slurry of 2 pH. The
well-mixed solution was evaporated to dryness by exposing
it to microwave for 2 min. This step of drying in microwave
oven was optimized, and the time of 2 min was found suitable
for this composition. The dried material was ground and kept
for calcination in a resistive heating tubular furnace at a tem-
perature of 400∘C for 4 h. A grayish colored residue was
obtained on calcination which was again ground in a motor
pastel to make a fine powder. Both compositions of ZrTiO4
with Zr : Ti ratio 1 : 0.1 and Zr-Ti ratio 1 : 1 were prepared
with the same procedure in similar conditions. These samples
were named as ZT1 and ZT2, respectively, and were used for
various physicochemical studies.

Mesostructured vanadium oxide supported on zirconium
oxide was synthesized by microwave-assisted solution com-
bustion method [25, 27]. Zirconium oxychloride (S.D. Fine
Chemicals) and ammonium metavanadate and urea (LOBA
Chemie Pvt. Ltd.) were used as starting materials. In a
typical preparation of 10% vanadium doped zirconia (ZV10),
a solution of zirconium nitrate (prepared by mixing 5.8 g of
zirconium oxychloride with 12 mL of 1 : 2 HNO3) is mixed
with another solution prepared by mixing 0.23 g of NH4VO4
in 50 mL of water. The final solution was mixed with 1.2 g
of urea and fired in a muffle furnace at 200∘C for 15 min.
The material swells into a yellow colored gel. The product
obtained was ground and kept for calcination in a tubular fur-
nace at a temperature of 400∘C for 4 h. On calcination a green
colored residue was obtained. The prepared powder was
ground several times before putting it in specimen holder to
minimize the possible preferred orientation effects. For the
preparation of all the ZV𝑥materials, 1 : 1 molar ratio of urea to
metal oxide (Zr + V)𝑥 was taken. Four different samples with
varying V2O7 concentrations were prepared. The samples
were named according to V2O7 concentrations of 2, 5, 8 and
10 mol% and named as ZV2, ZV5, ZV8, and ZV10, respec-
tively.

The crystallite sizes and structural morphology were
investigated by transmission electron microscopy (TEM) in

high-resolution mode. Philips make, Tecnai G2-20 (FEI)
electron microscope operating at 200 kV was used for TEM
experiments. Sample for TEM observation was prepared by
suspending the particles in ethanol by ultrasonification and
drying a drop of the suspension on a carbon coated copper

grid. Raman spectrum in the range 50–4000 cm−1 was re-
corded using Labram HR 800 micro-Raman spectrometer
with 488 nm wavelength Ar+ laser source at the energy of
2.53 eV with recording time of 10 sec. The core level X-ray
photoelectron spectroscopy (XPS) spectra of ZrTiO4 and
ZrV2O7 were measured using Omicron Nanotechnology
(EA1-25) photoelectron spectrometer with Al K𝛼 radiation
(𝐸 = 1486.6 eV) as excitation source. The base pressure of the
analysis chamber of the system was less than 5 × 10−10mbar



4 Journal of Nanoparticles

20 40 60 80

22
0

10
1

11
0 21

1

11
2

In
te

n
si

ty
 (

a.
u

.)
ZrO2

2

(a)

20 30 40 50 60 70

ZT12
0

2

2
2

20
2

2

2
0

0

3
1

1

2
2

0

1
3

0

0
0

2

1
1

1

1
1

0

In
te

n
si

ty
 (

a.
u

.)

ZT2

2

(b)

20 30 40 50 60 70

31
1

22
0

00
211

1

2

ZrO2

400 C

600 C

800 C

In
te

n
si

ty
 (

a.
u

.)

(c)

Figure 1: Representative powder XRD pattern for (a) ZrO2, (b) ZrTiO4 (ZT1 and ZT2) nanoparticles calcined at 400∘C, and (c) ZrV2O7
(ZV10) nanoparticles calcined at different temperatures.

during the experiments. Energy scale of the spectrometer was
calibrated by setting the measured Au 4f7/2 and Cu 2p3/2
binding energies to 84.00 ± 0.05 and 932.66 ± 0.05 eV,
respectively, with regard to 𝐸𝐹. The energy drift due to
charging effects was calibrated taking the XPS, C 1s (285.0 eV)
core-level spectrum of hydrocarbons.

3. Results and Discussion

It is known that the main crystal phases of ZrO2 are cubic
(c), tetragonal (t), and monoclinic (m). The IR frequencies
for cubic, tetragonal, and monoclinic phases are 480, 435,

and 270 cm−1, respectively. This indicates that phonon energy
of the ZrO2 host varies in the crystal phases. The mono-
clinic phase is thermodynamically stable up to 1100∘C, the
tetragonal phase exists in the temperature range 1100–2370∘C,
and the cubic phase is found above 2370∘C. The nanoparti-
cles of tetragonal zirconium oxide (t-ZrO2) were prepared
by microwave-assisted citrate sol-gel technique. Zirconium
titanate, ZrTiO4, with two different Zr : Ti ratios was prepared

to understand the complete replacement of Zr ion by Ti. The
Zr : Ti ratios taken were 1 : 0.1 (ZT1) and 1 : 1 (ZT2). These
samples were prepared by microwave-assisted citrate sol-gel
method. The microwave was used during the sol-gel drying
process to make the particles more homogeneous in Zr/Ti

ionic ratio. The prepared samples were subjected to various
characterization studies to understand dispersion of Ti ions
and the role of microwave in preparation. Zirconia supported
vanadate (ZrV2O7) was synthesized by microwave-assisted
solution combustion method. The two-dimensional vanadia
species with tetrahedral coordination appear on the surface
of the ZrO2 and expand in size with increasing V2O5 con-
centration. ZrV2O7 is formed as a consequence of zirconia
migration into the V2O5 crystallites. The prepared nanoparti-
cles were found having mesoporous structure. The structures
of the zirconia support and of the dispersed vanadia were
characterized. The prepared nanoparticles were investigated
for their phase and structure by powder XRD using Cu K𝛼
radiation (𝜆 = 1.5406 Å, Rigaku Geiger Flex X-ray diffracto-
meter). The powder XRD data were collected in the 2𝜃 range
from 20 to 80 degrees with the scan rate of 2∘ per minute.
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Figure 2: Low angle XRD pattern of ZV2, ZV5, ZV8, and ZV10
calcined at 400∘C.

The prepared powder was ground several times before putting
it in specimen holder to minimize the possible preferred
orientation effects. Powder XRD patterns of the prepared
ZrV2O7 nanoparticles calcined at different temperatures were
recorded. The representative powder XRD for all the three
samples is shown in Figures 1(a), 1(b), and 1(c). XRD pattern
shown in Figure 1(a), reveals the fact that the single tetragonal
phase of ZrO2 is crystallized. The calcination temperature has
important role to play in formation of crystalline phase and
the particle size. The calcination temperature was optimized,
and 450∘C was found to be effective to crystallize the desired
tetragonal phase. It was observed that the full width at half
maximum of the reflection peaks decreases and also becomes
sharp as the calcining temperature increases. This suggests
that the crystallinity of prepared zirconia nanoparticles is
increasing at higher temperatures. The XRD patterns have
been indexed and found matching with the t-ZrO2 (JCPDF
card file no. 79-1771). The lattice parameters were calculated
for t-ZrO2 from the XRD data. The parameters were 𝑎 =5.083 Å, 𝑐 = 5.185 Å and the tetragonality, 𝑐/𝑎 = 1.0201. The
diffraction characteristic peaks were obtained with the (h k l)
values of (101), (110), (112), (211), and (220). The particle sizes
were calculated from FWHM (full width half maximum) of
reflections of t-ZrO2 structured zirconia nanoparticles using
Debye-Scherer formula [28]:

𝐷 = 0.9𝜆
(𝛽 cos 𝜃) , (3)

where 𝐷 is the average crystallite size in nm, 𝜆 is the wave-
length of source X-ray (0.154 nm), and 𝛽 (in radian) is the full
peak width at half maximum. The particle sizes were found
varying ∼5–10 nm range.

It is known that the zirconium titanate solid solution with
Zr : Ti molar ratio ranging from 1 : 1 to 1 : 2 is the only
stable binary compound in the Zr–Ti–O system. Two

structural modifications known for this system are high-
temperature disordered Zr1−𝑥Ti𝑥O4 (Ti-excess) and low-
temperature ordered ZrTiO4. The XRDs for the samples
ZT1 and ZT2 are reproduced in Figure 1(b), which indicate
the formation of ZrTiO4 orthorhombic phase, which is
closely matching with JCPDS file no. 34-415. To a first
approximation, this major phase has orthorhombic structure
of 𝛼-PbO2with space group Pbcn, with the cell parameters𝑎 = 4.80 Å, 𝑏 = 5.49 Å, and 𝑐 = 5.03 Å. Most of the
peaks for the samples ZT1 and ZT2 are matching, the only
difference being the intensity of the peaks which is different
for Zr-rich composition (ZT1). The diffraction characteristic
peaks for this phase were obtained with the (h k l) values
of (011), (111), (200), (220), (022), and (311). The doublets
observed in the XRD pattern for ZrTiO4 at 2𝜃 values 35, 37,
and 54 are due to the presence of small amount of secondary
phase (Zr5Ti7O24) of Ti-rich phase in Zr-Ti system. It has
been known that some small amounts equation of ZrO2 and
TiO2 are also expected to be formed during the process. The
average particle size was calculated from (111) diffraction peak
using Scherrer’s, and the average particle size was calculated
to be ∼4.8 nm ZT1 and ∼6.14 nm for ZT2.

XRD pattern for pure ZrO2 material calcined at 400∘C
and 10 wt% V2O5 supported on ZrO2 calcined at different
temperatures in the range of 20∘–70∘ is shown in Figure 1(c).
The pattern has been indexed with the tetragonal ZrO2
(JCPDS card file no. 81-1551) and cubic ZrV2O7 (JCPDS card
file no. 16-0422). The absence of vanadia or vanadate peaks
(2𝜃 = 20.3∘ and 26.2∘) in the sample calcined at 400∘C and
600∘C can be noticed. The appearance of the vanadia peaks

in the samples calcined at 800∘C is clearly seen. The presence

of these peaks with lower intensity in the sample calcined at

800∘C confirms that the vanadium ions have occupied the zir-

conium ions at their lattice positions and high dispersion of

vanadia ions on zirconium oxide surface [29]. On calcination
at higher temperatures the full width at half maximum of the
diffraction peaks decreases. This decrease in FWHM suggests

that the sizes of prepared zirconium vanadate nanoparticles

are increasing at higher temperatures. When zirconium vana-

date sample was calcined at 400∘C and 600∘C, a very sharp
peak appeared at 30.34∘ which can be ascribed to tetragonal
phase. On calcination at 800∘C, two sharp peaks appeared at
28.2∘ and 31∘ which is ascribed to the monoclinic phase of
ZrO2 [30]. The average particle size was calculated from (111)
diffraction peak using Scherer’s equation and the average

particle size was calculated to be 16 nm, 27 nm, and 49.63 nm,
respectively, for 10 wt% zirconium vanadate samples calcined
at 400∘C, 600∘C, and 800∘C. Low angle powder XRD pattern
of the prepared nanoparticles calcined at 400∘C for 4 h was
recorded in order to explore structural feature of zirconium

supported mesoporous vanadium materials. Figure 2 shows

the low angle powder XRD pattern. The appearance of peak

in low angle region at 0.3∘ confirms the mesoporous nature. It
has been known that the presence of sharp peak in low angle

region confirms the disordered wormhole type mesoporosity
in ZrV2O7 [31]. The increase in the intensity of the peak
present at 0.3∘, with increasing V concentration, suggests the
enhancement in mesoporosity in the material.
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Figure 3: (a) Representative TEM micrograph for ZrO2 sample annealed at 450∘C. (b) High-resolution TEM micrograph for samples annealed
at 450∘C. The corresponding SAED patterns are inserted into micrographs.

(a) (b)

Figure 4: (a) Representative TEM micrograph for ZrTiO4 sample. (b) High-resolution TEM micrograph for the same sample. The
corresponding SAED patterns are inserted into micrographs.

Transmission electronic microscopy (TEM) in high-re-
solution mode is the best tool to analyze the morphology and
the sizes of the prepared nanoparticles [32–34]. Figures 3(a)
and 3(b) show the representative TEM micrographs taken
for the ZrO2 samples calcined at 450∘C. The corresponding
selected area electron diffraction (SAED) patterns are
inserted into the micrographs. Figure 3(a) shows a typical
TEM image for the dried powders. The powders are very fine
and agglomerated. Electron diffraction analysis reveals that
they have amorphous characteristics due to small particle
sizes. The micrograph shown in Figure 3(a) indicates the
formation of nanoparticles with sizes ranging from few nano-
meters to few tens of nanometers. The corresponding diffrac-
tion pattern shows few clear spots along with connecting dif-
fraction rings. The presence of spots along with the streaks
shows the presence of crystallite of reasonably sufficient sizes
to diffract. The connecting streaks indicate the short-range
order due to presence of some smaller size particles as well.
The high-resolution electron micrograph for the samples

annealed at 450∘C is shown in Figure 3(b). The clarity in the
fringe patterns inside the crystallite indicates the formation of

single phase ZrO2 with the long-range order in the structure.
The corresponding SAED pattern is inserted into the micro-
graph. The clear spots in SAED pattern suggest that the
crystallites are of sufficiently large size. The absence of rings
in the SAED pattern is indicative of the crystalline order,
larger particle size, and long-range order in the crystallites.
The TEM results also suggest the successful preparation of
tetragonal phase of ZrO2 nanocrystals with the crystallite
sizes ranging ∼5–10 nm.

The samples of ZrTiO4 (ZT2) with the Zr : Ti ratio of 1 : 1
calcined at 400∘C were also analysed using TEM, and the
micrographs taken are shown in Figures 4(a) and 4(b). Corre-
sponding selected area electron diffraction (SAED) patterns
are inserted into the micrographs. The micrograph shown in
Figure 4(a) shows the formation of nanoparticles. The SAED
pattern inserted into the micrograph shows the few sharp
spots along with connecting diffuse rings. The smaller size
particles are responsible for the connecting rings which
suggests the short-range order. The high-resolution electron
micrograph (HRTEM) for the sample ZrTiO4 (ZT2) is shown
in Figure 4(b). The fringe patterns indicate the formation
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(a) (b)

Figure 5: Representative HRTEM images of (a) ZV8 and (b) ZV10 compositions. The corresponding SAED patterns are inserted into the
micrograph.

of single phase ZrTiO4 with the long-range ordering in the
structure. The corresponding SAED pattern is inserted into
the micrograph. Spots along with rings in the SAED pattern
suggest the larger particle size and short-range order in the
crystallites. These results on TEM suggest the preparation of
the desired phase of ZrTiO4 nanocrystals with the crystallite
sizes ranging ∼2–5 nm.

The high-resolution TEM images and corresponding
selected area electron diffraction (SAED) patterns for
ZrV2O7 samples (ZV8 and ZV10) calcined at 400∘C are
shown in Figures 5(a) and 5(b). HRTEM micrograph shown
in Figure 5(a) confirms the formation of nanoparticles with
varying sizes. The particle sizes are in ∼20–30 nm range and
sufficient to diffract and produce SAED pattern. The SAED
diffraction pattern inserted into the micrograph (Figure 5(a))
shows the presence of few sharp spots along with diffuse spots
and connecting ring. The position of the reflections (shown
by arrow) in the electron diffraction pattern and broadening
of the rings indicate the presence of small randomly oriented
V-Zr mixed oxide particles. The HRTEM for ZV10 shown in
Figure 5(b) shows that the particle sizes increase with increas-
ing V concentration. Sharp and clear spots along the SAD pat-
tern in Figure 5(b) suggest the long-range order between the
crystallites. The particle sizes are in∼20–50 nm range and suf-
ficient to diffract and produce sharp and clear SAED pattern
compared to ZV8. The previous TEM results of diffraction
and high-resolution mode suggest the successful preparation
of the cubic ZrV2O7 nanoparticles with the particle sizes
ranging ∼20–50 nm. The TEM results show that there is no
secondary phase formation due to vanadia separation. The
formation of well-crystallized ZV nanoparticles is clearly
seen in the micrographs. The particle size of the as-prepared
materials was found to increase with the increase in the V
concentration.

It has been known that the Raman spectroscopy can be
used to determine the symmetry of a crystal system for oxide
materials as it is very sensitive to the polarizability of the
oxygen ions. In fact Raman spectroscopy is a technique more
sensitive to short-range order than X-ray diffraction, and it
can show the peaks for anatase or rutile as well as monoclinic

zirconia along with that of tetragonal zirconia. Raman
spectroscopy has been performed on all the nanocrystalline
samples of ZrO2 and ZrTiO4 samples. The Raman spectra of
ZrO2 calcined at the temperatures of 600∘C and 800∘C are
plotted in Figure 6(a). The assignment of the observed bands
was made on the basis of the comparison of the observed
spectra with those of reported in the literature [1, 35, 36]. The
vibrational Raman active modes are classified as

Γ = 𝐴1𝑔 + 2𝐵1𝑔 + 3𝐸𝑔. (4)

In 𝐴1𝑔 mode oxygen atoms move in the 𝑧-direction only.
The 𝐵1𝑔 modes also involve motion in the 𝑧-direction; how-
ever now both Zr and O atoms participate. In 𝐸𝑔 modes, Zr
as well as O atoms move in the 𝑥-𝑦 plane. In Figure 6(a), the
plot (A) represents the Raman spectra for the sample calcined
at 400∘C. The band that appeared at 643 cm−1 can be assigned
to 𝐴1𝑔 mode since it involves movement of two oxygen
atoms only and is expected to appear at higher wavenumber.

The next two bands that appeared at 470 and 382 cm−1 are
assigned to doubly degenerate 𝐸𝑔 modes on the simple rea-
soning that these two modes also do not involve movement
of Zr atoms. The remaining three modes, namely, two 𝐵1𝑔
modes and one 𝐸𝑔modes are assigned to the remaining three

bands appeared at 259, 146, and 123 cm−1, respectively. The
spectrum of sample calcined at 600∘C is shown as curve (B) in
Figure 6(a). The previous bands that appeared in the Raman
spectra for both samples are assigned to t-ZrO2. In addition,

few faint bands at 563, 536, 381, 293, and 176 cm−1 have ap-
peared which are due to the coexistence of small amount of
monoclinic phase.

The Raman spectra of ZrTiO4 (ZT1 and ZT2) are shown
in Figures 6(b) and 6(c). The location of band positions is
shown in Table 1. The band positions recorded by Karakchiev
et al. [1] for ZrO2 are shown in Table 1 for comparison.
ZrTiO4 with orthorhombic symmetry (space group Pbcn,
point group mmm) and two formula units in a unit cell
have 33 optically active modes of vibration, 18 of which
are Raman active and 15 are infrared active phonon modes.
Their distributions are as follows: Raman: 4𝐴𝑔, 5𝐵1𝑔, 4𝐵2𝑔,
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Figure 6: Raman spectra of (a) ZrO2 precipitated at pH 2 and calcined at different temperatures, (b) ZT1 and (c) ZT2 calcined at 400∘C, and
(d) ZV10 calcined at (A) 400∘C, (B) 600∘C, and (C) 800∘C.

5𝐵3𝑔 and Infrared: 4𝐴𝑢, 4𝐵1𝑢, 3𝐵2𝑢, 4𝐵3𝑢. Raman line shape
analysis has also been studied by Kim et al. [37, 38] and
Krebs and Condrate [39]. The number of observed bands
in the present recording is much less as compared to those
obtained for the samples prepared by ceramics due to the
fact that (a) band positions are at lower wavenumbers, (b)
bands are too weak to be observed (c) bands are hidden due
to overlap by other bands and, (d) lower degree of ordering
in nanocrystalline ZrTiO4. The bands due to that appeared
in nanocrystalline ZrTiO4 samples are broader compared to
those in ZrO2 and can be attributed to local compositional
fluctuations or local positional disordering produced due to

random distribution of Zr4+ and Ti4+ between equivalent
sites in the crystal lattice.

In the similar experimental setup, the representative
Raman spectra for ZrV2O7 (ZV10) samples calcined at 400∘C,
600∘C, and 800∘C are plotted in Figure 6(d), and the assign-
ments of bands are made on the basis of reported assignments
[1, 35–39] and are given in Table 2. 14 Raman-active modes
centred at 144, 176, 187, 269, 282, 384, 406, 474, 654, 705, 773,
889, 996, and 1044 cm−1 were detected. The ZrV2O7 crystals
contain the VO4 tetrahedra and ZrO6 octahedra in the struc-
ture. The modes centred at 889, 996, and 1044 cm−1 are
assigned to symmetric stretching of the VO4 tetrahedra.



Journal of Nanoparticles 9

0 200 400 600 800 1000 1200

Zr 3p

In
te

n
si

ty
 (

a.
u

.)

B.E. (eV)

ZrTiO4

Ti 2p

Ti 2s

O KLL
O 1s

Zr 3p

C 1S

Zr 3d

Zr 4p

(a)

In
te

n
si

ty
 (

a.
u

.)

0 200 400 600 800 1000 1200

B.E. (eV)

ZrV2O7

O KLL

O 1s

Zr 3pC 1S
Zr 3d

Zr 4p

(b)

Figure 7: Representative survey XPS spectra of (a) ZrTiO4 and (b) ZrV2O7 nanoparticles calcined at 400∘C.

Table 1: Observed bands (cm−1) and their assignments in ZT1, ZT2,
and ZrO2.

ZT1 ZT2 ZrO2 Reference [1]

141 (VS) 141 (VS) 146 (VS) 145 (VS)

388 (S) 395 (S) 382 (S) 405 (S)

470 (M)

572 (M) 514 (S) 515 (M)

652 (M) 642 (S) 643 (M) 635 (S)

850 (W) 839 (VVW)

986 (W)

1085 (W)

VS: very sharp; S: sharp: M: medium; W: weak; VVW: very very weak.

The modes centred at 705 and 773 cm−1 are assigned to the
asymmetric stretching of the VO4 tetrahedra. The modes cen-

tred at 269, 282, and 384 cm−1 are assigned to the symmetric

ZrO6 octahedral stretching and at 406 cm−1 to the asymmet-
ric ZrO6 octahedral bending. The modes centred at 474 and

654 cm−1 are assigned to ZrO2 tetragonal stretching. The low

frequency bands that appeared at 144, 176, and 187 cm−1 are

assigned to lattice vibrations. The sharpness in the peaks is

observed with the increase in calcination temperature indi-
cating increase in particle size with temperature. These
results are consistent with previous studies of V2O5/ZrO2
which have also confirmed the formation of ZrV2O7 on cal-
cination at high temperatures [40, 41].

X-ray photoelectron spectroscopy (XPS) method has
been used to study experimentally the valence-band and
core-level spectra as well as the energy distribution of some
occupied valence states of the constituent atoms of ZrTiO4.
XPS valence-band and core-level spectra of ZrTiO4 were
measured using the UHV analysis system. Al K𝛼 radiation
(𝐸 = 1486.6 eV) and hemispherical analyzer operating at
constant pass energy of 40 eV were used as a source of XPS
spectra excitation. The XPS survey spectrum of ZrTiO4 (ZT2)

Table 2: Observed Raman bands (cm−1) and their assignment for
ZrV2O7 calcined at 800∘C.

Observed bands (cm−1) Assignment

144 (s), 176 (w), 187 (w) Lattice

889 (s), 993 (s), 1044 (m) VO4 (symmetric)

705 (m), 773 (m) VO4 (asymmetric)

474 (s), 654 (m) ZrO2 (tetragonal)

269 (s), 282 (m), 384 (w) ZrO6 (symmetric)

406 (m) ZrO6 (asymmetric)

s: strong; m: medium; w: weak.

is shown in Figure 7(a). It has been reported that the X-ray
emission of Ti L𝛼, Zr L𝛽2,15, and O K𝛼 bands on a common
energy scale indicates that Ti 3d, Zr 4d, and O 2p states
contribute throughout the valence-band region of ZrTiO4
[42]. The XPS spectra show that the XPS bands for Zr 3d, Zr
3p, and Ti 2p core-level spectra are simple spin doublets with
the XPS Zr 3d5/2, Zr 3p3/2, and Ti 2p3/2 core-level binding
energies appearing at 190, 342, and 440 eV, respectively, which
correspond to those of titanium and zirconium in the formal
valence state of Zr4+ and Ti4+ [43]. The previous results reveal
that in ZrTiO4 the binding energy positions of Ti 2p and O
1s core levels match well with the reported values. Similarly,
the XPS of ZrV2O7 was taken using UHV analysis system
with Al K𝛼 radiation (𝐸 = 1486.6 eV) and hemispherical
analyzer operating at constant pass energy of 25 eV being
used as a source of XPS spectra excitation. Figure 7(b) shows
the XPS survey spectrum of ZrV2O7. The spectra confirm
the presence of vanadium, zirconium, carbon, and oxygen
[42, 44]. The peak at 517 eV is due to V 2p3/2 and indicates the

presence of V5+ species. The peak that appeared at 524.4 eV
can be assigned to V 2p1/2, and shift in this peak from 523 eV
to 524.4 eV can be ascribed to change in the oxidation state

from V4+ to V5+. The strong peak that appeared at 537.6 eV
is assigned to O 1s. The peak at 291.5 is due to C 1s, and
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the doublet that appeared at 340.1 eV and 353.3 eV can be
assigned to Zr 3p3/2 and Zr 3p1/2, respectively.. The binding
energy positions of the species (V, O and Zr) obtained in the
present investigations match well with the reported values.

4. Conclusion

Microwave-assisted method of oxide synthesis is important
due to its high reaction rate, efficient heat transfer, and envi-
ronmental friendly nature. In this process material is directly
heated by radiation leading to higher temperature homo-
geneity. ZrO2and ZrTiO4 nanoparticles were synthesized by
microware assisted citrate sol-gel method. Nanoparticles of
V2O5 supported on ZrO2 were synthesized by microwave-
assisted solution combustion method. The formation of
tetragonal crystalline phase (t-ZrO2) was confirmed by pow-
der XRD analysis. The low angle powder XRD measurements
confirm the mesoporous nature of ZrV2O7 and formation
of single phase material up to 10 wt% of vanadium incor-
poration. The morphology, particle size, and microstructure
were analyzed using high-resolution transmission electron
microscopy. The HRTEM data also confirms the formation
of single phase t-ZrO2. Raman spectra further support and
confirm the crystalline phase as well as the specific bands to
show the modes of vibration in Zr-O system, whereas the
specific bands indicate the modes of vibration in Zr-Ti-O
and ZrV2O7 systems. The XPS results show that the X-ray
emission of Ti L𝛼, Zr L𝛽2,15, and O K𝛼 bands on a common
energy scale indicates that Ti 3d, Zr 4d, and O 2p states
contribute throughout the valence-band region of ZrTiO4.
The Raman spectra show the specific bands indicative of the
modes of vibration in Zr-V-O system and presence of VO4
tetrahedra and ZrO6 octahedra in the crystal structure. XPS
results show that the X-ray emission of V, Zr, and O bands
on a common energy scale indicates that V 2p, Zr 3p, and O
1s states contribute throughout the valence-band region. The
crystallite sizes were found to be in the ranges of ∼5–10 nm,∼2–5 nm, and ∼20–50 nm for ZrO2, ZrTiO4, and ZrV2O7,
respectively.
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A series of PdNiB bimetallic nanoalloy catalysts with various Pd contents was prepared. Pd was well dispersed in NiB. Even adding a
small amount of Pd in NiB had a significant effect on activity and selectivity in hydrogenation of p-chloronitrobenzene (p-CNB) to
p-chloroaniline (p-CAN). High activity and selectivity on PdNiB could be attributed to both ensemble effect and electronic effect.
The particle size in PdNiB decreased with an increase in Pd content. Electron-enriched Ni could activate the polar-NO2 groups of
p-CNB and depress the dehalogenation of p-CAN.

1. Introduction

Bimetallic nanoparticle catalysts have received increasing
attention [1–9]. The most remarkable features of nanoscopic
materials are that their chemical and physical properties are
quite different from those of bulk solids and those of atoms.
This phenomenon has been known as a quantum effect [10–
13]. Magnetic enhancement has been expected in Pd clusters
owning to their finite size because Pd does not polarize mag-
netically in bulk metal state, but has giant magnetic moment
in the present of ferromagnetic 3d transition metals [14–18].
One could successfully prepare chemically monodispersed
ultrafine Pd and bimetallic PdNi particles [17–19].

The addition of the second metal plays a key role in
controlling the activity, selectivity, and stability of catalysts in
certain reaction. However, little is known about the electronic
structures of bimetallic clusters of groups 8–10. Since both Ni
and Pd belong to the same group 10 in the periodic table,

the increase (mixing) between Ni 3d84s2 electrons and Pd

4d105s0 electrons is very likely involved in intermetallic Ni-Pd
bonding [19]. Such effect on the catalysis by nanosized NiPd
clusters is certainly interesting.

Aromatic chloramines are important intermediates in
the synthesis of dyes, drugs, herbicides, and pesticides
[20–34]. At present, these organic amines are generally

produced through selective hydrogenation of the corre-
sponding aromatic chloronitro compounds over transition
metal catalysts such as Pt and N [35–39]. In this process,
the hydrodechlorination of the aromatic chloramines often
occurs over most metal catalysts because of the electron-
donating effect of amino group in the aromatic ring. Keane
[40] reported that in the continuous gas phase hydrogenation
of p-chloronitrobenzene (p-CNB) over several supported
Ni catalysts, p-chloroaniline (𝑝-CAN) was produced as the
main product at p-CNB conversion of about 15%, which is
enlightening for the development of clean route to produce
chloroanilines. It has been reported by this lab [41–43] that
NiB is more active and selective than Raney nickel catalyst
for hydrogenation of𝑝-CNB to𝑝-CAN. Many modifiers were
added on NiB for hydrogenation of chloronitrobenzene [44–
70]. Although intensive efforts have been made to solve the
problem of hydrodechlorination in CNB hydrogenation, it is
still a challenge to create novel catalysts for further improving
the selectivity to CAN at complete conversion of the sub-
strates and intermediates and simultaneously maintaining the
high catalytic activity [20–32].

Usually the desire selectivity can be achieved by the
addition of some inhibitors or some modifiers such as base or
other electron-donating compounds to the catalyst or to the
solution phase. By alloying a second metal to platinum, Coq
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et al. [71, 72] obtained good results in the hydrogenation of p-
CNB over PtSn/Al2O3 catalysts, with 97.5% p-CAN selectivity
at>98% conversion. Comparing with Pt catalysts, Pd catalysts
exhibit low selectivity of CAN in the hydrogenation of
CNB because the concomitant hydrodechlorination reactions
are serious over Pd-based catalysts. The most attractive
advantage of Pd-based catalysts over Pt-based ones is its
low cost. In order to improve the selectivity to CAN in the
hydrogenation of CNB over Pd catalysts, several strategies
have been developed, such as introducing some promoting or
inhabiting additives to the solution phase or to the catalysts,
alloying Pd with other metals, applying partly poisoned
catalysts, and modulating the metal/support interaction in
supported Pd catalysts. PdB has been reported to be an active
catalyst than Pd [14–19].

In a previous paper [9], one of the authors has reported
the Pt-NiB catalyst for hydrogenation of 𝑝-CNB. However, Pt
was too active to have high selectivity to the 𝑝-CAN product.
Pd was chosen as the dopant of NiB in this study because
its hydrogenation capability was not too high to have high
selectivity to 𝑝-CAN and not too low to have low activity. By
adding suitable amount of Pd in NiB, it was expected to have
high conversion of 𝑝-CNB and high selectivity of 𝑝-CAN.

The objective of this study was to synthesize PdNiB
bimetallic nanocatalysts and to investigate the effect of Pd
content on the catalytic properties of PdNiB catalysts in
liquid-phase hydrogenation of p-CNB to p-CAN.

2. Experimental

2.1. Materials. 𝑝-CNB, with a purity of >99%, was obtained
from Acros (Belgium). High-purity hydrogen gas (>99.99%
from Air Product) was used without further purification.
Palladium nitrate and nickel acetate (>98%) were supplied by
Showa Chemicals (Tokyo, Japan), and sodium borohydride
was purchased from Lancaster (Morecambe, UK). Sodium
hydroxide, methanol, and ammonia solutions were pur-
chased from Tedia Co. (OH, USA). Ethanol was purchased
from Showa Chemicals (Tokyo, Japan). Raney nickel catalyst
was obtained from Merck. All other solvents and reagents
were of analytical grade quality, purchased commercially, and
used without any further purification. Water used in the
whole process was doubly distilled water.

2.2. Catalysts Preparation. A series of PdNiB catalysts was
prepared by the chemical reduction method. Pd/Ni atomic
ratios were between 0.001 and 0.02 for investigation. Nickel
acetate and palladium nitrate were added to the 50%
methanol/water solution (both were 0.1 M) at room tem-
perature under vigorous stirring and used nitrogen stream
to remove air. The solution of reduction agent, sodium
borohydride (1 M), was added with the microtubing pump
into the solution drop by drop. The atomic ratio of (Ni + Pd)
to B was fixed at 1 : 3. Excess amount of sodium borohydride
was used to ensure that all nickel and palladium cations were
reduced to metals. When no bubbles were released, the black
powders were centrifuged and were washed to remove the
impurities, that is, Na+ ions and the excess amount boride

species, by hot deionized water for three times and with
methanol twice. Since all catalysts were easily oxidized in air,
care must be taken to avoid their exposure to air. Generally,
the catalysts were kept in methanol until further use.

2.3. Catalyst Characterization. The catalysts were character-
ized by XRD, TEM, and XPS. The crystalline structure of
the catalysts was characterized by XRD using a Siemens
D500 powder X-ray diffractometer. The XRD patterns were
collected by using Cu 𝐾𝛼 radiation (𝜆 = 0.15418 nm). The
tube voltage and current were 40 kV and 40 mA, respectively.

The scanning rate was 0.05∘ s−1.
The morphologies of the catalysts were determined by

TEM (Jeol JEM-2000 FX II). TEM was operated at 160 kV and
the magnification was 200 K. A small amount of sample was
put into the sample tube filled with a 95% ethanol solution.
After agitation under ultrasonic environment for 90 min, one
drop of the dispersed slurry was dipped onto a carbon coated
copper mesh (300#) (Ted Pella Inc., CA, USA) and dried at
room temperature in vacuum overnight.

The compositions and the electronic state of each element
on the surface of the catalysts were studied by XPS on
a Thermo VG Scientific Sigma Probe spectrometer. Al 𝐾𝛼
radiation was used as the excitation source (ℎ] = 1486.6 eV)
(20 kV, 30 mA). The sample was pressed as a self-supported
plate and was mounted on the sample cell. It was degassed
in the pretreatment chamber at 343 K for 2 h and then
it was transferred into the analyzing chamber where the
background pressure was lower than 10−7 Pa. Before the XPS
test, the sample was sputtered using Ar+ ions for 15 min
to remove the oxidation parts, which were formed during
the XPS operation. All the binding energies were calibrated
by using the contaminant carbon (C1s = 284.6 eV). The
XPS spectrum of each element was deconvoluted using a
Gaussian-Lorentz curve-fitting program, the background was
corrected using a Shirley-type baseline, and the peak type
was Gaussian-Lorenz (7 : 3). The surface composition of each
sample was calculated using the corresponding peak areas
of Ni, Pd, and B, and the PHI sensitive factors were applied
in the calculation. It should be noted that, for Ni, only the
2p3/2 subbands were studied instead of the 2p1/2 subbands,
because the former have a much higher signal-to-noise ratio
and provide the same information.

2.4. Reaction Test. All the experiments were carried out in
the cylindrical stirred-tank reactor (Parr Instrument Model
4842). A four-bladed pitched impeller was placed for effective
agitation, and the agitator was connected to an electric motor
with variable speed up to 1700 rpm. A pressure transmitter
and an automatic temperature controller were also provided.
Hydrogen was introduced at the bottom of the reactor. A
separate tube was used as sampling tube for the liquid
phase. The reactor was charged by 0.002 mol Ni catalyst
and 2.54 g p-CNB in 80 mL methanol; the concentration
of p-CNB was 0.2 M. It was reported that methanol was a
better reaction medium than ethanol for the hydrogenation
reaction. The reaction was operated in reaction-controlled
regime, as confirmed by using the different particle size and
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Figure 1: XRD patterns of catalyst samples, (a) NiB, (b) 0.001Pd-
NiB, (c) 0.005Pd-NiB, (d) 0.01Pd-NiB, and (e) 0.02Pd-NiB.

stirring rate. The results showed that 400 rpm was enough
to free from external diffusion. Therefore, 500 rpm stirring
speed was used in this study. PdNiB sample was in nanosize
range; one can conclude that the pore diffusion was not
important in this study. During the reaction run, the samples
were withdrawn periodically (every 10 min) and analyzed by a
gas chromatograph equipped with a flame ionization detector
and a 3 m × 1/8 inch stainless steel column packed with 5%
OV-101 on Chromosorb WAW-DMSC (80–100 mesh). The
conversion and the selectivity of each product were calculated
as follows:

conversion (%)
= (1 − 𝐶𝑝-CNB

𝐶AN + 𝐶NB + 𝐶𝑝-CAN + 𝐶𝑝-CNB

) × 100%,

𝑆AN (%) = ( 𝐶AN𝐶AN + 𝐶NB + 𝐶𝑝-CAN

) × 100%,

𝑆NB (%) = ( 𝐶NB𝐶AN + 𝐶NB + 𝐶𝑝-CAN

) × 100%,

𝑆𝑝−CAN (%) = ( 𝐶𝑝-CAN

𝐶AN + 𝐶NB + 𝐶𝑝-CAN

) × 100%,
(1)

where 𝐶AN, 𝐶NB, 𝐶𝑝-CAN, and 𝐶𝑝-CNB represented the con-
centration of aniline, nitrobenzene, p-chloroaniline, and p-
chloronitrobenzene, respectively.

3. Results and Discussion

3.1. XRD. XRD was used to characterize the structure of
the Pd-NiB bimetallic nanoparticles. The XRD patterns of
NiB and Pd-NiB samples with various contents of Pd are
shown in Figure 1. The broad peak at 2𝜃 = 45∘ in each
pattern indicates the amorphous phase in all the as-prepared
samples, in consistent with those in the literature [9, 11, 12].
It is further evidenced by a diffuse Debye ring rather than

distinct dots in their SAED patterns. It has been reported
that Ni can form several types of compounds with B such as
NiB, Ni2B, and Ni3B. After adding the Pd, the intensities of
this peak decreased. This shows that the presence of Pd could
suppress the crystalline growth (long-range order) of NiB. No
diffraction peak corresponding to crystalline Pd was found,
indicating a high dispersion of Pd in NiB. No other crystalline
phases (including palladium-related compounds, elemental
Ni, B, and the corresponding oxides and hydroxides) were
observed. One can conclude that PdNiB possessed short-
range order and long range disorder, resulting in more surface
coordinating unsaturated sites, more crystalline defects, and
isotropic structure. Alloying Pd interrupts the long-range
order of NiB, resulting in the characteristics of small cluster
of NiB. Wang et al. [73] reported that a metal can disperse
on the surface of another metal to form a highly dispersed
bimetallic system due to the formation of bonds between the
two metals. They noted that a highly dispersed Pd-Ni system
occurred when <2.0 wt% Pd was loaded on a Pd/Ni catalyst.
Our results are in accord.

3.2. TEM. Figure 2 shows the morphology of the as-prepared
samples. With the addition of Pd, the particle size tends to
decrease. Due to the high surface energy of the nanosized
amorphous alloys, metal metalloids prepared by chemical
reduction with borohydride are inclined to aggregate to
form larger particles with diameters of several 10s to several
100s nanometers. Each sample was composed of many small
particles, and the size of the aggregates was about 50 nm.
It was difficult to obtain detailed information on the TEM
photos because of the aggregation of the particles by the very
strong van der Waals force and magnetization. One was not
able to see any Pd particles due to very low concentration
in the sample. After adding Pd on NiB, it became difficult
to sediment in water, indicating that Pd-NiB particles were
smaller than NiB particles. The primary particles of PdNiB
were very fine. One could conclude that the size of primary
particles of PdNiB was much smaller than 50 nm. Moreover,
the magnetization of ultrafine particles remarkably increased
with doping Pd into NiB.

3.3. XPS. The compositions and the electronic structure of
each species on the surface of the samples were determined
by XPS analysis. All of the spectra were deconvoluted, and the
amount of each species in each state was calculated based on
the corresponding peak area. The XPS spectra of Ni2p and B1s
are shown in Figures 3 and 4. The binding energy of Ni2p level
is ascribed to 856.8, 857.7, 856.0, 853.4, 856.3, and 856.7 eV,
respectively, for the samples of NiB, 0.001Pd-NiB, 0.005Ni-
PdB, 0.01Pd-NiB, and 0.02Pd-NiB. These are assigned to the
metallic nickel. The peak around 862.2 eV is ascribed to nickel
oxide (it was simply donated as Ni2+ for the oxidized state
of Ni; similar notations were used for the other elements).
Tolman et al. [74] investigated a variety of Ni0 organometallic
compounds and found that in zero-valence state Ni com-
plexes, the Ni2p3/2 binding energies span a range of 853.6–
856.0 eV, while higher binding energy peaks were observed in

a range of 855.0–857.2 eV in Ni2+ complexes, and even higher



4 Journal of Nanoparticles

Figure 2: TEM images of (a) NiB, (b) 0.001Pd-NiB, (c) 0.005Pd-NiB, (d) 0.01Pd-NiB, and (e) 0.02Pd-NiB.

binding energy peaks were observed for Ni4+ compounds

[74]. Matienzo et al. [75] also extensively studied a series of

nickel compounds in all of the oxidation states by XPS. In

NiO, binding energy values of 854.0 and 872.0 eV were found

for Ni2p3/2 and Ni2p1/2 peaks, respectively. Furthermore, in

the case of NiO and tetrahedral Ni2+ compounds, obvious
shake-up (satellite) peaks can be found in the region at about
6 eV higher than a normal Ni2p3/2 or Ni2p1/2 band because

such compounds are paramagnetic, whereas Ni0 compounds

and square-planar complexes of Ni2+ do not produce satellite
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Figure 4: XPS spectra of B1s for (a) NiB, (b) 0.001Pd-NiB, (c)
0.005Pd-NiB, (d) 0.01Pd-NiB, and (e) 0.02Pd-NiB.

peaks, because they are diamagnetic. Therefore, the Ni2p
bands in Figure 3 show low binding energy values and
essentially no satellites features inferring that Ni exists mainly
as zero-valence state inside PdNiB rather than in NiO-Pd-B
form. The PdNiB catalysts exhibited electron-enriched state
and effectively dispersed the Ni nanoparticles, resulting in
more metallic Ni atoms on the surface. It is consistent with the
results in the literature [76]. No obvious shift was presented
in the XPS spectra, and those present in metallic state are
not very close to the standard value 853.1 eV [77], which
was attributed to the quantum size effect. It is known that
hydrogen molecules adsorbed on the Ni0 sites are activated
to proceed hydrogenation reaction. Therefore, the amount of

Ni0 on the surface of catalyst is crucial for its catalytic activity
in hydrogenation reaction.

There are two peaks in the B1s spectra. The peak near
187.1 eV is attributed to elemental B, and the peak near
192.5 eV is attributed to B3+. The peak with the binding energy
around 192.5 eV is related to the presence of the oxidized B
species, which may be attributed to the interaction between

BH4
− and H2O during the reduction of Pd2+ ions by BH4

− in
alkali solution or the surface boron oxide in the Pd-NiB alloy
oxidized by air. It should be noted that most of B species is
in oxidation state. The binding energies of B1s are 191.6, 191.2,
190.9, 191.2, and 191.8 eV for the samples of NiB, 0.001PdNiB,
0.005PdNiB, 0.01PdNiB, and 0.02PdNiB, respectively. The
decreased BE’s resulted from acceptance of electrons of B
from other metal atoms. Strong interaction and interdiffusion
between Pd and B substrate at room temperature have been
reported [18, 78]. Here the change in BE’s should be due to the
interaction of Ni, Pd, and B. In conclusion, the amorphous
structure of NiB and the presence of B promoted the surface-
alloying effect of Pd and Ni. Pd peak was not observed due to
the low loadings in these samples.

3.4. Hydrogenation Reaction. The catalytic activities of the
as-prepared catalysts were investigated on the hydrogenation
of p-CNB. There are two kinds of reactions in the hydro-
genation process: selected hydrogenation of –NO2 group and
dehalogenation of –Cl group. In order to obtain high p-CAN
yield, the dechlorination of p-CNB and p-CAN should be
restrained; only the hydrogenation of –NO2 group of p-CNB
is desired [79]. The simplified reaction route is displayed in
Scheme 1.

Figure 5 shows the conversion of p-CNB and the corre-
sponding selectivity of p-CAN over these catalysts. The yields
of p-CAN, NB, and AN are also shown in Figure 5. In each
case, the concentration of NB increased at the first 30 min
and then decreased and converted to AN and became zero
eventually. There are two possible explanations the other one
is that p-CNB only followed path (1) in reaction scheme in the
first 30 min; is that the rate of the hydrogenation on the path(3) is faster than path (1). Since the increasing rate of aniline
is not obvious, so the possibility of the latter case is low.

Figure 5 shows the p-CNB conversion and the selectivity
of p-CAN versus reaction time. The reaction rate was zeroth
order to p-CNB concentration. The activity of PdNiB was
greater than NiB even with very small amount of Pd. The
reaction results of the catalysts are listed in Table 1. The
sample 0.02Pd-NiB had the highest reaction rate, which
achieved 100% conversion within 30 min. The results showed
that the activities increased with an increase in Pd content
in the range of Pd/Ni atomic ratios between 0 and 0.01. Even
adding small amount of Pd could enhance the activity and
selectivity of 𝑝-CAN greatly. The hydrogenation of 𝑝-CNB
on PdNiB catalysts was very selective to 𝑝-CAN. The results
demonstrated that PdNiB can have the advantages of both
metals, that is, high activity of Pd and high selectivity of Ni.

Both Ni0 and Pd0 are the active sites. Since only very
small amount of Pd was added, the reaction was mainly on
the surface of Ni. The surface concentration and electron
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Figure 5: The relations of (a) p-CNB conversion, (b) p-CAN selectivity, (c) p-CAN yield, (d) NB yield, and (e) AN yield with reaction time on
PdNiB catalysts. ∗Reaction conditions: 2 mmol NiPdB catalyst; 16 mmol p-CNB; 80 mL methanol; 80∘C; 1.2 MPa hydrogen pressure; 500 rpm.
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Scheme 1: Simplified reaction scheme of hydrogenation of p-CNB.

density of Ni0 are the important factors for the reaction. A

higher Ni0 content would favor the dissociative adsorption
of H2 molecules. According to the XPS analysis, one could
find out that all the prepared samples had high densities
of the elemental Ni. Thus, the –NO2 group in the reactant
p-CNB can be activated by the positive-charged Pd. The
ability of the nearby dissociated H atoms to attack the O
and N atoms of –NO2 groups to form –NH2 is enhanced,
which benefits the high selectivity of p-CAN [33, 35, 80].
With the addition of Pd, the binding energy of Ni shifted
to a lower value, indicating that Ni received more electrons
from Pd. Combining the structure effect, palladium species
could make the Ni particles smaller. This would increase the
dispersion of Ni active sites and make the surface of the
catalyst highly unsaturated, which favors the hydrogenation
of p-CNB. The nitro group owned two different elements, N
and O; both are highly electronegative. With the electrons
donation from alloying B and Pd to Ni, the Ni on the catalyst
surface became more electron enriched. Higher electroneg-
ativity of –NO2 would be adsorbed on the surface easily,
and the active sites would activate the N=O bond, which
was polarized. The para-substituted nitro group had the
higher electron negativity, resulting from the combination of
both inductive and resonance effects. Since the –NO2 group
was more electronegative than –Cl, –NO2 was supposed to
occupy the active site on Ni surface at the start of the reaction.
–NO2 adsorbed on the catalyst surface is hydrogenated to
form p-CAN, which is further desorbed. In addition, oxygen
was more electronegative and alloying Pd and B could engage
the oxygen to activate the polar –NO2 group of p-CNB. The
–NH2 of p-CAN might adsorb on the surface alloying B
and Pd and coordinate with each other. It would improve
the selectivity of p-CAN by depressing the dehalogenation
reaction. Pd-dopant in the NiB catalysts would increase
the electron density of Ni and make the activity increase

Table 1: The Effect of Pd content on the hydrogenation of p-CNB
over PdNiB catalystsa.

Sample
Reaction time
(min) to 100%

conversiona

Selectivity (%)
Reaction rate

constant (s−1)
p-

CANb ANb NBb

NiB 95.6 96.9 5.5 0 0.0298

0.001Pd-NiB 80.0 94.7 5.3 0 0.0167

0.005Pd-NiB 40.0 75.1 24.9 0 0.0119

0.01Pd-NiB 50.0 90.2 9.8 0 0.0127

0.02Pd-NiB 28.6 77.8 22.2 0 0.0112
aReaction condition: 1.2 MPa hydrogen pressure, 353 K reaction temperature,
absolute methanol was medium, 500 rpm stirring speed, and 0.2 mmol Ni
catalyst.
bp-CAN: p-chloroaniline; AN: aniline; NB: nitrobenzene.

significantly. In addition, PdNiB is paramagnetic; it is easier
to separate after reaction.

The results presented herein show that metal catalyst
could be affected by the formation of the bimetallic colloid
or by the addition of metal cations. The mechanism of the
hydrogenation of p-CNB over the bimetallic collided system
is very complicate and is affected by the electronic and
conformation properties of the components as well as the
composition on the mental surface.

3.5. Reaction Kinetics. One could calculate the reaction
rate constant for each catalyst. Based on the conversion-
time curves in the hydrogenation of p-CNB (Figure 5), it
shows that the reaction was of first order with respect to
the concentration of p-CNB [81]. The reaction rate can be
expressed as

−𝑟𝐴 = 𝑘𝐶𝐴0 ⋅ (1 − 𝑋𝐴) , (2)

where 𝑘 is the reaction rate constant, s−1;𝐶𝐴0 is the the initial
concentration of reactant at 𝑡 = 0; 𝑋𝐴 is the conversion of 𝐴.

Since the reaction was carried out in a constant-volume
batch reactor, so

−𝑟𝐴 = 𝐶𝐴0 𝑑𝑋𝐴𝑑𝑡 , (3)

where 𝐶𝐴0 is the the initial concentration of reactant at 𝑡 = 0;𝑋𝐴 is the conversion of 𝐴; 𝑡 is the reaction time.
Combining the above two equations and using integral

method of analysis of data, one could get

− ln (1 − 𝑋𝐴) = 𝑘𝑡. (4)

A plot of − ln(1 − 𝑋𝐴) versus 𝑡 could derive the slope
which represents the reaction rate constant. Because of the
induction period appeared in the initial stage of reaction,
the data in the initial stage were neglected. The results are
tabulated in Table 1. As expected, the rate constant of NiPdB
catalyst was higher than that of NiB.

4. Conclusion

A series of PdNiB nanoalloy catalysts with various Pd
contents was prepared by chemical reduction method with
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NaBH4 as the reducing agent. The catalysts were character-
ized by XRD, TEM, and XPS. The catalytic properties of
these catalysts were tested in the hydrogenation of p-CNB.
NiB was amorphous as indicated by the broad peak around2𝜃 = 45∘. Upon modification with Pd, it could maintain NiB
in the amorphous structure and decrease the crystallinity.
With the addition of Pd, the particle size of NiB decreased.
PdNiB formed nanoalloy and no discrete phase was found.
The addition of Pd could reduce the particle size of NiB and
improve the Ni dispersion. The binding energy of elemental
Ni and B in the PdNiB is negatively shifted, indicating that Ni
and B accepted partial electrons from Pd. The magnetization
of PdNiB remarkably increased with doping Pd into NiB.

Since the –NO2 was more electronegative than –Cl,
–NO2 was supposed to occupy the active site on Ni surface in
the beginning of the reaction. –NO2 adsorbed on the surface
is hydrogenated to form p-CAN which is then desorbed. In
addition, oxygen is more electronegative and the alloying B
could engage the oxygen to activate the polar –NO2 group of
p-CNB. The –NH2 of p-CAN might adsorb on the alloying
B and coordinate with each other. Hence, it could improve
the selectivity of p-CAN by suppressing the dehalogenation
reaction.

High activity and selectivity on PdNiB in the hydrogena-
tion of𝑝-CNB could be attributed to both ensemble effect and
electronic effect. Alloying Pd interrupts the long-range order
of NiB, resulting in the characteristics of small cluster of NiB.
On the other hand, B and Pd could partially donate electrons
to Ni. Electron-enriched Ni could activate the polar –NO2
groups of 𝑝-CNB and depress the dehalogenation of 𝑝-CAN.
The results described here showed that PdNiB nanoalloy
catalyst is a promising catalyst for industrial application.
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Highly promising hybrid materials consisting of silica, titania, or zirconia nanoparticles linked with ionic liquid-like imidazolium
units have been developed. The nanoparticle networks are prepared by click-chemistry-like process through a nucleophilic
substitution reaction. The type of metal oxide nanoparticles appears to play a key role regarding the pore size of the hybrid material.

1. Introduction

Recently the materials community is focusing on the devel-
opment of specific materials based on assemblies of nanopar-
ticles. These new materials aim at making use of nanopar-
ticle collective properties. In this context, various synthetic
pathways were proposed, such as template-assisted synthesis
[1, 2], layer-by-layer deposition [3], or using covalent organic
mediator [4–8]. These nanoparticle assemblies are already
highly promising for numerous applications, like plasmonics,
catalysis, or gas sorption/gas sequestration applications.

For catalysis and gas sorption/sequestration applications,
the porosity of these materials is an important aspect [9, 10].
Wacker et al. developed a purely inorganic porous nanoparti-
cle assembly, by the bridging of magnetite nanoparticle with
silica colloids, for catalytic applications [11], while Gao and
coworkers prepared porous magnetite nanochain assemblies
for water treatment [12].

However, for such applications like catalysis and gas sep-
aration, the use of hybrid inorganic-organic porous materials
can be even more interesting, as the organic counterpart is
able to interact with gas molecules or precursors. Thus, it
was shown that the presence of ionic linker can enhance the
adsorbent-adsorbate interactions through charge-induced
forces [13]. In particular, ionic liquid-like linkers were pointed
out to be extremely interesting [14–18]. More specifically, the
high affinity of carbon dioxide for imidazolium moieties was
evidenced [8, 19, 20]. For example, Lee et al. have reported

the effective absorbtion of carbon dioxide over methane
by copper imidazolium microporous frameworks [21]. This
separation is enabled by the effects of both the metal site and
the ionic imidazolium species.

In this context, we have already reported the synthesis of
titania Ionic Nanoparticle Networks (INNs), where the titania
nanoparticles are covalently linked by means of imidazolium
bridges [22]. The titania INNs have shown to possess pores
with a diameter centred on 2 nm.

The present communication describes a new INN mate-
rial based on zirconia nanoparticles and compares the porous
characteristics of different INNs, with various metal oxide
nanoparticles. In these materials, the liking imidazolium
moieties are maintained in the network and thus remained
accessible to adsorbed molecules.

2. Experimental Section

2.1. Chemicals. Chemicals unless otherwise stated were
used without further purification. Titanium isopropoxide
(Ti(OiPr)4), 1,3-dibromopropane, bromotrimethylsilane,
potassium tert-butoxide, dimethylphosphite, 1-bromo-3-
chloropropane, sodiumhydride, triethylphosphit, dimethyl-
formamide (DMF), tetrahydrofuran (THF), Na2SO4, P2O5,
and zirconium oxychloride octahydrate (ZrOCl2 8H2O)
were obtained from Sigma-Aldrich, ammonia (32%) and
hydrochloric acid (37%) from VWR, imidazole, sodium
iodide, and tetraethylorthosilicate from Fluka, nitric acid
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(53%), dichloromethane, and ethanol from Merck, acetone,
chloroform, diethylether, ethanol, methanol, and toluene
from Donau Chemie, and 3-chloropropyltrimethoxysilane
(Si-Cl) from ABCR.

2.2. Measurements. Transmission Electron Microscopy
(TEM) measurements: samples for transmission electron
microscopy measurements were prepared by dispersing the
particles in ethanol prior to deposition on a carbon-coated
TEM Cu grid. TEM measurements were performed on
a JEOL JEM-100CX (USTEM, Vienna University of
Technology).

X-ray powder diffraction (XRD) measurements were
performed on a Philips X’Pert diffractometer using the Cu-
K𝛼 radiation (𝜆 = 1.542 Å).

Small-angle X-ray scattering (SAXS) was performed
using a rotating anode generator equipped with a pinhole
camera (Nanostar from Bruker AXS, Karlsruhe, with Cu K𝛼
radiation from crossed Göbel mirrors). The X-ray patterns
were recorded with an area detector (VANTEC 2000) and
radially averaged to obtain the scattering intensity in depen-
dence on the scattering vector 𝑞 = (4𝜋/𝜆) sin 𝜃, with 2𝜃 being
the scattering angle and 𝜆 = 0.1542 nm the X-ray wavelength.

Diffraction light scattering (DLS): for the measurement,
the solid was dissolved in ethanol. The DLS experiments were
carried out without previous sonication of the samples. The
run time of the measurements was 10 seconds. Every size dis-
tribution curve was obtained by averaging 10 measurements.
The apparatus is an ALV/CGS-3 compact goniometer system,
equipped with an ALV/LSE-5003 light scattering electronics
and multiple 𝜏 digital correlator and a 632,8 nm JDSU laser
1145P.

N2 sorption isotherms were obtained from N2-adsorp-
tion/desorption experiments at 77 K using a Micrometrics
ASAP 2020 analyzer. Specific surface areas were calculated
from the BET equation, with the average pore diameter being
evaluated by the BJH equation on the desorption branch of
the isotherm. Before analysis, the samples were evacuated
overnight at room temperature.

Fourier transform infrared (FT-IR) spectra: the products
were pelletized in KBr before measurement. The spectrom-
eter is a Bruker Tensor-27-DTGS equipped with an Inter-
ferometer RockSolid and a DigiTect detector system, high-
sensitivity DLATGS, using the OPUSTM software.

Nuclear Magnetic Resonance (NMR): solid-state NMR

spectra were recorded on a Bruker AVANCE 300 (1H at
299.85 MHz and 15N at 30.38 MHz) equipped with a 4 mm
broadband MAS probe head. 15N spectra were recorded with
ramped CP MAS experiments (Cross Polarization and Magic
Angle Spinning). The sample holders were spun at 6 kHz for

the 15N. Liquid-state NMR spectra were recorded on a Bruker
AVANCE 250 (1H at 250.13 MHz, 13C at 62.90 MHz, 31P at
101.25 MHz) equipped with a 5 mm QNP probe head.

2.3. Syntheses

2.3.1. Modification of the Silica Nanoparticles with Si-Im or Si-
Cl and Formation of SiO2 INN. The synthesis of N-(trime-
thoxysilylpropyl)imidazole (Si-Im) as well as the synthesis of

the silica nanoparticles were already reported [6]. Si-Im is
colourless liquid.
1H NMR (250.13 MHz, CDCl3): 0.54 (t, 2H, Si–CH2), 1.83

(q, 2H, N–CH2–CH2), 3.53 (s, 9H, Si–O–CH3), 3.88 (t, 2H,
N–CH2), 6.88 (s, 1H, N–CH–CH–N), 7.01 (s, 1H, N–CH–
CH–N), 7.54 (s, 1H, N–CH–N) ppm.
13C NMR (62.90 MHz, CDCl3): 7.4 (Si–CH2), 25.1 (N–

CH2–CH2), 55.7 (N–CH2), 56.2 (Si–O–CH3), 120.7 (N–CH–
CH–N), 128.1 (N–CH–CH–N), 136.8 (N–CH–N) ppm.

16 mL of a previously prepared silica nanoparticles sus-
pension was transferred into a Schlenk tube and degassed
in vacuum several minutes to remove excessive ammonia.
Either 1.42 g (7.147 mmol) of 3-chloropropyltrimethoxysilane
(Si-Cl) or 1.65 g (7.147 mmol) of N-(trimethoxysilylpropyl)
imidazole (Si-Im) was added dropwise. The solutions were
stirred in argon atmosphere at room temperature overnight.

The networking reaction (SiO2 INN) was carried out
in argon atmosphere. 5 mL suspension of silica nano-
particles modified with N-(trimethoxysilylpropyl)imidazole
(SiO2 Im) and 5 mL suspension of silica nanoparticles mod-
ified with 3-chloropropyltrimethoxysilane (SiO2 Cl) were
introduced in a 50 mL round bottom flask. Additionally
10 mL of dry methanol was added. The solution was refluxed
over 2 days and finally the solvent was removed in vac-
uum (3 mbar). A translucent gel was obtained, washed with
acetone, ethanol, and water, 20 mL, respectively. The final
product was dried in a desiccator over P2O5 in vacuum.

2.3.2. Synthesis of P-Im or P-Cl: Synthesis of 3-Chloropropyl-

phosphonic Acid (P-Cl)3

Synthesis of Dimethyl-3-chloropropylphosphonate. 18 g
(160.41 mmol) potassium tert-butoxide was suspended in
150 mL THF. Afterwards, 22.01 g (200 mmol) dimethylphos-
phite was slowly added under vigorous stirring. After 2 hours
of stirring, the whole suspension was slowly added to a stirred
suspension of 47.23 g (300 mmol) 1-bromo-3-chloropropane
in 120 mL THF in a 500 mL round bottom flask. A white
suspension was formed immediately. The mixture was heated
to reflux for 20 minutes. After cooling to room temperature,
the formed precipitate, potassium bromide, was filtered
off and washed twice with 100 mL diethylether. Then the
solvents and by-products were removed under vacuum
(20 mbar at 170∘C). A slightly coloured liquid was obtained.
Yield: 17.9 g (60%, 96.25 mmol).
1H NMR (250 MHz, CDCl3): 1.82–1.92 (m, 2H, P–CH2–

CH2), 1.93–2.10 (m, 2H, P–CH2), 3.58 (t, 2H, Cl–CH2), 3.72
(d, 6H, P–O–CH3) ppm.
31P NMR (250 MHz, CDCl3): 45.99 ppm.

Synthesis of 3-Chloropropylphosphonic Acid. 6.169 g (33.07
mmol) dimethyl-3-chloropropylphosphonate was mixed
with 40 mL hydrochloric acid (37%) and heated to reflux
for 24 hours. Afterwards, the solvent was removed under
reduced pressure, and the residues of water were removed
through azeotropic distillation by adding 20 mL of toluene.
The yellowish liquid residue was crystallized from 50 mL
chloroform and filtered. The colourless crystalline product
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was dried in a desiccator over P2O5 under vacuum. Yield:
3.73 g (70%, 23.53 mmol).

P-Cl is colourless crystalline product.
1H NMR (250 MHz, DMSO-d6): 1.63–1.69 (m, 2H, P–

CH2–CH2), 1.83–1.90 (m, 2H, P–CH2), 3.67 (t, 2H, Cl–CH2),
7.29 (s, 2H, P–OH) ppm.
31P NMR (101.25 MHz, DMSO-d6): 37.85 ppm.
13C-NMR (62.90 MHz, DMSO-d6): 24.2 (P–CH2–CH2),

26.4 (P–CH2), 46.1 (Cl–CH2) ppm.

Synthesis of N-Imidazolylpropylphosphonic Acid (P Im)3:
Synthesis of Diethyl-3-Bromopropylphosphonate. 30 g (180.55
mmol) triethylphosphite and 150 g (722.20 mmol) 1,3-
dibromopropane were heated under vigorous stirring to160∘C for 30 minutes. Unreacted 1,3-dibromopropane was
removed under reduced pressure and diethyl-3-bromopro-
pylphosphonate distilled under vacuum (2 mbar at 165∘C).
A colorless liquid was obtained. Yield: 23.45 g (50%,
90.5 mmol).
1H NMR (250 MHz, CDCl3): 1.20 (t, 6H, P–O–CH2–

CH3), 1.80 (m, 2H, P–CH2–CH2), 1.99 (m, 2H, Br–CH2), 3.35
(t, 2H, P–CH2), 3.97 (m, 4H, P–O–CH2) ppm.
31P NMR (250 MHz, CDCl3): 30.48 ppm.
13C NMR (250 MHz, CDCl3): 16.3 (P–O–CH2–CH3), 23.1

(P–CH2–CH2), 25.8 (P–CH2), 33.5 (Br–CH2), 61.5 (P–O–
CH2–CH3) ppm.

Synthesis of Sodium Imidazolide. Under argon, 1,2 g (50
mmol) sodiumhydride was suspended in 150 mL dry THF.
This suspension was cooled to 4∘C with an ice bath, and
3.404 g (50 mmol) imidazole was added over a period of 30
minutes. The suspension was further stirred for 2 hours until
no evolution of hydrogen is visible. Afterwards, the white
product was filtered off and dried in a desiccator over P2O5
under vacuum. Yield: 4.41 g (98%, 49 mmol).

Synthesis of Dimethyl-N-Imidazolpropylphosphonate. Under
argon in an 25 mL round bottom flask, 0.9 g (10 mmol) of
sodium imidazolide was dissolved in 5 mL dry DMF. The
solution was cooled to 4∘C with an ice bath, and 2.59 g
(10 mmol) diethyl-3-bromopropylphosphonate was added at
once. Afterwards, the ice bath is removed and the suspension
is heated to 55∘C for 8 hours under vigorous stirring. The
solvent was removed under reduced pressure at 40∘C. The
liquid residue was extracted with chloroform and water, 3
times, with 10 mL, respectively. The collected organic phases
were dried over MgSO4 and the solvent evaporated under
vacuum. A colorless liquid was obtained. Yield: 0.78 g (26%,
3.16 mmol).
1H NMR (250 MHz, CDCl3): 1.26 (t, 6H, P–O–CH2–

CH3), 1.61 (m, 2H, P–CH2–CH2), 1.99 (m, 2H, P–CH2–CH2–
CH2), 3.98 (m, 4H, P–CH2, P–O–CH2), 6.91 (d, 2H, N–CH–
CH–N), 7.43 (s, 1H, N–CH–N) ppm.
31P NMR (250 MHz, CDCl3): 30.21 ppm.
13C NMR (250 MHz, CDCl3): 16.3 (P–O–CH2–CH3), 21.1

(P–CH2–CH2), 24.4 (P–CH2), 46.7 (N–CH2), 61.7 (P–O–
CH2–CH3), 118.7 (N–CH–CH–N), 129.5 (N–CH–CH–N),
137.1 (N–CH–N) ppm.

Synthesis of N-Imidazolylpropylphosphonic Acid. Under argon
in a 10 mL round bottom flask, 0.43 g (1,75 mmol) of dim-
ethyl-N-imidazolpropylphosphonate was dissolved in 5 mL
dry dichloromethane and stirred for 5 minutes. Afterwards,
0.80 g (5.24 mmol) bromotrimethylsilane was added and
stirred for 24 hours. Then the solvent was removed under
reduced pressure and the brownish viscous liquid was dis-
solved in 5 mL dry methanol. Afterwards, the excessive meth-
anol was removed under reduced pressure. P-Im is a viscous
brown liquid. Yield: 0.213 g (64%, 1.12 mmol).
1H NMR (250.13 MHz, D2O): 1.58 (m, 2H, P–CH2–CH2),

1.98 (m, 2H, P–CH2–CH2–CH2), 4.20 (t, 2H, P–CH2), 7.38 (d,
2H, P–CH2, N–CH–CH–N), 8.63 (s, 1H, N–CH–N) ppm.
31P NMR (101.25 MHz, D2O): 27.19 ppm.
13C NMR (62.90 MHz, D2O): 22.2 (P–CH2–CH2), 24.3

(P–CH2), 49.4 (N–CH2), 119.8 (N–CH–CH–N), 121.9 (N–
CH–CH–N), 135.5 (N–CH–N) ppm.

Synthesis of the Zirconia Nanoparticles and Modification with
P-Im or P-Cl: Formation of TiO2 INN. Synthesis of Titania
Nanoparticles. 10 mL (33.96 mmol) of Ti(OiPr)4was dissolved
in 25 mL dry ethanol. This mixture was added dropwise under
vigorous stirring to 250 mL water and adjusted to a pH of 1.7
with 1 mL nitric acid (53%). During the addition, the reaction
mixture was cooled to 4∘C using an ice bath. After complete
addition the ice bath was removed and the mixture stirred for
3 days at room temperature. Then, the solvent was removed
under reduced pressure and the white crystalline product was
dried in a desiccator over P2O5 under vacuum.

Formation of TiO2 INN. 1 g of previously synthesised TiO2
nanoparticles was dispersed in 50 mL water. To this suspen-
sion, either 0.244 g (1.54 mmol) of 3-chloropropylphosphonic
acid (TiO2 Cl) or 0.293 g (1.54 mmol) of N-imidazolylpro-
pylphosphonic acid (TiO2 Im), dissolved in 100 mL distilled
water, respectively, was added. The white suspensions were
stirred at room temperature for 24 hours. For analysis, the
modified particles were isolated via centrifugation, washed
several times with ethanol and water, and finally dried in a
desiccator over P2O5 under vacuum. The networking nucle-
ophilic substitution reaction (TiO2 INN) was carried out
by transferring 75 mL of the modified particles suspensions,
TiO2 Cl and TiO2 Im, to a 250 mL round bottom flask and
refluxed for 24 hours. Afterwards, the connected particles
were centrifuged, washed two times with ethanol, and finally
dried a desiccator over P2O5 in vacuum.

Synthesis of the Zirconia Nanoparticles and Modification with
P-Im or P-Cl: Formation of ZrO2 INN. ZrO2 nanoparticles
were synthesized by heating 20 mL of an aqueous 4 molar
solution of ZrOCl2 8H2O (80 mmol) to 200∘C for 72 hours
in a stainless-steel autoclave with a PTFE inlay. The parti-
cles were collected through precipitation with acetone and
centrifugation. Afterwards, the nanoparticles were washed 3
times with ethanol and acetone, 20 mL, respectively. Finally,
the crystalline, white powder was dried in a desiccator over
P2O5 under vacuum.

For surface modification, 0.5 g of ZrO2 nanoparticles was
dispersed in 50 mL water. To this suspension either 80 mg
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Scheme 1: The 3-dimaensional networking of nanoparticles by
means of nucleophilic substitution to form INN hybrid material.

(0.5 mmol) of 3-chloropropylphosphonic acid (ZrO2 Cl) or
95 mg (0.5 mmol) of N-imidazolylpropylphosphonic acid
(ZrO2 Im), dissolved in 50 mL distilled water, respectively,
was added. The white suspensions were stirred at room
temperature for 24 hours. For analysis, the modified particles
were isolated via centrifugation, washed several times with
water, ethanol, and acetone, and finally dried in a desiccator
over P2O5 in vacuum. The networking nucleophilic substitu-
tion reaction (ZrO2 INN) was carried out by transferring the
two differently modified zirconia nanoparticle suspensions
to a 250 mL round bottom flask and refluxed for 24 hours.
Afterwards, the connected particles were centrifuged, washed
two times with ethanol, and finally dried a desiccator over
P2O5 in vacuum.

3. Results and Discussion

The various INN materials were prepared by reacting im-
idazole-modified nanoparticle with chloroalkyl-modified
nanoparticles (Scheme 1) [6, 7].

The modified nanoparticles were on the one hand silica,
for which the anchoring group was a functional trimethoxysi-
lane, and on the other hand titania or zirconia, for which
the anchoring group was a functional phosphonic acid [23].
The spherical silica and titania nanoparticles have a main
diameter of 15 nm and 4 nm, respectively (see Supplemen-
tary Information in the supplementary material available
online at http://dx.doi.org/10.1155/2013/682945). The zirconia
nanoparticles are 100% made of the monoclinic baddeleyite
phase as verified with powder X-ray diffraction (bars: JCPDS
no. 01-0750 for baddeleyite in Figure 1). The monoclinic
zirconia nanoparticles are not spherical but elongated; from
the DLS and XRD, their spherical equivalent diameter can be
estimated to be 6 nm (Figure 1).

The anchoring of the functional groups onto the surface

of the nanoparticles can be verified by 29Si NMR, for the
alkoxysilane onto silica [6]. The anchoring of functionalized
phosphonic acid onto titania or zirconia surface was verified
by FTIR (see Supplementary Information). The band of the

PO3 environment at 950 cm−1 is shifted to 1030 cm−1 after
anchoring, while the strength of the phosphorous–oxygen

bonds is almost lowering due to the formation of tita-
nium/zirconium oxygen bonds. In the same time, the bands

at 770 cm−1 and 1150 cm−1 characteristic of the P–OH and
P=O bonds, respectively, are disappearing due to the forma-
tion of the P–O–Ti liaisons. However in the case of ZrO2 Im
and ZrO2 Cl, the band at 750 cm−1 is hidden by the strong
absorption band for the Zr–O–Zr bonds.

The functional groups, imidazole and chloroalkyl, at the
surface of the nanoparticles are reacting with each other in
a nucleophilic substitution reaction. The organic bridging
molecule formed between two nanoparticles is an imida-
zolium chloride unit, as described in Scheme 1. This reaction
occurs at low temperature (under 70∘C) in environmental
friendly solvent (methanol or ethanol) and without formation
of side-product. Thus, the reaction can be considered as a
click-chemistry-like reaction.

The INN hybrid materials formation obtained from
imidazole and chloroalkyl anchored on silica nanoparti-
cles (SiO2 INN) or titania nanoparticles (TiO2 INN) were
characterized in previous works by means of 15N NMR
spectroscopy and/or anion exchange experiments [22, 24].

The formation of the zirconia nanoparticle network
(ZrO2 INN) by reaction of imidazole with chloropropyl
functional groups anchored on zirconia nanoparticles was
verified by anion metathesis. The metathesis reaction is
obtained by reaction with sodium tetrafluoroborate in an
acetone suspension of the INN. During the metathesis, the
chloride imidazolium counter anion is exchanged by the
tetrafluoroborate, leading to the formation of sodium chlo-
ride as side-product. After filtration of the hybrid material,
as sodium chloride is not soluble in acetone, the presence
of sodium chloride could be evidenced by X-ray diffraction
(Figure 2, bars). The reflections at values of 2𝜃 of 32∘, 46∘,
and 57∘ are characteristic for NaCl (while the other reflections
on the pattern can be assigned to NaCl but also to the
excess of NaBF4 used in excess for the metathesis reaction).
The formation of sodium chloride is the proof that anionic
chloride was present in the hybrid material. Indeed, if no
reaction occurred, only covalent chlorine species would be
present. Such covalently bonded chlorine atoms cannot be
exchanged by anion metathesis. Thus, the anion metathesis
reaction indicates clearly that the imidazolium formation
took place.

In addition to the anion metathesis, solid-state nuclear
magnetic resonance of 15N was performed on the hybrid
material ZrO2 INN. Despite performing the experiment
under cross-polarization, the signal to noise ratio of the spec-
trum is quite poor due to three effects. The first two effects
are the low gyromagnetic constant of the 15N (−2.7126 ×
107 rad⋅T−1⋅s−1) and the very low natural abundancy of the
isotope (0,368%) [25]. The first aspect inducing a low signal
to noise ratio is the low amount of nitrogen atoms in
the sample: 2 nitrogen atoms per imidazolium chain in a
material containing only 10 wt% organic (see Supplementary
Information). Nevertheless, a clear peak can be observed at a
chemical shift of 142 ppm in Figure 2. Reference experiments
have shown that the reaction of imidazole to imidazolium
results in a slight but characteristic shift of the nitrogen peak

in the 15N NMR spectrum, from 133 ppm to 142 ppm [22].
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Figure 1: (a) DLS and (b) XRD patterns of the nonmodified zirconia nanoparticles.
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Figure 2: (a) XRD diffractogram of the anion exchange washing phase of ZrO2 INN (bars: JCPDS no. 74-0199 for NaCl) and (b) CP MAS
15N NMR of ZrO2 INN.

Thus, the peak observed at 142 ppm for ZrO2 INN is the
signature for the formation of an imidazolium species.

SAXS investigations could allow verifying the presence
of nonagglomerated nanoparticles within the INN materials,
as also discussed in the works of Feichtenschlager et al. and
Pabisch et al. [26, 27]. Indeed, differences in the scattering
intensities can be observed corresponding to the typical size
and distance of single nanoparticles present in the hybrid

material, at about 𝑞 = 0.4 nm−1 for silica, 2 nm−1 for titania,

and 1.0 nm−1 for zirconia (arrows on Figure 3). These peaks
correspond in real space in a first approximation to a typical
size of about 15 nm, 4 nm, and 6 nm for SiO2, TiO2, and ZrO2,
respectively. To be more precise, the scattering curves were
fitted by a formal factorization with a mean form factor and
an effective structure factor [27, 28]. As form factor we used
the unified function from Beaucage [29, 30] and as structure

a hard sphere model [31]. These fits give a typical radius
of gyration 𝑟g of the particles, from which the equivalent
spherical diameter 𝑑p is obtained by 𝑑p = 2𝑟g Sqrt (5/3), a
typical distance 𝐷 (twice the hard sphere radius 𝑟HS), and a
packing density (the hard sphere volume factor 𝜂). At large

scattering vectors, at 𝑞 > 10 nm−1, the scattering peaks are
corresponding either to amorphous silica, crystalline titania,
or crystalline zirconia.

The porous characteristics of the three INN materials
were measured by means of nitrogen sorption at 77 K after
degassing in vacuum overnight at 75∘C (Figure 4). The three
materials present very different profiles.

The isotherm of SiO2 INN is a type II isotherm [32]
characteristic for macroporous materials (Figure 3 top). The

calculated BET surface area is very low, around 5 (±1) m2⋅g−1,
which is consistent with the presence of macropores. The high



6 Journal of Nanoparticles

0.1 1 10

100

101

102

103

104

105
ZrO2

SiO2
TiO2

S
ca
tt
er
in
g 
in
te
n
si
ty

 (
a.
u
.)

(nm−1)

SiO2 Cl Im SiO2
TiO2 Cl Im TiO2

ZrO2 Cl Im ZrO2
TiO2 Cl Im ZrO2
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uncertainty on the surface area is due to the fact that the
nitrogen sorption experiments are not suited for the determi-
nation of specific surface areas for macroporous materials and
in consequence underestimate the values. The graph of the
BJH method plotted for the desorption branch (Figure 4(b))
confirmed the presence of large pores, macropores, from
around 20 nm diameter and broadly distributed toward larger
pores.

The TiO2 INN in contrary shows a type I isotherm
(Figure 3 top) [32], classical for microporous structures, with
pore diameters centred on 2 nm and distributed toward
smaller pores (Figure 4(b)). For this TiO2 INN hybrid mate-
rial, the BET-specific surface area of the material reaches
205 (±5) m2⋅g−1. A relatively high specific surface area is
characteristic of microporous materials.

The hybrid material ZrO2 INN represents an intermedi-
ary case. Here the nitrogen sorption isotherm (Figure 4(a)) is
of type IV. This type IV isotherm corresponds to mesoporous

materials. A BET-specific surface area of 90 (±4) m2⋅g−1
was estimated. The BJH plotted for the desorption branch
(Figure 4(b)) indicated the presence of mesopores centred on
4 nm with a quite narrow distribution.

The INNs were also observed through transmission
electronic microscopy. The TEM images are presented in
Figure 5. The size and shape of the nanoparticles can be
observed in the micrographs. However, the organic link
cannot be distinguished. In the TEM micrographs, the pores
which were characterized by nitrogen sorption experiments
cannot be distinguished from defects in the network. More-
over, in the case of TiO2 INN, the pores are of around 2 nm
and thus can hardly be observed by TEM.

We interpret the difference in the pore sizes as a con-
sequence of the nanoparticle size or shape and the derived
nanoparticle curvature. The silica nanoparticles in SiO2 INN
are relatively large: a fit of the SAXS intensities gave a size
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Figure 4: (a) Nitrogen sorption isotherms and (b) BJH pore size
distribution (on the abscissa axis: linear scale before the break
and log scale after the break) of various INNs (black squares
for SiO2 INN, blue triangles for TiO2 INN, and green stars for
ZrO2 INN).

of 13.1 nm, a distance of 13.8 nm, and relatively high packing
density (hard sphere volume ratio 𝜂 = 0.17). Therefore, the
curvature of the nanoparticle is very low and the ligands are
facing an almost plane surface. It follows that in SiO2 INN,
the ligands can be organized between the nanoparticles. This
short-range ordering of the ligands can be detected by the

scattering peak observed around 5 nm−1 in the SAXS curve
(Figure 3) [33]. The organized ligands between the nanopar-
ticles are then building a relatively dense organic phase (size
and distance 1.1 nm, 𝜂 = 0.18) and preclude the formation
of small cavities (Scheme 2, top left). The good networking is
directly visible in Figure 3 by the relatively strong intensity of

the peak corresponding to the silica nanoparticles at 0.4 nm−1
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Figure 5: TEM micrographs of the Ionic Nanoparticle Networks (a) SiO2 INN, (b) ZrO2 INN, and (c) TiO2 INN.
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Scheme 2: Network porosity (striped circles) for (top left)
SiO2 INN, (bottom centre) TiO2 INN, and (top right) ZiO2 INN.

(Figure 3) [26, 27]. The macropores, larger than 20 nm, are
formed in regions of the network where some ligands did not
react.

In contrary to the titania nanoparticle networks
TiO2 INN, the nanoparticles, 4 nm diameter, are small
enough to present a strong curvature, with regard to the

imidazolium ligands. Thus, more unreacted ligands could be

observed, by means of solid-state 15N NMR where a clear
peak for the imidazole could be observed at 131 ppm next
to the imidazolium peak at 142 ppm [22]. The presence of
these un-reacted ligands allows the formation of interparticle
cavities having sizes slightly larger than the ionic liquid-like
imidazolium bridging units (Scheme 2, bottom right). The
SAXS intensity of TiO2 INN also highlights a more loose
network with a broad size distribution, as a possible short
range order peak at 2 nm−1 is weak (Figure 3) [22].

The case of ZrO2 INN is slightly different. Indeed, if
the nanoparticles are of comparable size with the titania
nanoparticles, they are not spherical any more but elongated
(Figure 5(b)). It results in an overall better networking of the
particles, revealed by a distinct short-range order peak of the

zirconia nanoparticles at 1.0 nm−1 (Figure 3) with 𝜂 = 0.08.
The fit results in a typical particle diameter of 5.2 nm,

whereas the effective distance obtained from the structure
factor is about 4.8 nm and therefore is slightly smaller than
the spherical equivalent diameter of 5.2 nm. This seems
to be surprising, but a reasonable interpretation is that,
on the one hand, the particles are elongated (TEM image,
Figure 5(b)) and, on the other hand, the particles face mostly
each other’s long side. When two neighbouring nanoparticles
are connected over a long face, similarly as for the silica
nanoparticles, no space is left. But when two nanoparticles are
connected by the shorter faces, mesopores can be formed in
the nanoparticle interspace (Scheme 2, top right), somehow
similarly as for titania nanoparticle-based materials.
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4. Conclusion

In this paper we have presented a new Ionic Nanoparticle
Network (INN) based on zirconia nanoparticles linked by
ionic liquid-like imidazolium bridging units. The porous
characteristics of the new zirconia INN were compared to
those of titania- and silica-based INN.

It was shown that the porous characteristics of the INN
depend on the size and shape of the nanoparticles. INNs
based on large spherical nanoparticles, like SiO2, are macro-
porous, while INNs based on small spherical nanoparticles,
like TiO2, are microporous. The use of elongated small zir-
conia nanoparticles drives to the formation of a mesoporous
hybrid material.

The porosity observed in the INN materials should ensure
accessibility of the functional units for catalysis experiments.
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TiO2 and ZnO nanoparticles (NPs) were synthesized using microwave-assisted method. Synthesized NPs were characterized for
their structure, morphology, and elemental composition using X-ray diffraction (XRD), scanning electron microscopy (SEM),
and energy dispersive spectroscopy (EDS). The crystallite size of synthesized NPs of TiO2 and ZnO was about 12.3 and 18.7 nm as
obtained from the Scherrer formula from the most intense XRD peak. The synthesized NPs have been found to be in stoichiometric
ratio having anatase and hexagonal wurtzite structure for TiO2 and ZnO, respectively, and are spherical in shape. Surface area of
TiO2 and ZnO NPs was found to be about 43.52 m2/g and 7.7 m2/g. Photocatalytic (PC) properties of synthesized NPs were studied
for malachite green (MG) dye under UV light. TiO2 NPs were found to be highly photocatalytically active among the two, having
efficiency and apparent photodegradation rate of 49.35% and 1.32 × 10−2, respectively.

1. Introduction

Nowadays, organic pollutants like dyes are becoming a
serious health problem, which are being discharged by many
industries and houses through wastewater in the environ-
ment. The discharged wastes containing dyes are toxic to
microorganisms and aquatic life [1]. Malachite green (MG)
dye is an extensively used biocide in the global aquaculture
industry. It is also used as a food colouring agent, food
additive, medical disinfectant, and anthelmintic as well as
in silk, wool, jute, leather, cotton, paper, and acrylic indus-
tries. However, MG has now become a highly controversial
compound due to the risks it poses to the consumers of
treated fish, including its effects on the immune system
and reproductive system and its genotoxic and carcinogenic
properties [2]. In the light of the basic and applied researches
reviewed, PC oxidation method appears to be a promising
route for the treatment of wastewater contaminated with
phenols and dyes. In recent years, there has been a wide
research interest in developing semiconductor photocatalysts
having high PC activities for environmental applications
such as water disinfection, hazardous waste remediation, and

water purification [3–5]. It is reported that nanosize semi-
conductors act as an efficient PC agent resulting from either
an extremely large-surface-area-to-volume ratio or quantum
confinement effects of charge carriers for the degradation of
organic pollutants in water under UV irradiation [6–10]. PC
function is similar to the chlorophyll in the photosynthesis.
In a PC system, photo-induced molecular transformation or
reaction takes place at the surface of the catalyst. A basic
mechanism of PC reaction on the generation of electron-hole
pair and its destination is as follows: when a photocatalyst
is illuminated by the light stronger than its bandgap energy,
electron-hole pairs diffuse out to the surface of the PCs and
participate in the chemical reaction with the electron donor
and acceptor. Those free electrons and holes transform the
surrounding oxygen or water molecules into OH free radicals
with super strong oxidization [11]. One of the major problems
in the PC process is the electron-hole recombination. To
avoid this problem, UV irradiation source stands up among
other sources [12] because the energy of the UV irradiation is
large compared to the bandgap energy of the catalysts. The
problem of electron-hole recombination is not fully solved
but largely avoided with the use of UV source.
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Many photocatalysts like TiO2, ZnO, ZrO2, CeO2, Fe2O3,
CdS, and ZnS have been attempted for the PC degradation of
a wide variety of environmental contaminants. TiO2 [7] is one
of the most widely used semiconductors for PC degradation
of waste due to its biological and chemical inertness, high
photoreactivity, nontoxicity, and photostability. It is proven
that among the three crystalline polymorphs of TiO2, that
is, rutile, anatase, and brookite, the anatase phase or the
mixed anatase/rutile phase exhibits better PC properties. The
anatase form of TiO2 has the desirable properties of being
chemically stable, readily available, and active as a catalyst
for oxidation processes. Bandgap of about 3.2 eV matches the
output of a wide variety of readily available lamps. Recently,
ZnO [13–17] has also been reported for PC activity having
bandgap close to TiO2. However, only a handful of studies
have been attempted which compare the efficiency of differ-
ent catalysts for a particular organic compound under identi-
cal experimental conditions. Serpone and Pelizzetti [18] have
reported that TiO2 and ZnO are the two most active catalysts.

During the recent past, ZnO and TiO2 were the most
widely investigated [19, 20] semiconductors. There are several
reported methods of NPs synthesis such as sol-gel [21],
organometallic [22], hydrothermal [23, 24], and microwave
methods [25–27]. Due to the intense friction and the collision
of molecules created by microwave irradiation, microwave
irradiation not only provides the energy for heating but also
greatly accelerates the nucleation. With microwave irradia-
tion on the reactant solution, temperature and concentration
gradients can be avoided leading to uniform nucleation.
Microwave-based synthesis method is one of the easiest,
energy-saving, green, and quick methods for large-scale
production of nanomaterials. Microwave synthesis is the
novel route of synthesis of metal oxide semiconductor NPs
which is a clean, cost-effective, energy-efficient, eco-friendly,
rapid, and convenient method of heating and results in higher
yields in shorter reaction times [26, 27].

In the present work, TiO2 and ZnO NPs were synthesized
using the microwave method. These NPs were characterized
using XRD, SEM, and EDS. The PC activity of these NPs was
studied for MG dye under UV light.

2. Experimental

2.1. Synthesis. For the synthesis of TiO2, 0.5 M titanium
butoxide solution was prepared in 100 mL butanol and stirred
for 15 min; further 30 mL deionized water was added drop-
wise in the above solution to allow hydrolysis. This solution
was stirred for 30 min which gave rise to white precipitation.
The obtained white precipitate was microwave irradiated for
5 min at 700 W power using Raga’s microwave system. The
microwave used for this experiment was having a power
range of 140 W to 700 W. This obtained solution was left
24 hr for aging at room temperature and then centrifuged
at 2000 rpm for 15 min. Obtained precipitate was dried at
80∘C for 12 hrs. After complete drying, powder was crushed
and calcinated in air at 500∘C for 2 hr to remove hydroxide
impurities and recrystallization.

For the synthesis of ZnO, NaOH (0.4 M), and zinc acetate
(0.2 M), solutions were mixed slowly with molar ratio of 2 : 1,

respectively. The above solution was stirred for 10 min. After
that, a small quantity of tea was added, and stirring continued
for another 10 min. This solution was put for microwave
irradiation at 700 W in two steps, that is, 40∘C for 20 min and
60∘C for 30 min. Resulting precipitate was washed with DI
water 2-3 times before drying at 70∘C for 4 hr, then crushed
using mortar pestle, and calcinated in air at 500∘C for 1 hr.

2.2. Characterization. The prepared samples were character-
ized for their structure, morphology, and elemental com-
position using X-ray diffraction (XRD) analysis, scanning
electron micrograph (SEM), and energy dispersive spectrom-
etry (EDS), respectively. XRD was performed using Bruker
AXS, Germany (Model D8 Advanced), diffractometer in the
scanning range of 20–70∘ (2𝜃) using Cu Ka radiations of
wavelength 1.5406 Å. A JEOL ASM 6360A SEM was used
to study the morphology and elemental analysis of the
NPs. Measurement of BET surface area was carried out for
nitrogen adsorption using a Micromeritrics Ins., USA.

2.3. Photocatalytic Activity. Synthesized NPs were used
for the photodegradation of MG dye, chemical formula:
[C6H5C(C6H4N(CH3)2)2]Cl-4, IUPAC name: [(4-dimethyl-
aminophenyl)phenyl-methyl]-N,N-dimethylaniline, under
UV light. In each experiment, 40 mL of MG solution of

0.025 g mL−1 concentration and 0.005 gr of catalyst were
used. This solution was stirred for 10 minutes in the dark
for equilibrium of adsorption and desorption process of
MG with NPs. After stirring, the solution was irradiated by
UV lamp (DYMAX Corporation) under medium intensity
spot lamp. The UV lamp was having radiation wavelength
range of 200 nm–600 nm with nominal intensity 1000–

2000 mW/cm2. The intensity of absorption peaks, and peak
absorbance of NPs was examined by an Ocean Optics UV-Vis
high-resolution spectrophotometer (Ocean Optics HR 4000).
From which concentrations of MG solution initially and after
every 4 minutes of irradiation of UV light were measured
from the Lambert–Beer Law [28] that is the absorbance
(𝐴) of MG solution is proportional to its concentration (𝑐),
which generally followed the following equation:

𝐴 = 𝜀𝑏𝑐, (1)

where 𝜀 is the molar absorption coefficient, and 𝑏 is the
thickness of the absorption cell. In our experiment, all the
testing parameters were kept constant, so that 𝜀 and 𝑏 could be
considered constant. Therefore, changes in the concentration
of MB aqueous solution can be determined by a UV-Vis
spectrophotometer.

3. Results and Discussion

3.1. X-Ray Diffraction (XRD). XRD spectra of calcinated
samples of TiO2 and ZnO are shown in Figures 1(a) and
1(b). The obtained diffraction pattern has been compared
with JCPDS datasheet JCPDS-080-0074 and JCPDS-84-1284,
respectively. From Figures 1(a) and 1(b), it is confirmed from
the XRD spectra that the given phase of TiO2 and ZnO is
anatase and hexagonal wurtzite, respectively. The crystallite
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Figure 1: XRD of microwave-synthesized NPs: (a) TiO2 and (b) ZnO.

Table 1: PC degradation of MG dye performance parameters of all
the samples.

Sample Crystallite size (nm) 𝐾app (×10−2) 𝑋(32 min) (%)

TiO2 12.3 1.32 49.35

ZnO 18.7 0.84 23.31

size, 𝐷, of NPs has been calculated by XRD line broadening
of the most intense peak using the Scherrer formula [29]

𝐷 = 𝐾𝜆
𝛽Cos 𝜃 , (2)

where 𝜆 is the wavelength of X-ray, 𝛽 is the full width and
half maxima, 𝜃 is Bragg’s angle, and𝐾 is the shape factor. The
dimensionless shape factor has a typical value of about 0.9
but varies with the actual shape of the crystallite. Here, 𝐾 is
taken as 0.9. Crystallite sizes for these NPs are about 12.3 nm
and 18.7 nm for TiO2 and ZnO, respectively, calculated from
the most intense peak and shown in Table 1. The sharpness of
peaks shows that TiO2 NPs are highly crystalline in nature.

3.2.Morphology and Elemental Analysis. Morphology of syn-
thesized NPs was studied using scanning electron microscope
(SEM) and is shown in Figures 2(a), 2(b), 2(c), and 2(d) at
two different magnifications for TiO2 and ZnO, respectively.
Synthesized NPs of TiO2 and ZnO were found to be spherical
in shape, and ZnO NPs are of lower size than TiO2 with
size uniformity. Some agglomeration was also observed in
the SEM image of TiO2, which may be due to calcination
NPs. The measured BET surface area of TiO2 and ZnO
NPs has been found to be, respectively, 43.52 m2/g and

7.7 m2/g. Elemental analysis of NPs was done by using energy
dispersive spectrometer (EDS); the plot of spectrum is shown
in Figures 3(a) and 3(b), for TiO2 and ZnO, respectively. For
TiO2 and ZnO, respectively, the at% of elements detected

from EDX is Ti, and O is 54.29 and 45.71; Zn and O are
43.09 and 56.91, respectively, which shows that synthesized
NPs are in stoichiometric ratio. The peaks of the plot show the
presence of titanium and oxygen elements, zinc and oxygen
elements in the corresponding images, that is, Figures 3(a)
and 3(b), respectively.

3.3. Photocatalytic Activity. The UV-visible absorbance spec-
tra for photodegradation of MG dye using TiO2 and ZnO
are shown in Figures 4(a) and 4(b), respectively, and cor-
responding UV-visible spectra of TiO2 and ZnO are shown
in Figure 5. From the plot, it is observed that as irradiation
time increases, the concentration of MG dye decreases, which
is shown by the decrease in UV-absorbance spectra. The
absorption of photon leads to charge separation due to
promotion of an electron (e−) from the valence band of
the semiconductor catalyst to the conduction band, thus
generating a hole (h+) in the valence band. Light source
provides photon energy required to excite the semiconductor
electron from the valence band (VB) region to the con-
duction band (CB) region. With the increase in irradia-
tion having sufficient intensity, photodegradation efficiency
increases because electron-hole formation is predominantly
increasing, and electron-hole recombination is negligible at
sufficiently higher intensity, whereas at lower light intensity,
electron-hole pair separation competes with recombination
which in turn decreases the formation of free radicals,
thereby, causing less effect on the percentage degradation of
the dyes.

Mechanism for photodegradation of MG dye can be
explained as follows. On illumination of catalyst surface with
enough energy (equals or higher than the bandgap energy,𝐸bg, of the catalyst), it leads to the formation of a hole (h+) in

the valence band and an electron (e−) in the conduction band.
The hole oxidizes either pollutant directly or water to produce
OH− radicals, whereas the electron in the conduction band
reduces the oxygen adsorbed on the catalyst. The activation
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(a) (b)

(c) (d)

Figure 2: SEM image of microwave-synthesized NPs at different magnifications: (a)-(b) for TiO2 and (c)-(d) for ZnO NPs.
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Figure 3: EDS spectrum of microwave-synthesized samples: (a) TiO2 and (b) ZnO NPs.

of catalyst (TiO2 or ZnO) by UV light can be represented by
the following steps:

Catalyst + h𝜈 → e− + h+ (3)

e
− + O2 → O2

− (4)

In this reaction, h+ and e− are powerful oxidizing and
reductive agents, respectively. The oxidative and reductive
reaction steps are expressed as follows:

h+ + MG → degradation compounds (5)

h+ + H2O → OH− + H+ (6)

OH− + MG → degradation compounds (7)

One of the major problems in the photocatalytic process is
the electron-hole recombination. To avoid this problem, UV
irradiation source stands up among other sources [12]. The
energy of UV irradiation is large compared to the bandgap
energy of the catalysts. Hence, the problem of electron-
hole recombination is not fully but largely avoided with UV
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Figure 4: UV absorbance spectra of catalyst during photodegradation of MG dye for (a) TiO2 NPs and (b) ZnO NPs.
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Figure 5: UV absorbance spectra of synthesized TiO2 NPs and ZnO
NPs.

source. The percentage efficiency of photodegradation was
determined using the following equation [30]:

𝑋 = 𝐶𝑜 − 𝐶𝐶𝑜 × 100, (8)

where 𝐶0 is the initial solution concentration of MG and 𝐶
is the solution concentration of MG after degradation. The
graph of percentage efficiency with irradiation time is shown
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Figure 6: Photodegradation percentage efficiency for TiO2 and
ZnO catalysts.

in Figure 6. It is clear from the figure that as irradiation
time increases the efficiency of nanoparticles to degrade MG
dye also increases. Here, TiO2 NPs are found to be more
efficient catalysts than ZnO NPs. The apparent rate constant
for degradation of MG was determined using the following
equation [30]:

ln(𝐶0𝐶 ) = 𝐾app𝑡. (9)
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Figure 7: Apparent rate constant for degradation of MG dye by
synthesized TiO2 and ZnO NPs catalysts.

𝐾app (min−1) is the observed first-order rate constant. In
the early stage of the reaction (i.e., up to 30 min), MG
degradation is found to follow first-order kinetics according
to the equation. This empirical equation has been used from
common first-order kinetics and proposed for the simple
description of the decay process [31]. The plot of ln (𝐶0/𝐶)
with irradiation time is shown in Figure 7 where the slopes
represent the apparent rate constant for degradation of MG
dye. The apparent rate constants of TiO2 and ZnO catalysts
are given in Table 1. Here, we found that TiO2 NPs have
higher apparent rate constant than other ZnO NPs; this is
due to TiO2 having wide bandgap and highly sensitivity to
UV radiations, as can be seen in Figure 5. The bandgap value
of anatase TiO2 is around 3.2 eV, which enables UV light of
wavelengths smaller than 400 nm to activate the catalyst [32].

4. Conclusions

In this study, synthesis of uniform size TiO2 and ZnO
nanoparticles was achieved using microwave synthesis which
is considered to be a green, efficient, and cost-effective
method having potential for large-scale synthesis. Photocat-
alytic properties of synthesized TiO2 and ZnO nanoparticles
were studied which shows that TiO2 and ZnO nanoparticles
have 49.35% and 23.31% photodegradation efficiency, respec-
tively, for MG dye under UV light. TiO2 nanoparticles show
more than two-order photodegradation property for MG dye
as compared to ZnO.
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Metallic nanocomposites and nanotubes can be rapidly prepared under microwave irradiation (MW) from an aqueous solution of
metallic precursors in the presence of trisodium citrate as a reductant. For the nanotubes nanoparticles are stabilized by poly(N-
vinyl-2-pyrrolidone) (PVP), a protecting agent. PVP is a typical capping and structure-directing agent used for the synthesis
of various metallic nanostructures. In this work, we have demonstrated for the first time an MW irradiation approach for the
synthesis of trimetallic nanocomposites and nanotubes. The resulting nanohybrids were characterized by UV-Vis spectroscopic
analysis, high-resolution scanning electron microscopy (HR-SEM), energy dispersive X-ray spectroscopic analysis (EDX), and X-
ray diffractometer (XRD) techniques.

1. Introduction

Over the past decade there has been an increased emphasis
on the topic of green chemistry and chemical processes
[1]. Colloidal metallic nanoparticles are emerging as an
important family of multifunctional nanoscale materials that
assist diverse applications in various fields [2–7]. For these
essential applications, a variety of preparation routes have
been reported for the syntheses of metallic nanosized parti-
cles. In order to increase the efficiency of Pt-based bimetallic
and trimetallic nanoparticles catalysts have been prepared [8,
9]. Because, in usual metal catalysts, addition of other element
can often improve the catalytic activity and selectivity, from
the same viewpoint bimetallic and trimetallic nanoparticles
are also often investigated. Trimetallic nanoparticles retain
an ever greater degree of catalytic activity than the bimetallic
and monometallic ones. However, there have been only few
reports of trimetallic nanoparticles in the literature. The
reported trimetallic nanoparticles were synthesized by only
thermal heating method [10–14].

On the other hand, microwave (MW) dielectric heating
is fast emerging as a widely accepted rapid processing
technology for a variety of synthesis of nanoparticles. In
the MW-assisted syntheses of nanoparticles, we found that

MW heating is a rapid technology and it can control the
size distribution of the nanoparticles than the conventional
heating by thermal convection [15].

In the present work on the preparation of nanosized
trimetallic nanocomposites and trimetallic nanotubes from
an aqueous solution of corresponding metallic precursors,
we have employed trisodium citrate as a reducing agent
for the preparation of different combinations of trimetallic
nanoparticles and poly(N-vinyl-2-pyrrolidone) (PVP) as a
stabilizing agent. Using MW irradiation as a heating source,
the rapid, homogeneous, and selective heating in the reaction
system at the molecular level for rapid and size-controlled
preparation of nanosized particles, which has never been
achieved by other conventional methods is reported for the
first time.

2. Materials and Methods

2.1. Materials. Hydrogen tetrachloroaurate (III) trihydrate
(HAuCl4⋅3H2O), hydrated hexachloroplatinic (IV) acid
(H2PtCl6⋅6H2O), silver nitrate (AgNO3), Palladium chloride
(PdCl2) trisodium citrate (C6H5Na3O7⋅2H2O), poly(N-
vinyl-2-pyrrolidone) (PVP; 𝐾 = 30, 𝑀𝑊 = 40000), and
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Figure 1: MW irradiation method for the preparation of Au-Pt-Ag trimetallic nanoparticles.

all other chemicals used were of analytical grade and the
chemicals were purchased from HiMedia Laboratories Pvt.
Ltd. (Mumbai, India). All chemicals were used as received
without further purification. Conductivity water was used in
all experiments.

2.2. Synthesis of Trimetallic Nanoparticles. The Au-Pt-Ag
trimetallic nanocomposites and Au-Pd-Pt trimetallic nan-
otubes are prepared by MW irradiation method. This proce-
dure was carried out in an MW oven (LG Grill, Intellowave,
160–800 W, consumption 800 W, output power 320 W, and
frequency 2450 MHz) operating in a cyclic mode (ON 15 s,
OFF 5 s) to prevent intense boiling of sol as well as aggrega-
tion. As synthesized trimetallic nanoparticles were sonicated
in a Fast Clean-Ultrasonicator.

2.2.1. Synthesis of Au-Pt-Ag Trimetallic Nanocomposites. Cit-
rate-stabilized Au nanoparticles were prepared according to
the reported method by us [16]. Briefly, 10 mL of aqueous
0.1% HAuCl4⋅3H2O was heated to a boiling and 2 mL of 1%
trisodium citrate was then added with stirring. The reaction
mixture was heated for 4 min (240 sec) and cooled to room
temperature. The solution was turned to vivid magenta from
slight yellow, indicating the formation of Au nanoparticles.
10 mL of 0.1% H2PtCl6⋅6H2O was then added to the Au
nanoparticles followed by the addition of 2 mL 1% trisodium
citrate with stirring. Finally 10 mL of 0.1% AgNO3 was added
into the Au/Pt nanoparticles. The overall reaction time for the
preparation of trimetallic nanocomposites are 420 sec. Then
the prepared sol was sonicated for 1 hr.

2.2.2. Synthesis of Au-Pd-Pt Trimetallic Nanotubes. In atypi-
cal synthesis of Pd containing trimetallic nanotubes, 45 mL
of aqueous 1.20 mM HAuCl4⋅3H2O was heated to a boil
and 2 mL of 1% trisodium citrate was then added with
stirring. The reaction mixture was heated for 4 min (240 s)
and cooled to room temperature. The solution was turned to
vivid magenta from slight yellow, indicating the formation
of Au nanoparticles. 3 mL of 1% PVP was then added to
the solution and stirred at room temperature overnight. The
prepared sol was sonicated for 40 min. Deaerated aqueous
PdCl2 (2.0 mL of 35 mM) was added to PVP-stabilized
Au nanoparticles, with stirring under nitrogen atmosphere

(3 min). After 15 min 2.0 mL of a 1% trisodium citrate
solution was again added dropwise to the solution with
constant stirring. The vivid magenta coloured solution turned
brown indicating the formation of nano-Pd on the PVP-
stabilized Au nanoparticles. The stirring was continued for
an additional 3 hr. Then 2.0 mL of 20 mM H2PtCl6⋅6H2O
was added and the solution was stirred for another 2 hr at
room temperature. Finally the prepared Au-Pd-Pt sol was
sonicated for 1 hr to get the fine dispersion of nanoparti-
cles.

2.3. Characterization of Nanoparticles. UV-vis (ultraviolet
and visible light) absorbance spectra were measured over a
range of 200–800 nm with a Shimadzu UV-1650PC recording
spectrometer using a quartz cell with 10 mm of optical path
length. High-resolution scanning electron microscopy (HR-
SEM), elementary dispersive X-ray analysis (EDX) experi-
ments were carried out on a FEI Quanta FEG 200 instrument
with EDX analysis facility at 25∘C. Wide-angle powder X-
ray diffraction (XRD) pattern was recorded with an XPERT-
PRO diffractometer equipped with monochromatic Cu K𝛼
radiation by using a step scan programme.

3. Results and Discussion

The MW irradiation method for the preparation of Au-
Pt-Ag trimetallic nanocomposites and Au-Pd-Pt trimetallic
nanotubes is shown in Figures 1 and 2. From the viewpoint of
sequential electron transfer [17], we chose the combination of
the trimetals. The ionization potentials of Au, Pt, Ag, and Pd
are known to be 9.225, 8.620, 7.576, and 8.340 eV, respectively.
Ionization energy of the corresponding bulk metals is also
shown for the comparison in Figure 3 [18].

3.1. UV-Vis Spectral Studies

3.1.1. Au-Pt-Ag Trimetallic Nanocomposites. The absorbance
spectrum of the sols containing various nanoparticles for
the comparison has been given in Figure 4. The absorbance
studies have been carried out after ensuring complete reduc-
tion of the metal ions based on the kinetics of reduction of
individual metal ions. Absorbance spectra corresponding to
the individual Au, Pt, and Ag nanoparticles are also given
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protected Au nanoparticles.

for comparison. The absorption peak at 530 nm and 430 nm
can be attributed to the surface plasmon absorption of Au
and Ag nanoparticles (note that Pt colloids do not have
an individual visible absorbance). The absence of peaks at
310 nm, characteristic of unreduced Au (III) ion, and peaks at
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Figure 5: UV-vis spectrum of the colloidal dispersion of polymer
protected Au nanoparticles.

378, 460 nm indicates the complete reduction of Pt (IV) ion
[19]. But, in the case of Au-Pt-Ag trimetallic nanocomposites,
a clear single absorbance at 528 nm was attributed to the
surface plasmon resonance of trimetallic nanoparticles. The
absence of multiple bands in the spectrum also rules out the
presence of individual Au, Pt, and Ag nanoparticles in the
dispersion [16].
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(a) (b)

Figure 6: A typical HR-SEM image of Au-Pt-Ag trimetallic nanocomposites. Magnifications at (a) 12000x (20 kV) and (b) 20000x (20 kV).
Scale bars (a) 4 𝜇m and (b) 1 𝜇m.

(a) (b)

Figure 7: A typical HR-SEM image of Au-Pd-Pt trimetallic nanotubes. Magnifications at (a) 2400x (30 kV) and (b) 7000x (30 kV). Scale bars
(a) 20𝜇m and (b) 10 𝜇m.

3.1.2. Au-Pd-Pt Trimetallic Nanotubes. Figure 5 shows the
UV-Vis spectrum of the colloidal dispersion of polymer
protected Au nanoparticles (note that Pd and Pt colloids do
not have an individual visible absorbance). A clear surface
plasmon absorbance peak which appeared at 528 nm is
corresponding to the presence of Au nanoparticles and the
vivid magenta in colour sol also indicating the presence of
Au nanoparticles.

3.2. High-Resolution Scanning Electron Microscopic

(HR-SEM) Studies

3.2.1. Au-Pt-Ag Trimetallic Nanocomposites. HR-SEM images
indicate that the particles are nearly nanowires (Au) and
nanocomposite (Ag-Pt) structure, the length of the nanowire
is 792 nm and the width is 99 and 51 nm (Figure 6(b)). From
Figure 6(a), it is inferred that the nanocomposites are not
well dispersed as individual nanoparticles and showed Au
nanowires and Ag-Pt bimetallic nanoparticles. The length

and width of the nanoparticles (Figure 6(b)) are indicated on
the shape of the nanoparticles.

3.2.2. Au-Pd-Pt Trimetallic Nanotubes. Figure 7 shows HR-
SEM images of as-synthesized Au-Pd-Pt trimetallic nan-
otubes. HR-SEM investigation clearly reveals that the
nanoparticles were uniformly having nanotube shape. The
length of the nanotube is 141 nm (Figure 7(b)) and width of
that one is 152 nm.

3.3. Energy Dispersive X-Ray Microanalysis (EDX). One of
the most revealing analytical methods for the composition
of trimetallic nanoparticle is energy dispersive X-ray spec-
troscopy (EDX). Figures 8 and 9 show the EDX elemental
analysis of as-synthesized Au-Pt-Ag trimetallic nanocom-
posites and Au-Pd-Pt trimetallic nanotubes. All the K and
L emission peaks for trimetals are observed. The carbon
and copper peaks are due to the HR-SEM holding grid.
No other obvious peak attributable to impurity is detected.
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Figure 8: EDX elemental data of Au-Pt-Ag trimetallic nanocomposites.
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Figure 9: EDX elemental data of Au-Pd-Pt trimetallic nanotubes.

This result indicates that as-synthesized product is com-
posed of high purity trimetallic nanoparticles. The carbon
and oxygen signals were most likely due to the reducing
agents on the surface of the prepared nanoparticles. EDX
analysis of Au-Pt-Ag trimetallic nanocomposites gave weight
of 11.39% Au, 26.86% Pt, and 10.23% Ag in the sample.
It indicated the formation of trimetallic nanocomposites
in the ratio of 1 : 3 : 1. For Au-Pd-Pt trimetallic nanotubes
EDX analysis gave 6.25% Au, 25.18% Pd, and 27.01% Pt. It
indicated the formation of trimetallic nanotubes in the ratio
of 1 : 4 : 4. From the above results, the maximum percentage
of Pt nanoparticles is present on the surface of Au-Pt-Ag
trimetallic nanocomposites and Pd and Pt nanoparticles are
present on the surface of as-synthesised Au-Pd-Pt trimetallic
nanotubes.

3.4. XRD Studies. The diffractograms of the trimetallic
combinations generally show broad bands while their
monometallic counterparts exhibit fairly sharp bands [19].
The particle sizes of the trimetallic combinations determined
from the XRD spectra correlate well with the sizes obtained
from HR-SEM measurements. The particle size is calculated
based on the Scherrer’s equation:

𝐷 = 𝐾𝜆
𝛽𝑠Cos 𝜃 , (1)

where 𝐷 corresponds to the particle size, 𝐾 is the shape-
dependent Scherrer’s constant, 𝜆 is the wavelength of radi-
ation, 𝛽𝑠 is the full peak width at half-maximum (FWHM) of
the peak, and 𝜃 is the Bragg diffraction angle [20].
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Figure 10: Wide-angle XRD pattern of Au-Pt-Ag trimetallic nanocomposites.
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Figure 11: Wide-angle XRD pattern of Au-Pd-Pt trimetallic nanotubes.

3.4.1. Au-Pt-Ag Trimetallic Nanocomposites. Figure 10 shows
the XRD of Au-Pt-Ag trimetallic nanocomposites. The
diffraction patterns indicate a broad diffraction peak (2𝜃
about 45.4∘) corresponding to (2 0 0) reflection. This sug-
gested that the prepared particles have a very small size
and a face-centered cubic (fcc) structure. The XRD also
indicated the reflection peak that appears at 38.12∘ (2𝜃)
corresponds to the (1 1 1) crystallographic plane and the
peak at 64.83∘ (2𝜃) corresponds to the (2 2 0) plane. The
diffractograms show that (3 1 1) crystallographic surface is
marked for Pt (2𝜃 = 75.29∘). The above crystalline data are
verified by JCPDS card number of Au, Pt, and Ag. Table 1
shows the crystalline sizes of nanoparticles and identifica-
tion of nanoparticles present in trimetallic nanocompos-
ites.

3.4.2. Au-Pd-Pt Trimetallic Nanotubes. Figure 11 shows the
XRD pattern of Au-Pd-Pt trimetallic nanotubes. The wide-
angle XRD pattern showed randomly oriented fcc crystals.
A diffraction peak which appeared at 2𝜃 = 45.17∘ and 75.02∘

corresponds to Au (2 0 0) and Au (3 1 1) planes. The XRD
also indicated that the reflection peaks that appeared at 2𝜃 =
39.62∘, 46.68∘, and 75.32∘ ascribed to Pd/Pt (1 1 1), Pd/Pt (2 0
0), and Pd/Pt (3 1 1) planes. Owing to the lattice mismatch
factor [21], it was very difficult to resolve the peaks for Pd
and Pt in the XRD pattern, whereas the peaks of Au and
Pd/Pt could be readily distinguished by XRD. Table 2 shows
the crystalline sizes of nanoparticles and the identification of
nanoparticles present in trimetallic nanotubes. From all of

Table 1: The crystalline sizes of nanoparticles and identification of
nanoparticles present in Au-Pt-Ag trimetallic nanocomposites.

Sl. no. 2 Theta (∘) 𝑑 (A) FWHM (deg)
Crystalline
size (nm)

1 38.12 2.27293 0.49 3.66

2 45.40 2.00579 0.20 4.25

3 64.83 1.94330 0.79 4.79

4 75.29 1.26514 0.59 7.85

Table 2: The crystalline sizes of nanoparticles and identification of
nanoparticles present in Au-Pd-Pt trimetallic nanotubes.

Sl. no 2 Theta (∘) 𝑑 (A) FWHM (deg)
Crystalline
size (nm)

1 39.62 2.27293 0.500 3.67

2 45.17 2.00579 0.304 4.80

3 46.68 1.94330 0.110 4.33

4 75.02 1.26514 0.310 7.47

the above above observation, Au in the prepared Au-Pd-Pt
trimetallic nanotubes was confirmed as forming inner core.

3.5. Surface Energy. The surface energy of selected 4d and 5d
metals is given in Table 3. In addition to that cohesive energy
and atomic radius are also tabulated. From this viewpoint,
Pt has more surface energy compared with Au, Ag, and Pd.
So, it is one of the reasons for Pt is present on the surface.
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Figure 12: Surface energy, cohesive energy, and atomic radius are shown for comparison of Au, Pt, Ag, and Pd metals.

Table 3: Surface energy, cohesive energy and atomic radius of the Au, Pt, Ag and Pd metals.

Property Au Pt Ag Pd

Surface energy 0.72 eV 0.98 eV 0.50 eV 0.77 eV

Cohesive energy 3.81 eV/atom 5.84 eV/atom 2.95 eV/atom 3.89 eV/atom

Atomic radius 136 pm 136 pm 145 pm 139 pm

Surface energy, cohesive energy, and atomic radius are shown
for comparison (Figure 12) of Au, Pt, Ag, and Pd metals.

4. Conclusions

In conclusion, for the first time, simple MW-irradiated
syntheses of Au-Pt-Ag trimetallic nanocomposites and Au-
Pd-Pt trimetallic nanotubes are reported. The UV-visible and
HR-SEM confirmed the formation of nanocomposites and
nanotube-shaped nanoparticles. EDX analysis confirmed that
the percentage of Pt is maximum on the surface of trimetallic
nanoparticles and nanotubes. XRD crystal data revealed that
the particles are very small in size. The results reported
here will inspire the further design of multilayered metallic
nanoparticles.
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ZnO nanostructures have been successfully prepared by a microwave irradiation method. The role of albumen as a template
in addressing the size and morphology of ZnO has been investigated by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), thermogravimetric analysis (TG-DTA), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM) techniques. A heterogeneous mixture of Zn(OH)2 and ZnO was obtained in absence of albumen. Pure ZnO
nanostructures, consisting of rod- and whisker-like nanoparticles embedded in a sheet matrix, were obtained in the presence
of albumen. Optical and photoluminescence (PL) properties of the synthesized samples were also compared. Results obtained
indicate that the microwave-assisted method is a promising low temperature, cheap, and fast method for the production of ZnO
nanostructures.

1. Introduction

Recently, metal oxides which exhibit morphologies at the
nanoscale (<100 nm) have become increasingly important.
One of them is ZnO, a wide band gap n-type semiconductor
(3.37 eV) with large exciton binding energy of (60 meV)
at room temperature, which has attracted much attention
due to its unique properties. ZnO nanoparticles have found
numerous applications, such as in gas sensors [1], transparent
electrodes [2], pH sensors [3], biosensors [4], acoustic wave
devices [5], and UV photodiodes [6].

Up to now, a number of investigations have focused on the
synthesis of nano- and microarchitectures through different
methods like hydrothermal [7], sol-gel [8], electrochemi-
cal deposition [9], and vapor-phase process [10]. Previous
studies on the microwave radiation synthesis of ZnO with
a variety of morphologies, such as nanowires [11], nanorods
[12], nanoneedles [13], hollow structures, and self-assembled
architectures [14], were widely reported.

In this work, we synthesized ZnO nanostructures via a
microwave irradiation method in the presence of albumen as
a biotemplate. Microwave irradiation as a heating method has
found a number of applications in chemistry. The utilization
of microwave irradiation in the preparation of nanoparticles
has been reported in recent years [15]. Compared to the
conventional methods, the microwave synthesis has the
advantages of producing small particle size metal oxides with
high purity owing to short reaction time [15–19]. Due to the
“in situ” mode of energy conversion, the microwave heating
process is fundamentally different from conventional heating
processes. Heat will be generated internally within the mate-
rial, instead of originating from external sources. By means of
this method, many functional materials and compounds with
novel structures and properties have been obtained [20]. In
recent studies, it has been shown that nanoparticles, such as
Co3O4 [21], LiMn2-𝑥Cr𝑥O4 [22], SnO2 [23] Ce1-𝑥Gd𝑥O2-1/2𝑥
[24], MgO [25], ZnO [26], and TiO2 [27], can be prepared
by the microwave synthesis process. Though the application
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Figure 1: TG-DTA analysis of microwave synthesized samples: (a) sample A, (b) sample B.

of microwave irradiation in synthetic chemistry started in
1980s, only in the recent years, its use has provided a new,
efficient, and environmentally benign methodology for the
synthesis of various metal oxide nanoparticles of diverse mor-
phologies and sizes. These radiations have unique properties
like homogenous volumetric heating, which causes heating
directly inside the sample, high reaction rate, selectivity, and
increased product yield. Moreover, it is an energy saving
process [14, 28, 29].

The process here proposed to synthesize ZnO nanos-
tructures by a microwave-assisted process is simple, cheap,
and fast and is characterized by a low synthesis temperature
(130∘C). As compared to conventional heating, microwaves
cause the uniform distribution of temperature between the
surface and the bulk material thereby leading to the fast
formation of ZnO nanoparticles [30, 31]. Another advantage
is that no postannealing process is necessary to obtain ZnO
crystalline nanometer-sized structures compared to other
microwave irradiation methods reported in the literature
[32, 33]. To investigate the role of template in the synthesis
of ZnO nanostructure by this method, a comparative study
has been carried characterizing the products obtained in the
presence or not of albumen as a biotemplate. The ZnO nano-
materials obtained were thoroughly characterized through
X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FT-IR), thermogravimetric analysis (TG-DTA),
scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) techniques. Furthermore, their
optical properties were assessed by UV-Vis DRS spectra and
photoluminescence (PL) measurements.

2. Experimental Procedure

2.1. Materials. Zinc nitrate Zn(NO3)2 and ammonia solution
(NH4OH) were supplied from (Merk, 98%) Mumbai, India.
All the chemicals were of analytical grade and used as
received without further purification. The albumen, extracted

from white part of egg, was used for the synthesis. Double
distilled water was used through the experiments.

2.2. Synthesis. The synthesis of ZnO nanostructures by the
microwave irradiation method was carried out as follows.
First, a 0.1 M of zinc hydroxyl solution was prepared by
dissolving zinc nitrate (Zn(NO3)2) in deionized water. Then
pH of the solution was maintained at 8 by adding liquid
ammonia solution dropwise. The resulting product was fil-
tered and washed with double distilled water and ethanol
until it became free from impurities. The precipitate was
irradiated for 5 minutes in household microwave (radiation
frequency 2.45 GHZ, Power up to 1 KW) with convection
mode, giving a white product. Finally the sample was dried
at 130∘C (sample A) for 5 hours.

The same experimental procedure was followed for the
synthesis of ZnO nanostructures carried out in the presence
of albumen (sample B), by adding drop by drop 5 mL of
freshly extracted albumen, mixed with 25 mL of deionized
water and stirred, to 0.1 M zinc hydroxyl solution.

2.3. Characterization. The sample microstructure was ana-
lyzed by X-ray diffraction (XRD) using a Bruker AXS D8
Advance instrument and the monochromatic CuK𝛼1 wave-

length of 1.5406


Å. The average crystalline size of the crystal-
lites was evaluated using Scherrer’s formula, 𝑑 = 𝐾𝜆/𝛽 cos 𝜃,
where 𝑑 is the mean crystalline size, 𝐾 is a grain shape
dependent constant (0.9), 𝜆 is the wavelength of the incident
beam, 𝜃 is a Bragg reflection angle, and 𝛽 is the full width
at half maximum (FWHM) of the main diffraction peak.
The sample morphology was observed by scanning electron
microscopy (SEM), using a JEOL 5600LV microscope at an
accelerating voltage of 10 kV. High resolution transmission
electron microscopy (HRTEM) and selected-area electron
diffraction (SAED) were recorded on a Tecnai G20-stwin
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Figure 2: XRD analysis of microwave synthesized samples: (a) sample A, (b) sample B.
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Figure 3: FT-IR spectra of microwave synthesized samples: (a) sample A, (b) sample B.

using an accelerating voltage of 200 kV. The Fourier trans-
form infrared spectra (FT-IR) of the samples were recorded
by using a Nicolet 5DX FTIR spectrometer. Thermal analysis
was carried out by using a thermogravimetric and differential
scanning calorimeter apparatus (TG-DSC Netzsch—Model
STA 409PC). The analyses were carried out with a heating
rate of 10∘C/min in static air up to 800∘C. The ultraviolet (UV)
spectrum of the ZnO samples was recorded on a Perkin Elmer
UV-visible DRS spectrophotometer. The room-temperature
PL spectrum was performed on a spectrofluorometer instru-
ment (JY Fluorolog-FL3-11).

3. Results and Discussion

3.1. Morphological and Microstructural Analysis

3.1.1. Thermogravimetric Analysis. The thermal behavior of
ZnO samples synthesized has been first investigated by TG-
DTA. Figure 1(a) shows the TG-DTA curves of sample A.

The weight loss monitored in the range 25–600∘C is low and
has been calculated to be less than 3.3% in total. This weight
loss is ascribed to the removal of absorbed water molecules
and ethanol and the loss of hydroxyl ions. The final step at
higher temperature is attributed to the burnout of organic
species still remained in the dried powder. By focusing the
attention on sample B, TGA indicated that the weight loss
is higher (about 20% in total). The first weight loss in the
temperature range between 25∘C and 150∘C is ascribed to
the removal of adsorbed water molecules. The second weight
loss in the range between 230∘C and 520∘C comes from
the decomposition of the organic template, which is also
confirmed by the exothermic peak at about 384∘C in the DTA
curve.

3.1.2. X-Ray Diffraction. The phase identification of the
synthesized ZnO nanostructures was determined by X-ray
diffraction (XRD). Figures 2(a) and 2(b) show the XRD
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Figure 4: SEM and TEM micrographs of sample A. (a) SEM image, (b) and (c) TEM images of the sheet-like and spherical-like ZnO
nanostructure, and (d) EDX analysis. Inset in Figure (c) shows the SAED pattern.

patterns of both samples. In Figure 2(a), XRD of sample
A indicated that two phases, like ZnO hexagonal wurtzite
phase structure (JCPDS number 897102) and Zn(OH)2
orthorhombic phase structure (JCPDS number 890138), are
present. On the basis of diffraction peaks intensity, ZnO is
the predominant phase. According to Scherrer’s equation, the
average particle size of ZnO nanoparticles is about 29 nm.

Figure 2(b) shows the XRD pattern of sample B. The
diffraction planes (100), (002), (101), (102), (110), (103), (200),
(112), and (201) in the patterns can be perfectly indexed to the
hexagonal wurtzite phase structure (JCPDS number 897102).
Also no diffraction peaks corresponding to Zn, Zn(OH)2, and
other impurities are observed. The value of lattice parameters
(𝑎 = 3.2896 Å and 𝑐 = 5.2624 Å), as calculated by the XRD
data, is in good agreement with those reported by other
authors [33]. The average particle size of ZnO is estimated to
be around 14 nm.

XRD analysis indicates that the pure ZnO phase is
obtained only in the presence of albumen. Furthermore,
the average particle size of ZnO phase is markedly lower.
It can be supposed that, in the formation processes in
absence of albumen, the zinc hydroxide species was first
produced step by step by the reaction between the Zn
species and the hydroxyl ions coming from dissociation of
hydrated ammonia molecules, and then in a consecutive
reaction ZnO nanoparticles are formed. In the presence of
template molecules, it appears that this second reaction is
strongly promoted; so all initial zinc hydroxide species are
transformed into ZnO.

3.1.3. Fourier Transform Infrared Spectroscopy. Figure 3(a)
shows the typical FT-IR spectrum of sample A. The broad

peak at 3706 cm−1 corresponds to the vibrational mode of
O–H bond, indicating the presence of zinc hydroxide. The
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Figure 5: SEM and TEM micrographs of sample B. (a) SEM image, (b) and (c) TEM images of the whisker-like and rod-like ZnO
nanostructure, and (d) EDX analysis. Inset in Figure (c) shows the SAED pattern.

stretching mode of vibrations in asymmetric and symmetric

C=O bonds that is observed at 1381 cm−1 is associated with
residual organic impurity in the dried powder as suggested
by TG-DTA analysis.

In the spectrum of sample B (Figure 3(b)), the appear-

ance of a sharp band at 437 cm−1 in the FT-IR spectrum,
characteristic for the Zn–O stretching vibration [34], con-
firms the presence of well-crystallized ZnO. Additionally

broad absorption peaks centered at around 3470 cm−1 and
1652 cm−1 are caused by the O–H stretching of the absorbed
water reabsorption during the storage of the sample in

ambient air [35]. The absence of features at 3706 cm−1 is
an indication of the absence of Zn(OH)2 phase on this
sample. In this sample are also seen the signatures of the

organic template. The broad peak at 3470 cm−1 is in fact
due to superimposition of N–H stretching of amide group at

3449 cm−1 of the biotemplate and O–H stretching mode of
water molecules. Also some of the absorption bands in the

range 1000–1600 cm−1 are due to C=O and C=C stretching
vibrational modes of albumen, as well the weak peaks located
at 2930 cm−1 are due to symmetric and asymmetric C–H
bonds, respectively [36]. A very small band originated at

887 cm−1 is probably due to the carbonate moieties which are
generally observed when FT-IR samples are measured in air
[37, 38].

3.1.4. Scanning and Transmission Electron Microscopy. SEM
and TEM images of sample A are reported in Figure 4.
SEM analysis shows extensive sheet-like nanostructure where
spherical-shaped particles are also present. TEM analysis
evidences clearly this composite structure and the large
diameter distribution of the spherical-shaped nanoparticles.
No attempt has been made to assign the two phases present,
ZnO and Zn(OH)2, to each of these nanostructures. The
thickness of the sheets and spherical particles is in the range
of about 13–50 nm. The SAED pattern taken from one of
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Figure 6: UV-Vis DRS of the typical ZnO nanoparticles: (a) sample A, (b) sample B. Extrapolation of the linear portion to the photon energy
axis to obtain the 𝐸𝑔 value is shown.
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the particles is shown in the inset, and it further confirms
the crystalline nature of the sample. In addition, the EDS
spectrum of the sample confirms the presence of Zn and O in
sample without any other element contamination. The atomic
percent ratio of O and Zn in dried sample is 41.15 : 58.85,
which might indicate that there is a small content of oxygen
vacancy defects on the surface of as-obtained product.

Figure 5 shows SEM and TEM images of sample B.
SEM analysis shows that this sample is characterized by a
more uniform surface sheet-like nanostructure. TEM anal-
ysis revealed the presence of nanowhiskers and nanorods
of different length and diameter embedded within the sheet
matrix. The thickness of the nanorods and nanowhiskers is
in the range of about 10–57 nm. The SAED pattern of ZnO
nanostructures further confirms the crystalline nature of the
sample. EDS analysis reports that the atomic percent ratio
of O and Zn in the dried sample is 85.59 : 14.11, which might
indicate that there is a larger content of oxygen on the surface
with respect to sample A.

3.2. Optical Properties. In order to determine the precise
value of optical band gap UV-visible DRS of the ZnO
nanoparticles in samples A and B, we used the optical
absorption method on reflectance spectrum. The reflectance
values were converted to absorbance by application of the
Kubelka-Munk function [39–42]. The Kubelka-Munk theory
is generally used for analyzing the diffuse reflectance spectra
obtained from weakly absorbing samples. The Kubelka-Munk
formula can be expressed by the following relation [43]:

𝐾 = (1 − 𝑅)2
2𝑅 , (1)

where𝐾 is the reflectance transformed according to Kubelka-
Munk and 𝑅 is the reflectance (%).

The relationship (𝑘 ∗ ℎ𝜗)1/2 = 𝑓(ℎ∗𝜗) is shown in Figures
6(a) and 6(b). The 𝐸𝑔 value can be obtained by extrapolating
the linear portion to the photon energy axis. The reflectance
shoulder onset peaks are located at 393 nm and 386 nm corre-
sponding to the band gaps of 3.15 eV and 3.21 eV, respectively.
The 𝐸𝑔 values are smaller than that of 3.3 eV reported for
single crystalline ZnO samples. On comparison with ZnO
nanoparticles prepared by other methods, ZnO nanoparticles
are obtained by this microwave irradiation method showing
larger band gap energy. It is well known that the difference
in the band gap is related to the presence of vacancies and
dopants [44]. The red shift of the band gap energy also
relates to structural morphologies, particle size, and surface
microstructures [45]. Then, the higher value of band gap of
the sample B synthesized in the presence of albumen can be
attributed to a minor amount of defects, due essentially to its
more ordered crystalline structure.

The study of the photoluminescence properties is inter-
esting because it can provide valuable information on the
quality, purity, and the structural properties of the material.
Moreover, recording PL spectrum is of paramount impor-
tance for evaluating their optical characteristics for various
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applications. The PL spectra of samples A and B are depicted
in Figures 7(a) and 7(b). On sample A, three emission peaks,
a blue light at 400 nm, a blue-green around 464 nm, and
a green light at around 520 nm, were recorded. The main
strong UV emission at 400 nm corresponds to the near-
band-edge emission, while the blue-green and green emission
peaks at 464 nm and 520 nm are instead possibly associated
with oxygen vacancies [46, 47]. Specifically, the blue-green
transition at 464 nm is caused due to transition from the
level of ionized oxygen vacancy to the valence band, while
the green emission, called deep-level emission, occurs by
the recombination of the photogenerated holes with singly
ionized oxygen vacancies in ZnO. On sample B, an additional
UV emission peak at 385 nm, due to the recombination of
photogenerated electrons and holes, appears as a shoulder
of the main peak at 400 nm. The higher intensity of near-
band-edge emission peaks compared to green emission peaks
is an indication of the good quality of ZnO nanostructures
produced.

4. Conclusions

The morphology, structure, and optical properties of ZnO
nanostructures synthesized by microwave irradiation have
been investigated in detail. The composition and morphology
of the nanostructures are affected by the presence of albumen
as a template. The optical band gap of the polycrystalline ZnO
nanoparticles increases from 3.22 to 3.25 eV for the sample
synthesized in the presence of albumen because of the defects’
decrease. The good quality of ZnO nanostructures produced
was also demonstrated by PL studies which evidenced a
higher intensity of near-band-edge emission peaks compared
to green emission peaks. In summary, results obtained
indicate that the microwave-assisted method is a promising
low temperature, cheap, and fast method for the production
of ZnO nanostructures.
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The growth of uniformly distributed and densely packed array of zinc oxide (ZnO) nanorods (NRs) and nanorods (NRs)/nanopo-
lypods (NPPs) was successfully achieved through microwave-assisted chemical route at low temperature. The ZnO NRs and NRs/
NPPs were characterized using X-ray diffraction (XRD), scanning electron microscope (SEM), energy dispersive X-ray analysis
(EDX), and UV-Vis absorption spectroscopy. The ZnO NRs were of 100–150 nm diameter and 0.5–1 𝜇m length, while the NPPs were
of diameter about 150–200 nm and 1.5–2𝜇m pod length. The prepared films are polycrystalline in nature and highly oriented along
(002) plane with a hexagonal wurtzite structure. These films were studied for the sensing properties of liquefied petroleum gas
(LPG), oxygen, and hazardous explosives, that is, 2,4,6-trinitrotoluene (TNT) and cyclotrimethylenetrinitramines (RDX), in the
temperature ranges of 25–425 ∘C and 100–200 ∘C, respectively. The grown nanostructure films showed reliable stable response to
several on-off cycles, and reduction in sensor recovery time was found with the increase in temperature. ZnO NRs and NRs/NPPs
showed better sensitivity and recovery time for both LPG and oxygen, as compared to the literature-reported results for ZnO thin
films.

1. Introduction

Numerous materials have been reported to be usable as
metal-oxide chemical sensors including both single-com-
ponent (e.g., ZnO, SnO2, WO3, TiO2, and Fe2O3) and
multicomponent oxides (BiFeO3, MgAl2O4, SrTiO3, and
Sr1−yCayFeO3−x). The metal-oxide semiconductors like ZnO,
SnO2, or TiO2 react with atmospheres like oxygen, carbon
monoxide, or carbon dioxide which has been known for years
and investigated intensively. The metal-oxide semiconductors
are high gap metal oxides in which the semiconducting
behavior arises from the deviation of stoichiometry. Conduc-
tometric metal-oxide-semiconductor thin films are the most
promising devices among solid state chemical sensors, due
to their small dimensions, low cost, low power consumption,
on-line operation, and high compatibility with microelec-
tronic processing. The hazardous gas detection spans from
environmental monitoring, automotive applications, air con-
ditioning in airplanes, spacecrafts and houses, explosive

detection of sensors networks, and so forth. Historically, ZnO
is one of the first materials studied as a gas sensor. ZnO is
also a promising material for the realization of electronic and
optoelectronic devices due to its specific chemical, electrical,
surface, and microstructural properties. ZnO is a wide band
gap semiconductor, having high exciton binding energy of
60 meV which allows excitonic transitions at room temper-
ature, meaning high radiative recombination efficiency for
spontaneous emission as well as lower threshold voltage for
emission, and has a stable wurtzite structure with lattice
spacing 𝑎 = 0.325 nm and 𝑐 = 0.521 nm. It has attracted
intensive research efforts for its unique properties and
versatile applications in antireflection coatings, transparent
electrodes in solar cells, ultraviolet (UV) light emitters, diode
lasers, varistors, piezoelectric devices, spin electronics, sur-
face acoustic wave propagator [1], photonic applications [2],
and gas sensing [3].

For gas sensing, ZnO is good candidate to replace the
toxic and expensive materials like SnO2 generally used for
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gas sensing applications [4]. The ZnO is particularly useful to
gas sensors because of its typical properties such as resistivity

control over the range of 10−3 to 105Ωm, high electrochem-
ical stability, absence of toxicity, and abundant availability
in nature [5]. This is primarily due to the high mobility of
conduction electrons in the material and good chemical and
thermal stability under operating conditions. ZnO-based gas
sensors have been fabricated using powders, pellets, thick and
thin films, and so forth. Thin films are found to be suitable
for such sensors, since the gas sensing properties of metal
oxides are related to the material surface and the species
are adsorbed and react with the surface [3, 6], leading to
change in the resistance of sensor element [7]. Instead of
the sensors measuring the change of electrical conductance,
there are several other kinds of sensors, such as photolumi-
nescence (PL) sensors, nanostructured ZnO coated quartz
crystal microbalance (QCM) sensors, and plasmon surface
resonance-based sensors [8]. However, compared with the
electrical conductance-based sensors, these sensors are com-
plicated and expensive. The mechanism for gas detection in
these conductometric materials is based, in large part, on
reactions that occur at the sensor surface, resulting in a
change in the concentration of adsorbed oxygen. Variation
in conductivity is due to the adsorption of atmospheric
oxygen on the oxide surface that extracts electrons from the
semiconducting material leading to change in carrier density
and conductivity.

The fundamental sensing mechanism of metal-oxide-
based gas sensors relies on a change in electrical conductivity
due to the interaction process between the surface complexes
such as O−, O2−, H+, and OH− reactive chemical species and
the gas molecules to be detected. For example, changes in
the electron density at the semiconductor surface are due to
the presence of oxidizing and reducing gases, because of the

adsorption and desorption of O−, O2−, and O2
−. Oxygen ions

adsorb onto the material’s surface, removing electrons from
the bulk and creating a potential barrier that limits electron
movement and conductivity. On interaction with oxidizing or
reducing gases, adsorbed oxygen concentration and thereby
conductivity change. The change in conductivity is a mea-
sure of gas concentration. For reducing gases such as H2,
H2S, LPG, CO, CO2, C2H5OH, and NH3, the conductivity
increases for n-type materials (ZnO) and reduces for p-type
materials (such as Te). The effect of oxidizing gases such as
NO2 is opposite to that of reducing gases. Adsorbed oxygen
gives rise to potential barriers at grain boundaries and thus
increases the resistance of sensor surface. On the other hand
reducing gas decreases the oxygen surface concentration
and hence the surface resistance; magnitude of the response
depends on the nature and concentration of the volatile
molecules and on the type of metal oxide. This change in con-
ductivity is directly related to the amount of a specific
gas present in the environment, resulting in a quantitative
determination of gas presence and concentration.

The low selectivity is a well-known problem of these sen-
sors, and its improvement is a research field open to different
solutions. An improvement in selectivity can be obtained
by changing the sensor temperature during measurements.

These gas-sensor reactions typically occur at elevated tem-
peratures (150–600∘C), requiring the sensors to be internally
heated for maximum response. The operating temperature
must be optimized for both the sensor material and the gas
being detected. In addition, to maximize the opportunities
for surface reactions, a high ratio of surface area to volume is
needed. As an inverse relationship exists between surface area
and particle size, nanoscale materials, which exhibit high sur-
face area, are highly desirable. The effects of the microstruc-
ture, namely, ratio of surface area to volume, grain size,
and pore size of the metal oxide particles, as well as film
thickness of the sensor performance are well recognized.
Since the gas sensing mechanism is a surface reaction, use of
nanostructured materials is expected to improve gas sensing
characteristics. Many recent reports have confirmed the ben-
efits of nanotechnology to sensor performance. The most
recent research has been devoted to nanostructured oxides,
since reactions at grain boundaries and complete depletion
of carriers in the grains can strongly modify the material
transport properties. Unfortunately the high temperature
required for the surface reactions to take place induces a grain
growth by coalescence and prevents the achievement of stable
materials.

ZnO exhibits a wide range of novel structures which
include NRs, belts, rings, spheres, and core shells that can be
grown by tuning the growth rates along these directions. One
of the most profound factors determining the morphology
involves the relative surface activities of various growth facets
under given conditions. The use of ZnO nanostructures like
NRs, and nanowires, nanotetrapods having higher surface
area to volume (aspect ratio) can give even better sensitivity
response, compared to ZnO nanoparticles/thin films, because
the interaction between the adsorbed gases and the sensors
surface will be stronger for the nanostructures as the complete
particle contributes to the gas sensing phenomenon as 𝐷 ∼2𝐿, where 𝐷 is the particle diameter and 𝐿 is the Debye
length. The larger surface area of the materials synthesized
also facilitates the gas detection at much lower tempera-
tures [9]. The development of ZnO nanostructure-based gas
sensors has attracted intensive research interest in the last
several years because of their selective and rapid detection
of various gases specified by novel nanostructures. ZnO NRs
with excellent gas sensing properties have been reported by
Sun et al. [10].

Various ZnO nanostructures have been prepared using
both physical as well as chemical methods, which include
chemical vapor deposition [11], physical vapor deposition
[12], laser ablation [13], and chemical synthesis [14, 15].
Among them, chemical synthesis is much simpler and the
reaction is performed at much lower temperatures [16, 17].
Recently, microwave irradiation has been widely applied
to synthesis of nanomaterials. Due to intense friction and
the collision of molecules created by microwave irradiation,
microwave irradiation not only provides the energy for
heating but also greatly accelerates the nucleation. With mi-
crowave irradiation on the reactant solution, temperature and
concentration gradients can be avoided leading to uniform
nucleation. Microwave-based synthesis method is one of the
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easiest, energy-saving, green, and quick methods for large-
scale production of nanomaterials [18].

Li et al. [19] have used ZnO nanorods for H2, NH3,
and C2H5OH chemical sensing. Wang et al. [20] have used
vertically oriented ZnO nanorods for H2 sensing and have
also reported detection of NH3 and CO. Sun et al. [10] have
used ZnO nanorods for H2, NH3, LPG, and CH3CH2OH
whereas Lv et al. [21] reported use of ZnO nanorods for
benzene and ethanol gas. Zhang et al. [22] have synthe-
sized 3D microspheres for ethanol and ammonia sensing.
Baratto et al. [23] have used ZnO nanostructured fibers for
NO2 sensing. Kenanakis et al. [24] have synthesized ZnO
nanosponge/rod for ozone detection. Recently, Choi and Jang
[25] have reviewed the use of 1D oxide nanostructures for
chemical sensing. To the author’s knowledge there is hardly
any report on the usage of ZnO NRs and NPPs for explosive
sensing. In the present paper, ZnO NRs and ZnO NRs/NPPs
were grown on glass substrate using microwave-assisted
chemical synthesis method. The gas (LPG and oxygen) and
RDX and TNT explosive sensing properties of ZnO NRs and
NRs/NPPs have been investigated.

2. Experimental

All substrates were thoroughly cleaned by the following
sequence: cleaned by labolene detergent and then rinsed
with double-distilled (DD) water; then boiled with dilute
chromic acid for 15 minutes and thoroughly rinsed with DD
water; after that, ultrasonicated for 10 min in acetone and
then in methanol, and finally all substrates were dried in an
oven.

The ZnO NRs and NPPs on glass substrates were grown
using microwave-assisted chemical method in place of con-
ventional heating [26]. The growth of ZnO NRs was carried
out in two steps.

2.1. First Step: Synthesis of ZnO Seed Layer. Two samples
of ZnO sol were prepared, one without capping agent and
another with triethanolamine (TEA) as capping agent. In
the first case (without capping agent), solution of 0.03 M
sodium hydroxide (NaOH, Merck) in methanol (CH3OH,
Merck) was added slowly to a continuously stirred solution of
0.01 M zinc acetate dihydrate (CH3COO)2Zn⋅2H2O (Merck)
in methanol at 60∘C. The formed sol is designated as sample
S1 hereafter. In the second case, 0.24 mL TEA (Merck)
was added after a gap of 5 min to a continuously stirred
solution of 0.03 M sodium hydroxide and 0.01 M zinc acetate
dihydrate (CH3COO)2Zn⋅2H2O in methanol at 60∘C. The
formed sol is designated as sample S2 hereafter. For the
growth of ZnO nanoparticles, the operation temperature of
solution was uniformly maintained at 60∘C for 01 h, using
2.54 GHz microwave radiations. The 5 min delay in addition
of TEA resulted in the formation of ZnO and (ZnOH)+
cations from the chemical reaction of zinc acetate dihydrate
and sodium hydroxide and prevented the agglomeration of
colloidal particles.

The prepared sol S1 and S2 were spin-cast four times
on glass substrate at 3000 RPM for 20 s each time to form
uniform ZnO seed layer. Between coatings, the substrates

were annealed in open air at 150∘C–160∘C for 15 min to ensure
particle adhesion onto the substrate surface.

2.2. Second Step: Growth of ZnO NRs and NPPs. Growth
of NRs and NPPs was carried out by suspending the
substrates with crystal seed layer upside down in an
aqueous solution containing 0.025 M Zinc nitrate hexahy-
drate, Zn(NO3)2⋅6H2O (Merck), 2.58 mL of diethylenetri-
amine, and C4H13N3 (Burgoyne Mk) in DD water at 90∘C.
The required operation temperature was maintained using
2.54 GHz microwave radiations. After 5 hrs the substrates
were removed, rinsed thoroughly with DD water, and dried at
room temperature. The prepared ZnO film on glass substrate
without capping agent is defined as “F1” and another with
capping agent defined as “F2.”

The prepared samples S1-S2 and films F1-F2 were charac-
terized at different stages of synthesis and growth. The UV-
Vis spectroscopy of samples was done in the range of about
300–700 nm with the help of spectrometers (NanoDrop-1000
and HPX-2000). The particles size of ZnO nanoparticles was
measured using particle sizing system (Nicomp-380ZLS). The
structural and morphological study of samples was carried
out using Xpert PRO Panalytical Powder X-ray diffractome-
ter (XRD) in the scanning range of 20–80∘ (2𝜃) using Cu K𝛼
radiations with wavelength 1.54 Å (JOEL, JSM-6360A, and
Philips XL-30) and analytical scanning electron microscope
(SEM).

The gas (LPG and oxygen) and explosives sensing prop-
erties of film F1 (ZnO nanorods, NRs) and film F2 (ZnO
nanopolypods, NPPs) samples was carried out in a custom
designed gas sensor assembly [3]; it comprises a temperature
controller, a copper-constantan thermocouple, an electric
heating plate, a gas chamber, and a volume measurement
unit. The two-probe DC measurement technique was used to
measure the electrical resistance in air and in the presence
of target gas at constant voltage of 6 V. For electric mea-
surements, silver paste contacts separated by a gap of 5 mm
were used to form ohmic contacts on the films F1 and F2.
The electrical resistance of film F1 or F2 in air (𝑅𝑎) and in
the presence of target gas (𝑅𝑔) was measured to evaluate the

sensor response/sensitivity (𝑆), percentage sensor sensitivity
(𝑆%), and recovery time (𝑡) as follows [27]:

𝑆 = 𝑅𝑔
𝑅𝑎 , (1)

𝑆% = (1 − 𝑆) × 100, (2)

𝑡 = 𝑡2 − 𝑡1, (3)

where 𝑡1 is the moment the target gas is switched off and 𝑡2
is the moment the sample regains its initial resistance, while
the difference of both these times gives the recovery time.

3. Characterization

3.1. UV-Visible Absorption Spectra and Particle Size of ZnO
Nanoparticles. Figure 1 shows UV-Visible absorption spectra
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Figure 1: UV-Vis absorption spectra of ZnO nanoparticles of
samples S1 and S2.

of the samples S1 and S2. It is clear from the figure that
the absorbance peak for sample S1 is at 329 nm and for S2
is at 302 nm. The blue shift in the optical absorption can
be attributed to the use of TEA as a capping agent. Similar
result has been reported by Singh et al. [28]. To confirm the
blue shift in the optical absorption particle size distribution
was recorded on the particle size analyzer and is shown in
Figure 2. The particle size distribution for the sample S1 was
observed to be around 942 nm whereas for S2, 190 nm as can
be seen from Figure 2. The agglomeration of particles was
noticed in the case of S1 as evident from Figure 2(a). Thus
the blue shift is supported by the size distribution analysis.
Reduction of the particle size from 942 nm to 190 nm was
observed in the case of S2 because of TEA which prevents the
agglomeration.

3.2. UV-Vis Optical Absorption of ZnO Nanostructures. Fig-
ure 3 shows the UV-Vis optical absorption spectra of films
F1 and F2 with absorption edge at 373 nm and 370 nm,
respectively. These values are found to be less than 380 nm
which corresponds to bulk ZnO, indicating that ZnO nanos-
tructures grown are smaller than bulk ZnO particles [29].

3.3. Structural Analysis. Figures 4(a) and 4(b) show the X-
ray diffraction patterns for the films F1 and F2, respectively.
The diffraction peaks observed at 32.4∘, 34.4∘, 36.7∘, 48.2∘,
57.3∘, and 63.6∘ are attributed to the (100), (002), (101), (102),
(110), and (103) planes, respectively, of hexagonal wurtzite
structure [30], as can be seen in comparison with the JCPDS
card nos. 00-003-0752/01-075-1526 and 01-077-2414 for F1 and
F2. Both the films F1 and F2 are polycrystalline in nature
and highly oriented along (002) plane. The crystallite sizes
were calculated using Scherrer’s formula using information
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Figure 2: Particles size distribution of ZnO nanoparticles (based on
number-weight distribution): (a) without capping agent sample S1
(Av. particle size: 942 nm) and (b) with capping agent sample S2 (Av.
particle size: 190 nm).
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Figure 4: XRD of (a) ZnO film F1 and (b) ZnO film F2.

(a) (b)

Figure 5: SEM images of ZnO film F1: (a) ZnO nanorods (NRs) with scale 1.0 𝜇m and (b) enlarged view of nanorods (NRs) with scale 0.5 𝜇m.

on broadening of diffraction peak (𝛽), X-ray wavelength (𝜆),
and incident X ray angle with crystal plane (𝜃𝐵), that is,

𝑇 = 0.9𝜆
𝛽 cos 𝜃𝐵 . (4)

The average crystallite size for the (100), (002), and (101) XRD
peaks was found to be between 35–105 nm and 35–141 nm for
F1 and F2 films, respectively.

3.4. Surface Morphology of Nanostructures. Figures 5 and
6 shows the SEM micrographs of the samples F1 and F2,
respectively. From Figures 5(a) and 5(b) one can see the
growth of uniform and densely packed array of ZnO NRs with
diameter 100–150 nm and length 0.5–1 𝜇m. Figures 6(a)–6(c)
show growth of ZnO NPPs over uniform and densely packed
array of NRs which is shown in Figure 6(d). The NPPs are
with pod diameter about 150–200 nm and pod length 1.5–
2𝜇m. The formation of NPPs in sample F2 may be attributed
to the addition of TEA as capping agent [31].

4. Gas Sensing

4.1. Effect of Temperature on Sensor Response for LPG and
Oxygen. Figures 7(a), 7(b), 8(a), and 8(b) show the sensor

response (𝑆) as a function of temperature for films F1
and F2 over the temperature range from ambient 25∘C to
about 425∘C, at three different concentrations of 0.2 vol.%,
0.32 vol.%, and 0.4 vol.% of LPG and oxygen, respectively. The
response to the LPG and oxygen is due to oxygen vacancies
on metal-oxide (ZnO) surfaces, which are electrically and
chemically active. These vacancies function as n-type donors
and often significantly increase the conductivity of oxide.
Initially, the sensor response (𝑆) increases with the increase in
temperature and reaches a maximum value for both samples
with the gases. Observation of Figures 7(a) and 7(b) shows
that for LPG the sensor response reaches the maximum value
at 385∘C temperature for film F1, while for F2 the maximum
value lies in the range from 280∘C to 345∘C; similar behavior
has been reported by Patil et al. [32], Shinde et al. [4], and
Sun et al. [10]. Observation of Figures 8(a) and 8(b) shows
that for oxygen the sensor response reaches the maximum
value at temperatures of 405∘C, 385∘C, and 380∘C for film
F1, while for F2 the maximum response is at 195∘C, 270∘C,
and 275∘C. This temperature is called optimal temperature,
and activation energy at this temperature may be enough
to complete the chemical reaction, which results in the
maximum adsorption of the concerned gas, and above the
optimal temperature the sample temperature increases and it
causes a decrease in the sensitivity (𝑆), indicating the rate of
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(a) (b)

(c) (d)

Figure 6: SEM images of ZnO of film F2: (a) ZnO nanopolypods (NPPs) with scale 20.0𝜇m, (b) enlarged view of nanopolypods (NPPs) with
scale 2.0 𝜇m, (c) nanopolypods (NPPs) with nanorods (NRs) in the background with scale 1.0 𝜇m, and (d) enlarged view of ZnO nanorods
(NRs) with scale 0.5𝜇m.
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Figure 7: Sensor response (𝑅𝑔/𝑅𝑎) with temperature for LPG: (a) ZnO nanorods (NRs) film F1 and (b) ZnO nanopolypods (NPPs) film F2.
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Figure 8: Sensor response (𝑅𝑔/𝑅𝑎) with temperature for oxygen gas:
(a) ZnO nanorods (NRs) film F1 and (b) ZnO nanopolypods (NPPs)
film F2.

desorption of the reducing gas. The increase and decrease in
the sensitivity observed in the figures indicate the adsorption
and desorption phenomenon of the gases. The change in
resistance of a semiconductor oxide like ZnO sensors in the
presence of target gas takes place according to two reactions
[33]. In the first reaction, atmospheric or injected oxygen O2
molecules are adsorbed onto the surface by taking electron
from the conduction band and are thus chemisorbed on the
surface as O−ads; this leads to an increase in the resistance of
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Figure 9: Percentage sensor sensitivity (S%) with LPG and oxygen
concentration (vol.%) at 385∘C for ZnO nanorods (NRs) film F1.

the sensor material. The chemical reaction can be explained
by the following equation:

O2 (atm) + 2e− (cb) → 2O−ads (5)

In the second reaction, the reducing gases (R) present in the
ambient air or injected into the reaction chamber react with
the chemisorbed oxygen O−ads thereby releasing an electron
back to the conduction band and decreasing the resistance of
the sensor material given by the following equation:

R + O−ads → RO + e− (6)

C𝑛H2𝑛+2 + 2O− ←→ H2O + C𝑛H2𝑛 − O + e− (7)

As LPG consists of CH4, C3H8, C4H10, and so forth, in
these molecules the reducing hydrogen species are bound to
carbon atoms. The overall reaction of LPG molecules with
adsorbed oxygen can be explained in a similar way by the
previous equation.

In case of oxygen, the maximum sensitivity value
increases with the increase in gas concentration, whereas
for LPG the maximum sensitivity value reduces with the
increase the in concentration of gas. This opposite behavior is
due to LPG and oxygen being reducing and oxidizing gases,
respectively.

4.2. Effect of Gas Concentration on Sensor Response. Figure 9
shows the sensor response (𝑆%) of film F1 as a function of
LPG/oxygen concentration at 385∘C; it reveals that the sensor
percentage sensitivity (𝑆%) increases from nearly 17% to 102%
for LPG and 106% to 329% for oxygen as the concentration of
gas increased from 0.2 vol. % to 0.4 vol.%; similar increasing
behavior has been reported for LPG by Shinde et al. [4]. As
the LPG gas concentration increased from 0.2% to 0.32 vol.%,
the response increased rapidly from 17% to 84%, but at a
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Figure 10: Sensing and recovery time for LPG: (a) ZnO nanorods (NRs) film F1 and (b) ZnO nanopolypods (NPPs) film F2.
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Figure 11: Sensing and recovery time for oxygen gas: (a) ZnO nanorods (NRs) film F1 and (b) ZnO nanopolypods (NPPs) film F2.

higher concentration the increase in gradual response has
been observed and after which it gets saturated; however, a
linear variation has been observed in the case of oxygen. The
response can be explained on the basis of the removal of
adsorbed oxygen molecules by reaction with the target gas
and generation of electrons. For a small concentration of gas,
exposed on a fixed surface area of a sample, there is a lower
coverage of gas molecules on the surface and hence lower
surface reaction, while for an increase in gas, concentration
increases the surface reaction due to a larger surface coverage.
A further increase in surface reaction will be gradual when
the saturation point on the coverage of molecules is achieved
[33].

4.3. Sensor Recovery Analysis for LPG and Oxygen. Figures
10(a), 10(b), 11(a), and 11(b) show the sensor sensitivity (𝑆)
to LPG and oxygen with time at fixed temperatures for films
F1 and F2, respectively. The sensor sensitivity (𝑆) for films F1
and F2, during exposure to 0.4 vol.% of LPG/oxygen in an
airtight chamber for 30 min and thereafter recovery in air,
was observed at fixed temperatures of 100∘C, 150∘C, 200∘C,
250∘C, and 300∘C. The sensor sensitivity (𝑆) for both samples
decreases with time in the presence of LPG/oxygen due to the
desorption process of reducing gas species present in the LPG
and the ambient air [4, 7]. After 30 min, the recovery time was
checked by the immediate exposure of sample to ambient air.
It shows that the recovery time (𝑡), defined by (3), reduces
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Table 1: Comparison table of sensitivity (𝑆%) and recovery time (𝑡) for films F1 and F2 for LPG.

Temperature (∘C)
ZnO nanorods (NRs) (F1) ZnO nanopolypods (NPPs) (F2)

Percentage of sensor sensitivity (𝑆%) Recovery time (min) Percentage of sensor sensitivity (𝑆%) Recovery time (min)

100 18.2 25 27.7 14

150 33.3 2.9 25 6.2

200 17 1.9 26.3 2.5

250 28.2 0.7 28.7 0.66

300 25 2.75 27.3 1.0
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Figure 12: Sensitivity response with temperature in the presence of
TNT/RDX, for film F1.

with an increase in operation temperature up to 250∘C and
thereafter increases for higher temperatures. The recovery of
the resistance when target gas is removed is determined by
both oxygen readsorption from the ambient on the surface
and reoxidation of the oxide. The films F1 and F2 sensitivity
(𝑆) response and recovery patterns achieved for LPG are
similar and with better recovery time, in comparison to those
reported by Chatterjee et al. [7] for higher concentration
(2 vol%) of LPG on ZnO thin film. Tables 1 and 2 show
the comparison of percentage sensor sensitivity (𝑆%) and
recovery time (𝑡) of films F1 and F2 for both LPG and
oxygen. At temperature 250∘C both films have shown the
least recovery time for both LPG and Oxygen. Also the LPG
recovery time achieved at 150∘C for both films is much lesser
than that reported by Chatterjee et al. [7] using ZnO thin
films.

5. Explosives Sensing

5.1. TNT and RDX Explosives Sensing. Explosives are chem-
ical compounds that can be initiated to undergo self-
propagating decomposition resulting in the sudden release
of heat and pressure [34]. The TNT [(C6H2(NO2)3CH3] and
RDX [(CH2–N–NO2)3] belong to a class of nitroaromatic
and nitramines compounds and have extremely low vapour

pressure of 4.8 × 10−6 (Torr) and 8.3 × 10−10 (Torr) at 20∘C,
respectively. Nanostructures such as NRs and nanoparticles
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Figure 13: Sensing and recovering response for RDX: (a) ZnO
nanorods (NRs) film F1 and (b) ZnO nanopolypods (NPPs) film F2.

offer a highly sensitive platform for the detection of molecular
adsorption on their surfaces [35–39]. The chemical reaction
of reducing species CH3/CH2 present in the TNT/RDX
molecule with the adsorbed oxygen (O−ads) at elevated
temperature results in the release of free electrons (e−),
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Figure 14: Sensing and recovering response for TNT: (a) ZnO nanorods (NRs) film F1 and (b) ZnO nanopolypods (NPPs) film F2.

Table 2: Comparison table of sensitivity (𝑆%) and recovery time (𝑡) for films F1 and F2 for oxygen.

Temperature (∘C)
ZnO nanorods (NRs) (F1) ZnO nanopolypods (NPPs) (F2)

Percentage of sensor sensitivity (𝑆%) Recovery time (min) Percentage of sensor sensitivity (S%) Recovery time (min)

100 45.4 13.5 25 15.5

150 38.8 5.65 33.5 4.5

200 20.2 2.75 17.7 1.4

250 34.6 0.85 14 0.6

300 28.2 0.95 — —

therefore reducing the resistance of ZnO nanostructure film.
For the experiment 0.2 mg quantity of TNT grains/RDX
powder was used for explosive sensing using samples S1
and S2. Additionally, after placing TNT/RDX powder inside
the airtight glass chamber, 0.2 BHP rotary suction pump
connected to the chamber base was run for 10 min to drain
out atmospheric air from the chamber to create vacuum of∼220 mm of Hg pressure below atmosphere. As the vapor
pressure of target explosives is very low, the use of vacuum
condition for the experiment might have been useful in
improving sensor sensitivity to detect low vapour pressure
TNT/RDX explosive molecules available inside the airtight
chamber.

5.2. Effect of Temperature on Sensor Response for TNT and
RDX. Figure 12 shows the sensor response of film F1 in the
presence of TNT and RDX in the temperature range from
30∘C to 210∘C. The sensitivity (𝑆) of sensor was found to
decrease gradually with temperature from 30∘C to 157∘C in
the presence of TNT and from 30∘C to 172∘C in the presence
of RDX and then nearly stabilize with higher temperature.

The decrease in sensitivity response with the increase in
temperature indicates the rate of desorption of reducing gas
species present in TNT and RDX as per (6). This results in the
increase of conductivity or the decrease of resistance, while in
the stabilized region, the activation energy may be enough to
complete the chemical reaction.

5.3. Sensor Recovery Analysis for TNT/RDX. The response
of films F1 and F2 to a quantity of 0.2 mg of RDX/TNT as
explosive source placed for 30 min inside an airtight chamber
and thereafter recovery in air were measured at different
temperatures of 100∘C, 150∘C, and 200∘C. Figures 13(a), 13(b),

14(a), and 14(b) show the sensing and recovery time plots
for films F1 and F2 in the presence of RDX and TNT,
respectively. The sensitivity (𝑆) for both samples decreased
during exposure to RDX/TNT over a period of 30 min
at different temperatures due to desorption process of the
reducing gas species present in RDX/TNT. After 30 min, the
recovery time was found to decrease with the increase in
operation temperature. Tables 3 and 4 show the comparison
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Table 3: Comparison table of sensitivity (𝑆%) and recovery time (𝑡) for films F1 and F2 for RDX.

Temperature (∘C)
ZnO nanorods (NRs) (F1) ZnO nanopolypods (NPPs) (F2)

Percentage of sensor sensitivity (S%) Recovery time (min) Percentage of sensor sensitivity (S%) Recovery time (min)

100 54.16 11 31.42 15.7

150 49.54 3.55 37.2 7.25

200 28 1.75 21 2.4

Table 4: Comparison table of sensitivity (𝑆%) and recovery time (𝑡) for films F1 and F2 for TNT.

Temperature (∘C)
ZnO nanorods (NRs) (F1) ZnO nanopolypods (NPPs) (F2)

Percentage of sensor sensitivity (S%) Recovery time (min) Percentage of sensor sensitivity (S%) Recovery time (min)

100 41.62 17.5 42 12.75

150 51.9 7.5 36 2.9

200 13.4 2.25 10.3 1.5

of sensitivity (𝑆%) and recovery time (𝑡) of films F1 and F2 for
both RDX and TNT explosives.

6. Conclusions

Uniform array of aligned ZnO NRs with diameter of about
3100–150 nm and length of 0.5–1𝜇m and ZnO NRs/NPPs
with pod diameter of about 150–200 nm and length of about
1.5–2𝜇m were grown on glass substrates with microwave-
assisted wet chemical synthesis (with capping and without
capping agents). Use of triethanolamine as capping agent
has resulted in the additional growth of ZnO NPPs. The
structural analysis showed hexagonal wurtzite structure of
ZnO nanostructure with planes highly oriented along (002)
direction. The sensing study of ZnO NRs and ZnO NRs/NPPs
samples showed that the sensor response (𝑆) increases with
temperature for both LPG and oxygen, while with the
increase in gas concentration from 0.2 to 0.4 vol%, the sensor
response increases gradually and attains saturation for LPG,
while for oxygen, the response was found to be linear with
the increase in gas concentration. The sensor sensing and the
recovery time analysis showed that the recovery time reduces
with the increase in operation temperature for both gas
and explosives. The recovery time of both samples has been
found to be the least at the operation temperature of 250∘C
for LPG/oxygen and 200∘C for TNT/RDX. Additionally the
recovery time achieved for LPG at 0.4 vol% concentration in
this study is much lesser than that previously reported for
ZnO thin film with much higher LPG concentration. The
present work shows that both ZnO NRs and ZnO NRs/NPPs
have excellent potential for both gas and explosive sensing
applications.
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Microwave-assisted organic synthesis, a green chemistry approach, is nowadays widely used in the drug synthesis. Microwave-
assisted synthesis improves both throughput and turnaround time for medicinal chemists by offering the benefits of drastically
reduced reaction times, increased yields, and pure products. Schiff bases are the important class of organic compounds due to their
flexibility, and structural diversities due to the presence of azomethine group which is helpful for elucidating the mechanism of
transformation and rasemination reaction in biological system. This novel compound could also act as valuable ligands for the
development of new chemical entities. In the present work, some Schiff bases of Isatin derivatives was synthesized using microwave
heating method. Schiff base of Isatin were synthesized by condensation of the keto group of Isatin with different aromatic primary
amines. They were characterized by means of spectral data and subsequently subjected to the in vitro antibacterial activities against
gram positive and gram negative strains of microbes. It was observed that the compound with electron withdrawing substituents
exhibited good antibacterial activities against almost all the micro organisms.

1. Introduction

Microwave-assisted organic synthesis is widely used as a
source of heating in drug synthesis. Drug molecules can be
built in a fraction of the time by this method. As a result, this
technique has rapidly gained acceptance as a valuable tool
for accelerating drug discovery and development processes.
A microwave is a form of electromagnetic energy, which
falls at the lower end of the electromagnetic spectrum and
is defined in a measurement of frequency as 300 to 300,000
Megahertz. The microwave region of the electromagnetic
spectrum lies between infrared and radio frequencies. The
basic mechanism of microwave assisted synthesis involves
agitation of polar molecules or ions that oscillate under the
effect of an oscillating electric or magnetic field. In the pres-
ence of an oscillating field, particles try to orient themselves
or be in phase with the field. Only materials that absorb

microwave radiation are relevant to microwave chemistry.
These materials can be categorized according to the three
main mechanisms of heating such as dipolar polarization,
conduction mechanism, and interfacial polarization. The
technique offers simple, clean, fast, efficient, and economical
for the synthesis of a large number of drug molecules, having
provided the momentum for many medicinal chemists to
switch from traditional heating method to microwave heating
method [1, 2]. Thus it follows green chemistry approach.
The role of green chemistry is essential in ensuring that
the next generation of chemicals, materials, and energy is
more sustainable than the current generation. Worldwide
demand for environmentally friendly chemical processes and
products requires the development of novel and cost-effective
approaches to prevent pollution of the environment [3].
The important area of green chemistry is the elimination
of solvents during chemical processes or the replacement
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Table 1: Comparative study on yield and reaction time of the synthesized compounds 2(a–j) by conventional and microwave assisted method.

Compound code
Conventional method Microwave assisted method

Time (h) Energy (Temp. ∘C) Yield (%) Time (min.) Energy (power. watt) Yield (%)

2a 3 98–100 64 5 210 84

2b 3 98–100 62 7 210 82

2c 3 98–100 56 6 210 85

2d 2 98–100 58 10 210 75

2e 2 98–100 66 7 210 85

2f 2 98–100 53 9 210 74

2g 2 98–100 57 8 210 77

2h 3 98–100 53 10 210 76

2i 3 98–100 56 10 210 72

2j 3 98–100 60 8 210 84

Table 2: TLC report and melting point data of the synthesized
compounds 2(a–j).

Compound code R Tm (∘C) 𝑅𝑓
2a phenyl 144-145 0.56

2b 2-nitrophenyl 120-121 0.67

2c 3-nitrophenyl 140-141 0.62

2d 4-nitrophenyl 150-151 0.68

2e 3-chlorophenyl 135-136 0.66

2f 4-chlorophenyl 140-141 0.67

2g 4-bromophenyl 230-231 0.62

2h 4-fluorophenyl 141-142 0.56

2i 3-Cl-4-F-phenyl 129-130 0.54

2j 2,6-dichlorophenyl 241-142 0.55

of hazardous solvents with environmental friendly solvents.
Heterocyclic compounds are the most commonly used phar-
macophore in the development of drugs and pharmaceutical
substances. Due to their drug-likeness and structural diver-
sity, these are routinely employed in high-throughput screen-
ing at early stages of drug discovery processes. Therefore, the
goal of the present study is to carry out the synthesis of some
heterocyclic compounds under green chemistry approach
[4]. The above facts prompted us to synthesize some Schiff
base of Isatin derivatives by using microwave heating method
[5–7]. Azomethine group (–C=N–) containing compounds
typically known as Schiff bases has been synthesized by
the condensation of primary amines with active carbonyls
[8]. Schiff bases form a significant class of compounds in
medicinal chemistry due to various biological activities such
as antibacterial [9], antifungal [10], antiviral [11], anti-HIV
[12], and anticonvulsant [13] activities. The structures of the
synthesized compounds were confirmed by means of their
physical and spectral data. The synthesized compounds were
evaluated for their possible antibacterial activities by cup
plate method.

2. Experimental Method

2.1. Materials. The chemicals and solvents used for the
experimental work were of commercial grade. All the melting

N
H

O

N R

N
H

O

O

R-NH2, C2H5OH

Microwave (5–10 min)

Conventional (2-3 h)

(1) 2(a–j)

Scheme 1

points were taken in open capillaries and are uncorrected
(Table 2). Followup of the reactions and checking the purity
of the compounds were made by TLC on precoated Silica
gel-aluminum plates (Type 60 F254, Merck, Darmstadt,
Germany) and were visualized by exposure to UV-light
(254 nm) or iodine vapor for few seconds. The IR spectra of
the compounds were recorded on FT-IR Spectrophotometer,
model IR Affinity-1 (SHIMADZU), using KBr powder and

the values are expressed in cm−1. 1H NMR spectra of selected
compounds were recorded on multinuclear FT NMR Spec-
trometer, model Advance-II (Bruker), (at 400 MHz) using
tetramethylsilane as an internal standard. The multiplicities
of the signals are denoted with the symbols s, d, t, and m
for singlet, doublet, triplet, and multiplet, respectively. The
microwave irradiated synthesis was performed in scientific
microwave oven, Catalyst System (operating between 140–
700 W). All the reactions were carried out at power level-1,
which corresponds to 140 W.

2.2. Conventional Synthesis of Schiff Bases of Isatin. Equimo-
lar (0.01 mol) quantity of Isatin and substituted anilines were
dissolved in ethanol (10 mL) and refluxed for 3 h in presence
of glacial acetic acid. In between TLC was checked to confirm
the completion of reaction. After completion of reaction,
the reaction mixture was kept overnight to get the solid
product. The product was filtered, dried, and recrystallized
from ethanol (Scheme 1).

2.3.Microwave Synthesis of Schiff Bases of Isatin. The required
quantities of above reactants are subjected to microwave
irradiation for 5–10 min at power level 1 (140 watts). In
between TLC was checked to confirm the completion of
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Table 3: Antibacterial activities of the synthesized compounds 2(a–j).

Compounds
Diameter of zone of inhibition (millimeters)

P. vulgaris P. aeruginosa E. coli S. aureus S. epidermidis

2a 12.23 ± 0.57 15.02 ± 1.00 12.00 ± 1.00 13.32 ± 0.57 12.56 ± 0.57

2b 16.33 ± 0.55 17.10 ± 1.00 22.00 ± 1.00 23.00 ± 1.00 15.33 ± 0.57

2c 18.33 ± 0.55 18.11 ± 1.00 21.00 ± 1.00 19.00 ± 1.00 14.00 ± 1.00

2d 18.66 ± 0.52 16.00 ± 1.00 18.66 ± 0.57 19.34 ± 0.57 17.00 ± 1.00

2e 15.33 ± 0.57 17.00 ± 1.00 16.33 ± 0.57 16.32 ± 0.57 14.33 ± 0.57

2f 21.32 ± 0.53 21.00 ± 1.00 21.00 ± 1.00 19.34 ± 0.57 15.33 ± 0.57

2g 17.33 ± 0.57 18.00 ± 1.00 20.00 ± 1.00 19.23 ± 0.57 12.33 ± 0.57

2h 16.33 ± 0.56 20.10 ± 1.00 20.00 ± 1.00 22.20 ± 1.00 16.33 ± 0.57

2i 12.33 ± 0.57 14.10 ± 1.00 12.33 ± 0.57 16.32 ± 0.57 11.66 ± 0.57

2j 14.34 ± 0.53 14.10 ± 1.00 14.33 ± 0.57 17.35 ± 0.57 16.00 ± 1.00

Control — — — — —

Standard 23.33 ± 0.57 20.33 ± 0 .57 31.33 ± 0.57 21.66 ± 0.57 23.33 ± 0.57

Results were expressed as mean ± S.D. (n = 3); “—” indicates no zone of inhibition.

reaction. After completion of reaction, the reaction mixture
was kept overnight to get the solid product. The product was
filtered, dried, and recrystallized from ethanol (Scheme 1).

3. Results and Discussion

The synthetic protocol followed was outlined in Scheme 1.
The synthesized compounds were characterized by their
physical and spectral studies. As compared to conventional
heating, microwave heating provides high yield with pure
product in less reaction time (Table 1). The IR spectra of
all the synthesized compounds were recorded using KBr
(Merck). All the compounds have exhibited -NH stretching

in the region of 3400–3200 cm−1. IR spectra of synthesized
compounds showed the presence of characteristic absorption
peaks around 3000–3100 cm−1 (C–H, Ar), 2800–2780 cm−1

(–C=N–), 1640–1602 cm−1 (C=N), 1580–1520 cm−1 (C=C
Ar), and 1346–1330 cm−1 (C–N). The halogenated derivatives
showed the IR absorption bands in the regions and 1400–

1000 cm−1, 800–600 cm−1, and 600–500 cm−1 which corre-
spond to (C–F str.), (C–Cl str.), (C–Br str.), respectively.
The N–O stretching vibrations in nitro group occur near

1550–1475 cm−1 (asymmetrical) and 1365–1290 cm−1 (sym-

metrical), with the band at 1550 cm−1 being the stronger.

The 1HNMR spectra above synthesized compounds have
shown singlet in the region of 𝛿 9.35 to 9.98 corresponding
to secondary amino group (–NH). The aromatic protons
resonate as multiplet in the region of 𝛿 7.03 to 7.90. The
synthesized compounds were evaluated for their in-vitro
antibacterial activities by cup plate method against both
gram positive and gram negative bacteria. The results of the
study were summarized in Table 3 including the activity of
standard. The compound 2f showed most promising effect
whereas compound 2a and 2i were found to be least effective
against P. vulgaris. Similarly the compound 2f was found
to have maximum zone of inhibition and compounds 2i
and 2j were found to have minimum zone of inhibition
against P. aeruginosa. The compound 2b exhibited most

promising effect whereas compound 2a was found to have
mild effect against E. coli and S. aureus. The compound
2d showed maximum effect against S. epidermidis whereas
compound 2i was found to have mild effect against this
species. Most of the tested compounds exhibited antibacterial
activities against all the test organisms but the activity was
less than that of the standard drug tetracycline in this test
concentration. Thus taking into account the antibacterial
activities of the tested compounds most of the compounds
displayed poor activities against S. epidermidis and promis-
ing activities against P. vulgaris, P. aeruginosa, E. coli, and
S. aureus.

The photographs of zone of inhibition of standard,
control, and some of the tested compounds were given in
Figure 1. Figure 1(a) showed the zone of inhibition of the
standard drug against E. coli whereas there is no zone of
inhibition in case of control. Similarly Figure 1(b) displayed
the zone of inhibition of the standard drug against S. aureus
whereas there is no zone of inhibition in case of control.
Figure 1(c) showed the zone of inhibition of test compound
2 h (L) which was more than that of 2a (R) against S. aureus.
Figure 1(d) showed the zone of inhibition of test compounds
2i (L) and 2f (R) against P. vulgaris. In case of Figure 1(e) it
was clearly visible that the diameter of zone of inhibition of
compound 2c was more than that of compound 2d against E.
coli. Figure 1(f) showed the diameter of zone of inhibition of
compounds 2c and 2d against P. aeruginosa.

4. Biological Evaluation

4.1. Antibacterial Study. The synthesized compounds were
screened in-vitro for their antibacterial activities against
Staphylococcus aureus (MTCC-87), Escherichia coli (MTCC-
40), Staphylococcus epidermidis (MTCC-2639), Pseudomonas
aeruginosa (MTCC-424), and Proteus vulgaris (MTCC 426)
using cup plate method [14, 15]. The compounds were tested
at 500𝜇g concentration in dimethyl sulphoxide (DMSO),
using nutrient agar as the medium. After 24 h of incubation
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(a) Zone of inhibition of control and stan-
dard against E. coli

(b) Zone of inhibition of control and stan-
dard against S. aureus

(c) Zone of inhibition of test compounds 2 h
(L) and 2a (R) against S. aureus

(d) Zone of inhibition of test compounds
2i (L) and 2f (R) against P. vulgaris

(e) Zone of inhibition of test compounds 2c
(L) and 2d (R) against E. coli

(f) Zone of inhibition of test compounds 2c
(L) and 2d (R) against P. aeruginosa

Figure 1: Photographs displaying zone of inhibition of control, standard, and various test compounds against different test organisms (R:
right, L: left).

at 37∘C, the zone of inhibition formed were measured in
millimeters against standard drug tetracycline and the data
were presented in Table 3.

5. Conclusion

We have synthesized some Schiff base of Isatin derivatives
by conventional and microwave irradiation method. With
the help of microwave synthesis, the yield of product was
increased from 60% upto 85% as compared to conventional
method. By microwave irradiation the reactions were com-
pleted within 5–10 minutes and the products were obtained
in good to high yields, which reduced the time, waste, and
formation of byproduct. The microwave assisted synthesis is
simple ecofriendly and can be used as an alternative to the
existing conventional heating method. From the results of
antibacterial studies it was concluded that the tested com-
pounds exhibited significant antibacterial activities against
both gram positive and gram negative organisms. Among
the tested compounds, compound substituted with electron
withdrawing group in Isatin residue preferably at paraposi-
tion showed promising antibacterial activities; this may be
attributed to their enhanced electronic character which favors
greater penetration through microbial membrane.
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