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T
he control over size and morphol-
ogy of nanostructures to tailor the
physical and chemical properties has

become a fundamental issue in nano-

science. The development of solution-

based controlled synthesis of nanomateri-

als has shaped a variety of dendritic hyper-

branched structures.1,2 Study of dendritic

patterns in chemical synthesis has revealed

that the distinctive dimensions, that is, size,

shape, and chemical functionality, of such

structures make them potential candidates

for the design and invention of new func-

tional nanomaterials.3 Self-assembly of

nanoparticles, such as nanoclusters, nano-

wires, nanobelts, and nanotubes,1�3 is a

modus operandi for designing novel sen-

sors, circuits, and devices on the nano- and

microscale.4�6 Fractal structures are com-

mon in nature across all areas, from self-

assembled molecules to the shapes of

coastlines, to the distribution of galaxies,

and to the shapes of clouds.7

After the study of semiconductor nano-

crystallites by Brus et al.,8 remarkable effort

has been made to synthesize monodis-

persed nanocrystallites with quantum size

effects.9�15 Numerous efforts have been

made for the synthesis of anisotropic nano-

structures in liquid medium through hydro-

thermal processes,16,17 in addition to physi-

cal and chemical vapor deposition

approaches.18,19 A variety of nanocrystal-
line chalcogenides,20�27 metals,28�30 and
metal oxides31,32 have been fabricated
through precisely manipulating the reac-
tion conditions. As a lean to this trend,
many symmetric nanocrystals of noble
metals,33,34 copper oxides,35 and sulfides36

have also been synthesized. In recent years,
extensive research has been performed on
nanomaterials of various dimensions, which
has led to substantial advances in nanoma-
terial synthesis.37,38 In comparison with
one-dimensional (1D), the three-
dimensional (3D) nanostructures provide a
great deal of opportunity to explore their
novel properties. Also, the self-assembly of
1D structures into 3D structures via the
solution-based route is becoming more at-
tractive compared to the physical and
chemical vapor deposition routes due to
gentle synthesis conditions, ease of opera-
tion, and the possibility of large-scale
production.

Microwave (MW) chemistry has been
widely used in synthetic organic chemistry,
with enhanced reaction rates, selectivity,
and product yields.39�43 This technique is
also useful for the synthesis of high-quality
nanomaterials via direct MW heating of the
molecular precursors.44�47 To the best of
our knowledge, the hierarchical self-
assembly of nanomaterials under MW irra-
diation has not been reported. However, af-
ter our initial success48 and engaged in the
development of greener and sustainable
pathways for nanomaterials48�53 and or-
ganic synthesis,39�43 herein we report an
easy and rapid synthesis of a variety of
metal oxides having dendritic 3D nano-
structures. In this work, the MW-assisted hy-
drothermal process was employed for the
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ABSTRACT Nanostructured metal (Fe, Co, Mn, Cr, Mo) oxides were fabricated under microwave irradiation

conditions in pure water without using any reducing or capping reagent. The metal oxides self-assembled into

octahedra, spheres, triangular rods, pine, and hexagonal snowflake-like three-dimensional morphologies. Pine-

structured nano-iron oxides were studied as a novel support for various catalytic organic transformations.
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synthesis of dendritic metal oxides in water without us-
ing any reducing or capping reagent. The size and
shape of the final product was tailored by varying sub-
strate concentration and reaction temperature. Five dif-
ferent nanostructured metal (Fe, Mo, Co, Cr, and Mn) ox-
ides of different morphologies were synthesized and
characterized.

RESULTS AND DISCUSSION
The disadvantages of most of the known methods

for the synthesis of these nano-oxides are the use of
the surfactants, capping or reducing agents, and toxic
organic solvents, which may limit their applications in
terms of economical and environmental sustainability.
In the present study, we emphasized the role of the
metal hexacyano complex as a single precursor for the
synthesis of these nanomaterials in pure water, without
using any external reagents. Interestingly, these cyano
complexes play a crucial role in the formation of well-
defined 3D structures. However, if other metal sources
such as metal chlorides, nitrates, or sulfates were used,
even under similar reaction conditions, particles with-
out any defined nanostructures were observed.

Five well-defined morphologies, including octahe-
dron, spheres, triangular rods, pine, and hexagonal
snowflake nanostructures, of metal oxides with sizes in
the range of 100�500 nm have been obtained under
MW irradiation conditions. Use of MW-assisted chemis-
try is due to the efficiency of the interaction of micro-
waves with water molecules39,40,54 as well as with po-
lar inorganic metal oxide precursors. The reaction
mixture is rapidly heated to required temperatures un-
der MW irradiation, and the precise control of the reac-
tion temperature can be achieved because of the very
high heat capacity of water.54,55

Fabrication of Iron Oxide (�-Fe2O3): Self-Assembly into Pine
and Snowflake Nanostructures. �-Fe2O3 was synthesized us-
ing hydrothermal technique by simply heating the
K4[Fe(CN)6] in water under MW irradiation condition.
During the reaction, [Fe(CN)6]4� ion, having six equiva-
lent cyanide atoms, dissociated in water, which in turn
grew rapidly along its six crystallographical directions,
yielding the �-Fe2O3 particles. The morphology of these
particles appeared like a pine tree (Figures 1 and 2),
hence the term micropine particle. TEM (Figure 1) and
ESEM (Figure 2) images of the synthesized micropine
�-Fe2O3 particles show the single-crystal structure. A

closer inspection of these particles reveals well-defined

and highly ordered branches (Figure 1b,c) distributed

on both the sides. The TEM observations also revealed

that the micropine dendrites self-assembled to form a

sixfold snowflake-like structure (Figure 1a). Further

structural characterization of this material was carried

out using powder XRD (Figure 3), which shows �-Fe2O3

phase having a rhombohedral structure (JCPDS 01-089-

0596). The diffraction peaks are sharp because of the

crystalline nature of the particles. The crystallite size cal-

culated from the Scherer formula using the full width

at half-maximum (fwhm) of the most intense peaks was

found to be 48.5 � 1 nm.

Effect of Substrate Concentration and Reaction Temperature.

The effects of substrate concentration and reaction

temperature on the morphology of the nanoparticle

were also studied. It was observed that, with an increase

in the concentration, the sharpness of branched den-

drite particles decreased and materials with slightly

branched particles were formed (Figure 4). Reaction

temperature plays a crucial role in this synthesis. At

150 °C, moderate to good product yields were obtained

in 3 h; however, below this temperature, the formation

of nanoparticles needed extended reaction time. Figure

4a�c shows TEM images of materials that were synthe-

Figure 1. TEM of (a) snowflake and (b,c) pine �-Fe2O3. Figure 2. ESEM of dendritic �-Fe2O3.

Figure 3. XRD of dendritic �-Fe2O3.

Figure 4. TEM of �-Fe2O3 particles using (a) 0.01, (b) 0.02, and (c)
0.03 mol of K4[Fe(CN)6] at 150 °C under MW irradiation.
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sized at K4[Fe(CN)6] concentrations of 0.01, 0.02, and

0.03 mol, respectively, at 150 °C. The higher the concen-

tration of K4[Fe(CN)6], the thicker the nanorod branches

of the dendrites. Broadening was also observed at

higher reaction temperature (180 °C), depending on

substrate concentration (Figure 5). These results sug-

gest that it is possible to control and tune the shape of

dendritic nanostructures by controlling the kinetic pa-

rameters (temperature and concentration) of the reac-

tion process.

Fabrication of Cobalt Oxide (CoO): Self-Assembly into

Octahedral Nanostructures. MW-assisted hydrothermal

heating of K3[Co(CN)6] in water fabricated cobalt oxide

in good yield. TEM and SEM studies revealed the forma-

tion of octahedral nanoparticles with sizes ranging

from 200 to 500 nm (Figure 6). For an octahedral crys-

tal, every facet is close to an equilateral triangle. All

the surfaces are smooth, and there are no defects. X-ray

diffraction (XRD) of as-synthesized nanoparticles indi-

cates the formation of cobalt oxide (Figure 7). The peaks

could be indexed to the CoO phase of cobalt oxide hav-

ing a cubic structure (JCPDS 03-065-2902). EDAX con-

firmed the presence of only cobalt and oxygen in the

as-synthesized samples with an atomic ratio of 55 to 44,

further confirming the phase of cobalt oxide. The crys-

tallite size calculated from the Scherer formula using

the fwhm of the most intense peaks was found to be

46.2 � 1 nm. The effects of substrate concentration and

reaction temperature on the morphology of the cobalt

oxide nanoparticles were also studied; however, no sig-

nificant changes were observed in the particle

morphology.

Fabrication of Manganese Oxide (Mn2O3): Self-Assembly into

Triangular Nanorods. Manganese oxide was also expedi-

tiously synthesized by heating the aqueous solution of

K3[Mn(CN)6] under MW irradiation. TEM and SEM stud-

ies showed the formation of 3D nanoparticles with tri-

angular rod morphology (Figure 8). These nanorods

were approximately 100 nm in diameter with lengths

Figure 5. TEM of �-Fe2O3 particles using (a) 0.005, (b) 0.01, and (c)
0.05 mol of K4[Fe(CN)6] at 180 °C under MW irradiation.

Figure 6. TEM (a,b) and ESEM (c,d) of cobalt oxide.

Figure 7. XRD of octahedral cobalt oxide.

Figure 8. TEM (a,b) and ESEM (c,d) of manganese oxide.

Figure 9. XRD of manganese oxide.

Figure 10. TEM (a,b) and ESEM (c,d) of chromium oxide.
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up to 500 nm. Although the morphologies of most of

the nanoparticles were triangular rods, some small

spherical nanoparticles were also observed in the case

of higher precursor concentration reactions; this indi-

cates that the formation of the triangular rods might be

due to self-assembly of these small particles. A closer in-

spection of these particles revealed the further self-

assembly of triangular rods into Y-shaped dendritic

nanostructures (Figure 8). No effect of reaction temper-

ature on the morphology of the manganese oxide

nanoparticles was observed.

Further structural characterization of this material

by powder XRD (Figure 9) indicates the formation of

Mn2O3 phase of manganese oxide having orthorhom-

bic structure (JCPDS 00-002-0429); sharp diffraction

peaks are due to the crystalline nature of the nanopar-

ticles. Crystallite size was calculated from the Scherer

formula using the fwhm of the most intense peaks and

was found to be 28.8 � 2 nm.

Fabrication of Chromium Oxide (Cr2O3): Self-Assembly into

Nanospheres. Chromium oxide was synthesized by irradi-

ating the K3[Cr(CN)6] solution using MW in the absence

of reducing or capping agents. TEM micrographs (Fig-

ure 10a,b) show the dispersed spherical particles in the

size range of 120�200 nm. However, SEM images (Fig-

ure 10c,d) show a large size distribution of the nano-

spheres, with particles ranging from 50 to 500 nm in

size. The formation of larger particles may be due to Os-

twald’s ripening, wherein larger particles grow at the

expense of the smaller particles. No significant varia-

tions in the particle size or morphology were noted

when concentration of the precursors and reaction
temperature were increased. The XRD pattern con-
firmed the phase of the as-synthesized nanoparticles
to be Cr2O3 having a cubic structure (JCPDS 00-006-
0504) (Figure 11). Crystallite size was calculated from
the Scherer formula and was found to be 42.39 � 2
nm.

Fabrication of Molybdenum Oxide (MoO2): Self-Assembly into
Nanospheres. Molybdenum oxide was also synthesized
by irradiating the aqueous solution of K3[Mo(CN)8] by
microwaves without using any reducing or capping
agents, and spherical nanoparticles were formed. From
TEM and ESEM (Figure 12) micrographs, it can be seen
that the particle sizes were �200�250 nm. The XRD
pattern confirmed the phase of the molybdenum ox-
ides to be MoO2 having a cubic structure, although the
spectra were found to be highly broadened with very
low signal-to-noise ratio (Figure 13). The EDAX also con-
firms the phase of the nanoparticles to be MoO2 as the
elements are present in 31 and 63 atomic percentage,
respectively. The closer inspections of SEM micrographs
revealed that the surfaces of these particles were rough,
unlike other metal oxides formed.

Plausible Mechanism for the Formation of Nanostructured
Materials. Dendritic fractals of numerous materials have
been thoroughly investigated in the past.56�60 It is well-
established that fractal aggregation arises in situations
far from thermodynamic equilibrium where high driv-
ing forces lead to the generation of crystallites and ran-
dom self-assembly.61 The model known as diffusion-
limited aggregation (DLA) has been successfully
developed to interpret this ramified growth of differ-
ent systems controlled by diffusive processes.62 In our
system, all the used hexacyano precursors were very
stable complexes and no reducing agent or base was
present during the reaction, thus preventing the rapid
formation of metal hydroxide. Moreover, the stability of

Figure 11. XRD of chromium oxide.

Figure 12. TEM (a,b) and ESEM (c,d) of molybdenum oxide.

Figure 13. XRD of molybdenum oxide.

Scheme 1. Synthesis of functionalized ferrites with Pd coating.
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the precursor complexes can reduce the formation

rate of free metal ions into the solution. At low concen-

tration of free metal ions, the supersaturation is low,

therefore, ions can combine to form nuclei. The slowly

generated ions in the later stage have sufficient time for

adsorption on those nuclei to form various

nanostructures.

Nucleation and crystal growth are two imperative
factors during the preparation of these nanostructured
materials. In the cases of dendritic nanostructures, the
ensuing morphology is conciliation between the inher-
ent crystal structure of the material and the kinetic fac-
tors employed during the synthetic route. The preferred
growth on certain planes becomes energetically favor-
able when the surface tensions of these planes are el-
evated and the bulk energy of the total system tends to
decline.63 The surface tensions of these planes possi-
bly will be tuned to permit anisotropic growth by ma-
nipulating experimental conditions, such as substrate
concentration, reaction temperature, and time. Other
key factors affecting the morphology of these nano-
oxides are the crystalline phases of seeds and subse-
quent growth. Crystal seeds can potentially have a vari-
ety of different crystallographic phases, and the stable
phase is highly dependent on the environment.

[Fe(CN)6]4� ions are very stable in aqueous solution,
and the formation of pine-structured nanoferrite (�-
Fe2O3) materials is based on the weak dissociation of
these ions under MW-assisted hydrothermal conditions.
These ions subsequently hydrolyze to form iron hydrox-
ides, which in turn decompose into iron oxides and
slowly grow along six crystallographically equivalent di-
rections. The resulting structures display beautiful frac-
tal features, which morphologically bear a resemblance
to a pine tree. On similar lines, K3[Co(CN)6] precursors,
when dissolved in the water, started to decompose very
slowly and smoothly under hydrothermal conditions
so that the nuclei grew homogeneously. Aggregation
of the cobalt oxide nuclei then formed small particles,
which grew into octahedral nanostructures via an Ost-
wald ripening process.

In the cases of chromium and molybdenum oxides,
formation of spherical nanostructures was observed.
The crystallographic phase of the nucleated seeds
might be the possible factor responsible for the forma-
tion of these spherical morphologies. Since the seed
crystals of Cr2O3 and MoO2 are in cubic phase, they tend
to grow isotropically along the three crystallographic
axes (a, b, and c directions), resulting in these shapes.
However, in the case of manganese oxide, as the seeds
are in an orthorhombic structure, crystals can grow
anisotropically, resulting in shapes such as triangular
rods.

Effect of Calcination over Morphology and Phase of Metal
Oxides. The stability and effect of temperature on the
morphology of the nanostructures was also studied. All
the synthesized nanoparticles were calcinated at 700
°C for 2 h in air. Interestingly, the morphologies of iron
oxide, manganese oxide, and chromium oxide re-
mained unaltered even after calcinating at 700 °C. The
phase of these nano-oxides also remained unchanged,
indicating the high stability of materials. In the case of
cobalt oxide (CoO) and molybdenum oxide (MoO2), al-
though the morphologies of the nanoparticles re-

TABLE 1. Suzuki Reaction of Aryl Halides Using Nano-Pd Catalyst

TABLE 2. Heck Reaction of Aryl Halides Using Nano-Pd Catalyst
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mained unchanged after calcination for 2 h, the phase

of the particles changed to Co3O4 and MoO3, respec-

tively. This is an added advantage of our synthetic pro-

cedure, as the morphology of the nanometal oxides re-

mains stable at high temperature even when associated

with a phase change.

Nanoferrite as a Catalyst Support. In order to prove the

utility of these materials, we tested synthesized nanof-

errites as a support for heterogeneous catalysis. The first

step was the functionalization of pine-tips of synthe-

sized nanoferrites with an organic functional group,

which will act as a ligand for metal-catalyzed reactions
(Scheme 1). Catalyst was prepared by sonicating nano-
particles with dopamine followed by addition of palla-
dium (Pd) salt at a basic pH. Material with Pd nanopar-
ticles on the tips of amine-functionalized pine ferrites
was obtained in excellent yield. FT-IR and XRD evidently
confirmed the anchoring of dopamine and Pd particles
on ferrite surfaces, and the weight percentage of Pd
was found to be 7.26% by ICP-AES analysis.

The formation of carbon�carbon bonds via Pd-
catalyzed cross-coupling reactions plays a crucial role
in synthetic organic chemistry. Particular attention has
been paid to the coupling reaction of aryl halides with
boronic acids, alkenes, and alkynes, commonly called
Suzuki, Heck, and Sonogashira reactions,
respectively.64,65 The practical use of the ever increas-
ing number of tailor-made transition-metal catalytic
species is indeed connected with the problem of sepa-
ration and reuse of the rather costly catalyst systems. To
overcome these problems, we explored this Pd-
containing material as a heterogeneous catalyst for
these coupling reactions and hydrogenation reactions
(Tables 1�4).

Nanopine-Pd displayed high catalytic ac-
tivity for Suzuki, Heck, Sonogashira, and hy-
drogenation reactions. All the reactions pro-
ceeded efficiently with good to excellent
yields, with unchanged catalytic activity for
at least five reaction cycles. For practical ap-
plications of heterogeneous systems, the
lifetime of the catalyst and its level of reus-
ability are very important factors. To clarify
this issue, we established a set of experi-
ments using the recycled catalyst. The cata-
lyst also showed excellent recyclability in
all the reactions. Heterogeneity and Pd
leaching of this catalyst for the Heck reac-
tion of iodobenzene and methyl acrylate
were also examined by the modified “hot fil-
tration” test. The reaction was stopped at
25% conversion, and the liquid reaction
mixture was separated from solid nanocata-
lyst under hot conditions. The liquid por-
tion, which was further subjected to MW ir-
radiation, reacted only up to 30%,
indicating negligible Pd leaching, which

was further confirmed by ICP-AES analysis of the cata-
lyst material before and after reactions.

CONCLUSIONS
We have developed a convenient synthetic proto-

col for metal oxides with 3D nanostructures under MW
irradiation conditions. Materials were readily prepared
from inexpensive starting materials in water without us-
ing any reducing or capping reagent. This economical
and environmental sustainable synthetic concept could
ultimately enable the fine-tuning of material responses
to magnetic, electrical, optical, and mechanical stimuli.
Five well-defined morphologies, including octahedron,
spheres, triangular rods, pine, and hexagonal snow-
flake, with particles size in the range of 100�500 nm
were obtained. Because of these unique morphologies,
synthesized nanomaterials will have significant applica-
tions in biomedical science and catalysis. Nanoferrites

TABLE 3. Sonogashira Reaction of Aryl Halides Using Nano-Pd Catalyst

TABLE 4. Hydrogenation Reactions Using Nano-Pd
Catalyst
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were then functionalized and coated with Pd metal,
which catalyzed various C�C coupling and hydrogena-
tion reactions with high yields. In addition, the effort-

less recovery and elevated efficiency, combined with
the inherent stability of this catalyst, make the method
sustainable.

METHODS
Synthesis of the Metal Oxides. In a typical synthetic procedure,

0.001 mol of the precursor [K4Fe(CN)6, K3Co(CN)6, K3Mn(CN)6,
K3Mo(CN)8, and K3Cr(CN)6] was dissolved in 50 mL of distilled wa-
ter, and the solution was placed in a Teflon-sealed MW reactor.
The reaction mixture was exposed to MW irradiation at 180 °C for
3 h. After completion of the reaction, mixture was allowed to
cool to room temperature naturally and the metal oxides formed
were isolated by centrifugation, washed with distilled water
and methanol, and dried under a vacuum at 60 °C for 3�4 h.

Characterization. The phase of the as-synthesized metal oxide
nanoparticles was determined by X-ray diffraction in an MMS
X-ray diffractometer with a Cu K� source in the 2� range of 10
to 70. The data were collected with a step of 1 deg/min. A few
drops of the as-synthesized nanoparticles in isopropanol were
added to a quartz plate and dried at room temperature before
recording the X-ray pattern. TEM micrographs were recorded on
a Phillips CM 20 TEM microscope at an operating voltage of 200
kV. A drop of the as-synthesized nanoparticles in ethanol was
loaded on a carbon-coated copper grid and then allowed to dry
at room temperature before recording the micrographs. The
SEM images were recorded on a FEI/Phillips XL 30 ESEM-FEG in-
strument coupled with electron dispersive X-ray analysis (EDAX).
To obtain a better SEM image, the product was coated with
thin layer of gold on the surface to make it conducting.

Synthesis of Nanopine-Pd Catalyst. Amine-functionalized �-Fe2O3

nanoparticles (1 g) were dispersed in water, and NaPdCl4 solu-
tion in water was added to the mixture to get 10 wt % of Pd. Hy-
drazine monohydrate solution in water was added dropwise to
bring the pH of this mixture to 9. The reaction mixture was then
stirred for 24 h at room temperature. The product was allowed
to settle, washed several times with water and acetone, and
dried under vacuum at 60 °C for 2 h (80% yield). The weight per-
centage of Pd in the catalyst was found to be 7.26% by ICP-AES
analysis.

Experimental for Suzuki Reactions. The aryl halide (1 mmol), bo-
ronic acid (1.2 mmol), K2CO3 (1.5 mmol), and 50 mg of
nanopine-Pd catalyst were added to 2 mL of DMF/H2O (1:1) in a
10 mL crimp-sealed thick-walled glass tube equipped with a
pressure sensor and a magnetic stirrer. The reaction tube was
then placed inside the cavity of a CEM Discover focused MW syn-
thesis system, operated at 100 � 5 °C (temperature monitored
by a built-in infrared sensor), power 200 W (maximum), and pres-
sure 50 psi (maximum) for 20 min. After completion of the reac-
tion, the reaction mixture was decanted to separate nanomate-
rials and crude product. All products (Table 1) are known in the
literature and were identified by comparing their MS spectra
with Wiley library.

Experimental for Heck Reactions. The aryl halide (1 mmol), alkene
(1.2 mmol), triethylamine (1.5 mmol), and 0.1 g of nanopine-Pd
catalyst were added to 2 mL of DMF in a 10 mL crimp-sealed
thick-walled glass tube, and the above procedure was followed
at 100 � 5 °C for 30 min. All products (Table 2) are known in the
literature and were identified by comparing their MS spectra
with standard Wiley library.

Experimental for Sonogashira Reactions. The aryl halide (1 mmol),
alkyne (1.2 mmol), K2CO3 (1.5 mmol), and 0.1 g of nanopine-Pd
catalyst were added to 2 mL of DMF in a 10 mL crimp-sealed
thick-walled glass tube, and the above procedure was followed
at 110 � 5 °C for 45 min. All products (Table 3) are known in the
literature and were identified by comparing their MS spectra
with standard Wiley library.

Experimental for Hydrogenation Reactions. To a solution of alkynes/
alkenes/nitro compounds (1 mmol) in 2 mL of methanol was
added 10 mg of nanopine-Pd catalyst. The reaction vessel was
purged three times with hydrogen and charged to 40 psi, and
then closed off to the source of hydrogen. The reaction was

stirred for 2 h at room temperature. After completion of the re-
action, the reaction mixture was decanted to separate nanoma-
terials and crude product. All products (Table 4) are known in the
literature and were identified by comparing their MS spectra
with standard Wiley library.
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