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Environmentally friendly synthetic methodologies have gradually been
implemented as viable techniques in the synthesis of a range of nano-
ACHTUNGTRENNUNGstructures. In this work, we focus on the application of green-chemistry
principles to the synthesis of complex metal oxide and fluoride nano-
ACHTUNGTRENNUNGstructures. In particular, we describe advances in the use of the molten-salt
synthetic methods, hydrothermal protocols, and template-directed techniques
as environmentally sound, socially responsible, and cost-effective meth-
odologies that allow us to generate nanomaterials without the need to
sacrifice sample quality, purity, and crystallinity, while allowing control over
size, shape, and morphology.

1. Introduction

Nanoscience is associated with the intimate understand-
ing and control of matter at dimensions of roughly 1 to
100 nm and is intrinsically important because of the genuine
expectation that the properties of materials at this scale will
differ significantly from those of their bulk counterparts.
Nanotechnology involves the imaging, measuring, modeling,
and manipulation of materials at this length scale. We note
that the term �materials appears in both of these conceptual
definitions. It follows that the synthesis and fabrication of
functional nanomaterials with predictive, rational strategies
is a major focal point of research for many groups world-
wide.

In practice, this effort has entailed the design, produc-
tion, and characterization of a myriad of nanostructures in-
cluding nanoparticles, nanocubes, nanorods, nanowires, and
nanotubes, which maintain fundamentally interesting size-
dependent electronic, optical, thermal, mechanical, magnet-
ic, chemical, and other physical properties.[1–7] From the per-
spective of applications, these structures have wide-ranging
utility in areas as diverse as catalysis, energy storage, fiber
engineering, fuel cells, biomedicine, computation, power
generation, photonics, pollution remediation, and sens-
ing.[8–15]

In this century, it is apparent that the full potential of
as-prepared nanostructures will only be realized when nano-
materials are not only synthesized in large quantities with
reproducible size, shape, structure, crystallinity, and compo-
sition but also prepared and assembled using green, envi-
ronmentally responsible methodologies.[16–18] The latter
point is the focus of this Review and the social significance
associated with developing these types of techniques cannot
be overemphasized. Green chemistry can be broadly de-
fined as the conscious reduction and/or elimination of haz-
ardous starting materials, reactions, reagents, solvents, reac-
tion conditions, and associated wastes in manufacturing pro-
cesses. Specifically, in our laboratory, as with many other
groups worldwide working on similar types of materials,[19–24]

we have made a deliberate effort to abide by the following
guidelines, that are generally atom economical and benign
to the human health and environment,[25] in our synthesis of
functional nanostructures:

1) Use of cost-effective, nontoxic precursors, if at all possi-
ble. Minimization of use of carcinogenic reagents and
solvents (if possible, utilization of aqueous solvents). No
experiments carried out with either pyrophoric, flamma-
ble, or unstable precursors.

2) Use of relatively few numbers of reagents.
3) Minimization of reaction steps – reduce waste, reagent

use, and power consumption.
4) Development of reactions with little if any byproducts (if

possible, high-yield processes with an absence of volatile
and toxic byproducts).

5) Room-temperature (or low-temperature) synthesis under
ambient conditions, if at all possible.

6) Efficiency of scale-up.

The main point of this analysis is that one can employ
environmentally sound, socially responsible, and cost-effec-
tive methodologies without the need to sacrifice on sample
quality, crystallinity, monodispersity, and purity. In fact, the
methods that are routinely employed in our laboratory as
well as in many others still allow us to reliably control the
size, shape, and morphology, as well as monodispersity of
our products.

It is worth noting that many as-prepared nanoscale ma-
terials in and of themselves are extremely useful from the
point of view of environmental impact. For instance, nano-
scale catalysts,[26–31] which are often reusable, promise not
only milder and faster reaction conditions but also improved
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activity, greater selectivity, and higher product yields with
overall lower volumes of waste. Nanofillers such as nano-
clays can be used as additives in polymer composites, with
the potential of replacing halogens and lead in fire retard-
ants.[32] Nanoscale-derived products (including membranes,
filters, and sorbents[33]) have the potential to desalinate
water as well as to reduce the concentrations of toxic con-
taminants, such as metal ions, radionuclides, organic as well
as inorganic solutes, to lower than parts-per-billion levels in
surface water, groundwater, and industrial wastewater.
Nanoparticle-based coatings[34] can be readily incorporated
into scratch-resistant, nonstick surfaces without the necessi-
ty for either organic solvents or hazardous, volatile precur-
sors.

In this Review, which is not meant as an exhaustive,
comprehensive survey of the field, we choose to primarily
focus on examples of technically sound, environmentally rel-
evant methodologies of actually creating important nano-
structures. Specifically, we focus on the application of these
�cleaner, greener techniques (each with its own unique at-
tributes) to the synthesis of nanoscale analogues of techno-
logically significant transition-metal oxides and fluorides.
We cover molten-salt synthesis in Section 2, hydrothermal
processing in Section 3, and template synthesis in Section 4
with a special emphasis on the ongoing efforts in our labora-
tory. We also discuss potential device applications of nano-
structured materials, prepared by these relatively facile
methods, where applicable.

2. Molten-Salt Synthesis

The molten-salt synthesis (MSS) method is one of the
simplest, most versatile, and cost-effective approaches avail-
able for obtaining crystalline, chemically purified, single-
phase powders at lower temperatures and often in overall
shorter reaction times with little residual impurities as com-

pared with conventional solid-state reactions.[35] The envi-
ronmental appeal of this technique arises from its intrinsic
scalability, generalizability, and facility as well as its funda-
mental basis on the use of salt as the reaction medium. In
fact, 1) the identity as well as the size of the anion associat-
ed with the salt, 2) the solubilities/dissolution rates of the
constituent components within the molten salt itself, 3) the
precise melting point of either the salt or complex salt mix-
ture used, 4) the heating temperature and duration, as well
as 5) the unique morphological (e.g., shape) and chemical
composition of the precursors involved are all important,
readily controllable factors that influence the growth rate as
well as the resultant structural characteristics (i.e., size,
shape, and crystallinity) of the as-prepared particles.[35–37]

The main processing stages associated with the MSS
method are schematically illustrated in Figure 1.[37] Essen-
tially, oxides and/or other appropriate precursors corre-
sponding to the desired compound are mixed with either
the desired salt (e.g., NaCl) or a eutectic mixture of salts
(e.g., NaCl/KCl; NaNO3/KNO3) and then fired at a temper-
ature above the melting point of the salt medium to form a
molten flux. At this temperature, precursor molecules dis-
perse, dissociate, rearrange, and then diffuse rapidly
throughout the salt. Upon further heating, particles of the
desired metal-oxide phase are formed through an initial nu-
cleation step followed by a growth process that is very much
dependent upon the identity of the salt species, the quantity
of salt used in the reaction medium, the magnitude of the
temperature at which the reaction is run, and the reaction
duration. After cooling, the salt itself can be typically and
rather simply eliminated by washing with deionized water.
Upon drying, unagglomerated powders can be routinely ob-
tained after appropriate processing.

While bulk materials have long been prepared using the
MSS method, the preparation of uniform nanostructures
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Figure 1. Flow chart illustrating factors influencing the molten-salt
synthesis of transition-metal oxide materials. Adapted from Ref. [37].
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using this technique has only arisen relatively recently, that
is, within the current century. Antonietti et al.[38] first de-
scribed a �convenient route for the synthesis of nanoparticu-
late salts, metals, and metal oxides using concentrated salt
solutions and block-copolymer surfactants. Research groups
in Asia[39–43] demonstrated the high-yield preparation of
smooth single-crystalline Mn3O4 (Figure 2), SnO2, and CuO
one-dimensional nanostructures through the MSS method
using NaCl in the presence of a surfactant (such as Tween
80 or Triton X-100), and found that an Ostwald ripening
mechanism (namely the dissolution of fine particles and re-
deposition onto larger particles) was primarily responsible
for the nanowire growth observed. A few years later, Qian
et al.[44] successfully synthesized Mn5Si3 nanocages and nano-
tubes through a molten-salt reaction between MnCl2 and
Mg2Si at 650 8C by controllably altering reactant molar
ratios as well as reaction temperatures.

In 2006, Wang and co-workers demonstrated the feasi-
bility of a composite-hydroxide-mediated approach to the
synthesis of single-crystalline complex oxide nanostructures
of various structural and compositional motifs, based on a
reaction between a metallic salt and a metallic oxide.[45] In
addition, Ren and co-workers used a molten-salt-assisted
thermal evaporation process to prepare aligned ultralong
ZnO nanobelts, with an average length of 3.3 mm and
widths up to 6 mm, stretching over a large area with the in-
tention of creating electron sources with enhanced field-
emission properties.[46] Furthermore, Jiao and co-workers
were able to prepare a series of dispersed, crystalline
La1�xSrxMnO3 nanoparticles using a molten-salt reaction in
the presence of 2-pyrrolidone.[47] Over the years, our labora-
tory has applied this generalized methodology to the fabri-
cation of transition-metal oxide nanostructures.

2.1. Perovskite Systems: BaTiO3, SrTiO3, Ca1-xSrxTiO3,
BaZrO3

Perovskite-type, ternary transition-metal oxides, with a
general formula of ABO3, are noteworthy for their advanta-
geous dielectric, piezoelectric, electrostrictive, pyroelectric,
and electrooptic properties with corresponding industrial
applications in areas such as capacitors, actuators, high-k di-
electrics, dynamic random-access memories, field-effect
transistors, and logic circuitry.[48–50] These oxides, including
BaTiO3 and SrTiO3, exhibit large nonlinear optical coeffi-
cients and large dielectric constants.[51] Because these effects
are dependent on structure and finite size, considerable
effort has been expended in the controllable synthesis of
crystalline materials and of thin films of these ferroelectric
oxides.[52–55]

Molten-salt synthesis[56] has been used to prepare pris-
tine BaTiO3 nanostructures (including nanowires) with di-
ameters ranging from 50 to 80 nm and with aspect ratios
ranging from 1 to larger than 25, as well as single-crystalline
SrTiO3 nanocubes with a mean edge length of 80 nm
(Figure 3). MSS is a simple, readily scaleable (in terms of
grams) solid-state reaction in the presence of NaCl and a
nonionic surfactant, that is, NP-9 (nonylphenyl ether). The
following reactions (Equations (1) and (2)) summarize a
postulated mechanism for the synthesis of these nanomateri-
als. Here, the term �M , the metal species, represents either
Ba or Sr:

MC2O4 ! MO þ CO þ CO2 ð1Þ

MO þ TiO2 ! MTiO3 ð2Þ

Figure 2. Transmission electron microscopy (TEM) images of A) Mn3O4 nanowires prepared by adding NaCl and NP-9 and gradually cooling to
room temperature (RT), B) Mn3O4 nanowires prepared by adding NaCl and NP-9 and quickly cooling to RT, C) Mn3O4 particles prepared by
adding NaCl only, D) Mn3O4 particles prepared by adding NP-9 only, E) Mn3O4 particles prepared from addition of neither NaCl nor NP-9. F) The
tips of as-synthesized Mn3O4 nanowires. No spherical droplets were noted. Reprinted with permission from Ref. [41].
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The importance of the experimental conditions used to
form these nanostructures cannot be underestimated. It is
noteworthy that the use of different precursors, such as
oxides and chlorides, as opposed to oxalates, produces nei-
ther phase-pure titanates nor even nanostructures. More-
over, even a slight change of conditions, such as running the
reaction at a slightly lower temperature, that is, 810 8C
(slightly below the melting point of NaCl), results in a lack
of phase-pure titanates. The thermal effect can be rational-
ized by the change in the viscosity in the growth medium,
which decreases when the temperature increases. That is,
medium viscosity has an effect on the initial nucleation and
subsequent diffusion of the growth species at the liquid–
solid interface.[37,57]

Experimental results[56] also demonstrate that while
maintaining identical experimental conditions (i.e., same
ionic strength, temperature, and/or surfactant), but altering
the metal precursor used, different shapes of perovskite
nanostructures can be synthesized. These data are sugges-
tive of the importance of interfacial energies between the
constituents and the salt medium itself in determining the
ultimate product morphology obtained. In fact, the shape of
a nanocrystal is determined by the relative specific surface
energies associated with the facets of the crystal. That is,
with barium, nanowires can be fabricated whereas with
strontium, nanocubes can be synthesized. The ultimate
shape of a single-crystalline nanostructure reflects the in-
trinsic symmetry of the corresponding lattice. It is likely
though that wires and cubes are kinetically dissimilar, mor-
phological manifestations of the same underlying growth
mechanism, involving the formation of initial nuclei of the
cubic form.[58–60]

Because metallic conductivity in perovskites is due to
the strong cation–anion–cation interaction, altering the
structure of these materials through chemical substitution
can have a dramatic effect on order and hence the proper-
ties of the resulting material. The CaTiO3/SrTiO3 system is a
model example.[61–64] Strontium titanate is a cubic perovskite
whereas calcium titanate is an orthorhombically distorted
perovskite. In the combined CaxSr1�xTiO3 complex, where
Sr2+ can be substituted for Ca2+ sites and vice vesra, the
value of x has a dramatic effect not only on the dielectric
constant but also on the phases of the material, which may

range from orthorhombic to
tetragonal to cubic.[65–67]

Moreover, whether this ma-
terial undergoes ferroelectric
or antiferroelectric phase
transitions depends on its
exact chemical composi-
tion.[68]

Hence, the MSS method
was used to prepare a series
of single-crystalline Ca1-

xSrxTiO3 (0�x�1) nanopar-
ticles.[69,70] The composition
of the resulting nanoparticles
is reproducibly tunable by
adjusting the ratio of the re-

actants. Shapes of the generated Ca1-xSrxTiO3 nanoparticles
alter from cubes to quasi-spheres with decreasing x values.
Typical nanoparticles have sizes ranging between 70 and
110 nm, irrespective of the Sr or Ca content. The precise
chemistry of the resulting nanoparticles is readily tunable by
adjusting the ratio of the reactants, and this capability to
generate materials of a desired doping level should enable
future investigations of the composition-dependent proper-
ties of these materials. For instance, nanocubes of SrTiO3,
measuring 80�10 nm, show strong first-order Raman scat-
tering, unlike for bulk, and moreover, rapid polarization
fluctuations within the nanoscopic ferroelectric regions in
these materials interfere with a polar phonon, resulting in a
Fano-like asymmetric line shape in these SrTiO3 nanocubes
as well as in Ca0.3Sr0.7TiO3.

[70]

Rational control over the actual shape of perovskite
metal oxides has recently been achieved for single-crystal-
line BaZrO3 particles through the MSS methodology using
a NaOH/KOH salt mixture.[71] The evolution of particle
morphology from predominantly cubes to a mixture of
cubes and spheres and finally to solely spheres has been
demonstrated by increasing annealing/reaction times at suit-
able annealing temperatures, all other parameters being
equal. The sizes of the barium zirconate particles increased
with increasing annealing time.

Based on a number of experiments (Figure 4), it was hy-
pothesized that the conversion from cubes to spheres begins
with the initial formation of cubes, that can be regarded as
seed-particle motifs, once a critical particle size has been
reached, for their subsequent morphological transformation
to spheres. Moreover, the conversion rate (i.e., the percent-
age of spheres thereby generated from cubes) increases with
increasing temperatures. That is, at sufficiently high anneal-
ing temperatures and/or overall reaction times conducive to
cube conversion, sphere formation is favored 1) in samples
annealed at high temperatures at a constant reaction time,
and 2) in samples reacted for long periods of time at a con-
stant annealing temperature. Not surprisingly, the greatest
percentage of spheres was observed in the sample prepared
at the highest annealing temperature of 720 8C and at the
longest overall reaction times (350 min).

Rationally controlling the shape of perovskite oxides is
of great importance due to their strongly structure-depen-

Figure 3. TEM image of A) as-prepared BaTiO3 nanowires and B) as-prepared SrTiO3 nanocubes. C) X-ray
powder diffraction (XRD) patterns of a) as-prepared BaTiO3 and b) SrTiO3 samples.
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dent physical properties.[58,72,73] As-prepared, submicrome-
ter-scale samples possessed a noticeably higher photolumi-
nescence (PL) efficiency as compared with bulk, and in par-
ticular, spheres evinced a better PL signal as compared with
cubes.

2.2. Fe-Based Nanostructures: a-Fe2O3, Fe/Fe3O4, Bi2Fe4O9

The MSS technique,[74] with NaCl as the reaction
medium, has also been used with respect to the large-scale
production of single-crystalline a-Fe2O3 (hematite) rhombo-
hedra from relatively polydisperse, polycrystalline and/or
amorphous, commercially available starting precursor mate-
rials (Figure 5). By analogy with perovskites, shape control
was demonstrated with these iron-based nanostructures as
well. Rhombohedra represent a high-surface-area, aniso-
tropic formulation of an industrially important material
(iron oxide), which is an active component of gas sensors,
pigments, advanced magnetic materials, photocatalysts, in
addition to other types of catalytic materials.[75–78]

In a typical synthesis of submicrometer-sized (�220nm),
single-crystalline a-Fe2O3 rhombohedra, 0.5 and 20 mmol of
iron oxide precursors and NaCl, respectively, were mixed
thoroughly in an agate mortar. For elongated a-Fe2O3 struc-
tures, 1, 1.5, and 3 mmol of Fe2O3 along with 20 mmol of
NaCl, respectively, were meticulously mixed, after which
NP-9 was subsequently added. The resulting mixture was
ground for at least 30 min prior to sonication for an addi-
tional 5 min, inserted into a quartz tube, heated at a ramp
rate of 5 8C per min up to an annealing temperature at
820 8C for 3.5 h, and cooled thereafter to room temperature.
As-prepared material was subsequently washed several

times with disACHTUNGTRENNUNGtilled water,
collected by centrifugation,
and dried at 120 8C in a
drying oven.

Furthermore, these as-
prepared hematite structures
could be transformed in situ
into a nanoscale composite
of Fe (iron) and Fe3O4 (mag-
netite) containing both hard
and soft magnetic phases jux-
taposed within one discrete,
monodispersed anisotropic
rhombohedral structure (Fig-
ure 5B). Briefly, the as-pre-
pared hematite product was
heated in a tube furnace at
360 8C for 5 h under a contin-
uous flow of 5% H2 in N2.
After the gas flow was stop-
ped, the resulting product
was subsequently heated in
air to 240 8C for 2 h, cooled
to room temperature, and
then collected without fur-
ther treatment. Magnetic

properties measured for both precursor and product rhom-
bohedral structures showed the expected presence of a
Morin transition[79] as well as a Verwey transition[80] at a
temperature of 252 K and 135 K (Figure 5 C and D), respec-
tively. Nanostructured magnetic materials such as the Fe/
Fe3O4 composite described herein have potential applica-
tions as ferrofluids, high-density magnetic recording media,
and catalysts.[81] Moreover, the Fe/Fe3O4 composite has been
utilized in environmentally significant processes, including
as a heterogeneous Fenton s reagent for the removal of
harmful organic pollutants such as halogenated hydrocar-
bons (e.g., trichloroethylene and tetrachloroethylene) from
soils.

With respect to catalysts, it is noteworthy that the cata-
lytic potential of Bi2Fe4O9 for ammonia oxidation to NO is
of current interest as these iron-based materials may likely
replace current, irrecoverable, and costly catalysts based on
platinum, rhodium, and palladium.[82, 83] To this end, the
MSS fabrication of discrete single-crystalline submicrome-
ter-sized Bi2Fe4O9 cubic structures as well as their elonga-
tion into orthorhombic and rod-like structures (Figure 6)
has been reported.[84] In the associated experiments, the
roles of surfactant, salt, precursor identity, as well as altera-
tions in the molar ratio of Bi3+ to Fe3+ precursors, were sys-
tematically examined and correlated with the predictive for-
mation of different shapes of Bi2Fe4O9 products. For in-
stance, as-prepared Bi2Fe4O9 structures, prepared using a
3:1 molar ratio of Bi2O3 to Fe2O3, mainly consisted of ortho-
rhombic structures composed of smooth surfaces, showing
some slightly truncated corners or edges. The mean lengths
of the shorter and longer edges of the rectangular structures
were measured to be 662�181 and 1043�350 nm, respec-
tively. By contrast, typical morphologies of the Bi2Fe4O9

Figure 4. Scanning electron microscopy (SEM) images of BaZrO3: A) spheres, B) cubes, C) mixtures of
spheres and cubes. D) X-ray diffraction (XRD) patterns of BaZrO3: as-prepared samples (a) and standard
(b).
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structures, derived from a 6:1 (Bi3+:Fe3+) molar ratio of
precursors, mainly consisted of smooth, straight, and rodlike
structures. The lengths of these rods attained �10 mm with
an average width of only a few micrometers.

Experimental observations confirmed that there is only
a very narrow permutation of experimental parameters such
as a) a 1:1 molar ratio of precursors, b) the addition of salt
(i.e., NaCl), c) the presence of surfactant (i.e., Igepal CO-
630 or NP-9 surfactant), and d) the usage of specific elemen-
tal precursors, that collectively will yield single-crystalline
Bi2Fe4O9 cubes with predictive control of shape and size. A
typical mean edge length of as-prepared cubes obtained was
386�147 nm, and the faces were essentially flat. The pres-
ence of surfactant may prevent interparticle aggregation by
forming a “shell” around individual particles.[85] In addition
to structural characterization of Bi2Fe4O9 cubes using micro-
scopic means, Mçssbauer and superconducting quantum-in-
terference device (SQUID) measurements (Figure 6) re-
spectively revealed the presence of two different iron sub-
sites, that is, a tetrahedral and an octahedral one, and
showed a slightly lower NOel temperature (TN) of the cubes
(250 K) as compared with that of the bulk (263 K).

3. Solvothermal/Hydro-
thermal Processing

Relatively environmen-
tally sound, lower-tempera-
ture solution-based methods
also exist for nanostructure
formation. For instance,
when a solvent is heated in a
sealed vessel (such as an au-
toclave or a bomb calorime-
ter-type apparatus) so that
the autogenous pressure far
exceeds the ambient pres-
sure, this technique allows
for solvents to be brought to
temperatures well above
their boiling points.[86] Per-
forming a chemical reaction
for the preparation of inor-
ganic solids under such con-
ditions is referred to as sol-
vothermal processing. In the
specific but more common
case where water is used as
the solvent, this technique is
defined as hydrothermal
processing.

The key to hydrothermal/
solvothermal synthesis is that
it exploits the measurable
solubility and reactivity of
almost all inorganic substan-
ces in solvents at elevated
temperatures and pressures,
thereby permitting the subse-
quent crystallization of the

dissolved material/precursor ions from solution under these
conditions.[87, 88] In fact, because the properties of the solvent
mixture as well as those of the reactants differ intrinsically
under these special experimental conditions from their cor-
responding properties under ambient conditions, the net
result is that this type of processing allows for greater ma-
nipulation of a larger suite of experimental variables in the
synthesis of high-quality nanomaterials. Hence, there are
complex structure–synthesis relationships that exist with hy-
drothermal/solvothermal processing, a point made very
clearly in recent work associated with the design of polyoxo-
metalate-based integrated nanosystems.[89]

In general, reaction temperatures (from close to room
temperature to as high as a few hundred degrees Celsius),
reaction times, pH values, solvent choice and concentration,
the presence of additives, and the use of different autoclave
geometries are all parameters that can be readily altered in
hydrothermal/solvothermal processing.[88,90,91] As an illustra-
tion of the critical importance of parameter selection, dis-
persible, high-quality Te nanowires, possessing a diameter
range of 4–9 nm and characterized by a strong blue/violet
luminescent emission, can be generated hydrothermally

Figure 5. A) SEM image of as-prepared hematite (a-Fe2O3) rhombohedra particles. The inset shows their
corresponding selected-area electron diffraction (SAED) pattern. B) SEM image of as-transformed mag-
netic composites of iron (Fe) and magnetite (Fe3O4). The inset shows the corresponding SAED pattern.
C) Temperature dependence of the magnetic susceptibility for hematite rhombohedra, showing zero-field
cooling (ZFC) curves, with an applied magnetic field set at 200 Oe. The Morin transition temperature
observed for hematite rhombohedra was 252 K. D) Hysteresis loops at 10 K and 300 K repeatedly of as-
transformed Fe/Fe3O4 composites. The kink observed at low field reveals magnetization reversal of the
soft magnetic phase.[9] The inset shows the temperature dependence of the magnetic susceptibility for
the Fe/Fe3O4 composite, showing ZFC (&) and field-cooling (FC, ~) curves, with an applied magnetic field
set at 200 Oe. The Verwey transition temperature is observed at 135 K.
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only in the presence of poly(vinylpyrrolidone) under mild
conditions.[92] Moreover, the stepwise formation of as-pre-
pared products, generated by systematically varying parame-
ters governing hydrothermal crystallization processes, has, in
general, been monitored in situ using atomic force microsco-
py, electron micros ACHTUNGTRENNUNGcopy, diffraction techniques, as well as
probes of local structure such as XANES, EXAFS, and
NMR.[89] Current efforts have focused on combining several
of these techniques with the ultimate goal of understanding
the precise mechanism of structure control (such as shape,
size, and aspect ratio) in oxide systems produced hydrother-
mally. As an illustration of shape dictation using this
method, hematite nanocubes[93] with a broad size distribu-
tion, which were found to be superparamagnetic at room
temperature, can be synthesized by decomposition of an
iron–oleate complex under hydrothermal conditions.

What is environmentally significant about this methodol-
ogy is that the solvothermal/hydrothermal processes allow
for inorganic materials to be prepared at temperatures sub-
stantially below those typically associated with traditional
solid-state reactions. Moreover, unlike for coprecipitation

and sol–gel types of reac-
tions, which also occur at rel-
atively reduced temperatures,
the products of solvothermal/
hydrothermal reactions are
typically crystalline and tend
not to require post-annealing
treatments. Finally, solvother-
mal reactions are considered
to be advantageous with ad-
ditional benefits including re-
action yields approaching
100%, facility of experimen-
tal setup, relatively low costs
for reagents, and relatively
short reaction times.[2]

Not surprisingly, different
types of nanomaterials, such
as but not limited to MnO2,
Mg(OH)2, CdWO4, LaCrO3,
ZrO2, Y2Si2O7, Sb2S3, PbS,
Ni2P, Bi, and SnS2 nanotubes
in addition to nanowires of
MoO3, Bi2S3, BaMo2O7,
single-crystalline silver mo-
lybdate/tungstate, alkali/alka-
line-earth molybdate, mixed
ammonium molybdenum/
tungsten bronze, lanthanide
hydroxide, Cu2O, and SiC,
have been successfully syn-
thesized under solvothermal/
hydrothermal condi-
tions.[2, 87,94–103] It is believed
that the spontaneous forma-
tion of single-crystalline
nanotubes/nanowires without
the aid of templates is based

on a �rolling mechanism in which layered compounds, held
together by weak van der Waals interactions, serve as inter-
mediates for the formation of nanotubes/nanowires;[104] in
this model, the inherent, intrinsic crystal structure as well as
the laminar nature[105] of the precursor materials and metals
are determinant factors governing the growth, size, and
composition of the resulting one-dimensional nanostruc-
tures.

In addition, uniform V2O5·xH2O nanobelts (micrometers
long, 100–150 nm wide, and 20–30 nm thick) as well as their
ultralong nanoroll analogues[106] have been synthesized on a
large scale using a simple hydrothermal growth route in-
volving a vanadate precursor in the presence of different
acids at 180 8C for 24 h; in that case, the morphologies and
compositions of the synthesized products had a distinctive
effect on their electrochemical intercalation properties and
photocatalytic activities, highlighting the importance of de-
veloping controlled synthesis protocols. Moreover, oxide@C
core/shell nanostructures, that is, containing carbonaceous
polysaccharide shells and oxide cores, have been synthesized
hydrothermally at 180 8C for 4 h and subsequently converted

Figure 6. SEM images of Bi2Fe4O9: A) cubic, B) orthorhombic, C) rodlike structures. D) The temperature
dependence of the magnetic susceptibility for Bi2Fe4O9 cubes, showing ZFC (*) and FC (~) curves with
an applied field set at 1000 Oe. TN observed for the cubes is at a temperature below 250 K. E) The
inverse magnetic susceptibility (*) and fit of the Curie–Weiss law, c=C/ACHTUNGTRENNUNG(T�q), above TN (solid line) to
the experimental data for Bi2Fe4O9 structures. F) Mçssbauer spectra of Bi2Fe4O9 cubes at 300 K and
4.2 K. Solid lines are least-square fits to experimental points, assuming a superposition of two different
iron subsites, that is, a tetrahedral (bar diagram A) and an octahedral (bar diagram B) one.
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into metal@C core/shell structures with unusual reversible
Li-storage capabilities.[107] More complicated architectures
such as ZnO flowers,[108] composed of either branched spin-
dles or prismatic whiskers with flat ends, have also been
synthesized by hydrothermal treatment of
Zn3(OH)2V2O7·H2O nanosheets in aqueous sodium hydrox-
ide solution at 120 8C without the use of either a surfactant
or a microemulsion; the effects of varying basicity, tempera-
ture, and reaction time were studied with respect to the for-
mation of these structures.

Nonetheless, nanocrystals prepared according to this
technique typically are polydisperse in terms of their size
and shape distributions. Hence, to rectify this problem, we
and other laboratories are exploring a number of strategies
including a) using a combination of solvothermal/hydrother-
mal processes coupled with a reverse micelle technique, as
well as b) tuning parameters such as solvent pressure, tem-
perature, reaction time, and the molar ratio of precursors in
order to simultaneously optimize both nucleation rate as
well as size monodispersity. For instance, Colvin and co-
workers reported the synthesis of nanoscale quartz by a hy-
drothermal treatment involving amorphous silica precursors
followed by pH-controlled dialysis, filtration, and centrifu-
gation steps, a protocol that can generate crystalline parti-
cles ranging in sizes from 10 to 100 nm.[109] The key in all of
these strategies has been to create distinctive, well-separat-
ed nucleation and growth phases.

Recently, two relatively new modifications[86] to solvo-
thermal/hydrothermal syntheses have appeared, described
as 1) flow-hydrothermal techniques and 2) microwave-solvo-
thermal reactions, respectively. In the first method, a pre-
heated solvent is mixed with reactants prior to introduction
into a heated chamber whose pressure is controlled using a
back-pressure regulator; reactants are pumped in using
high-pressure pumps typically used in high-pressure liquid-
phase chromatography. The continuous nature of this partic-
ular process is amenable to desirable, large-scale production
and has already been applied to CeO2–ZrO2 solid solu-
tions.[110] The second method, that is, microwave-hydrother-
mal processing,[111] employs polymeric bombs/autoclaves
that are transparent to microwaves and whose aqueous con-
tents would correspondingly couple and rapidly heat up to a
temperature that is governed by pressure. Komarneni and
co-workers,[112] in particular, made extensive use of this
method to synthesize a wide variety of compounds and com-
posite materials, such as nanoparticles of MFe2O4 (M=Zn,
Ni, Mn, Co) ferrite. Other recently reported nanophase
compounds prepared by this combined microwave-hydro-
thermal technique include Fe3O4, ZrO2, and Ce0.75Zr0.25O2.

3.1. Titanate and Titania Nanostructures

3.1.1. BaTiO3, SrTiO3 Nanotubes

Our initial foray into this area of synthesis was inspired
by previously reported hydrothermal syntheses of ceramic
powders,[113–116] especially barium titanate. Typically, these
reactions allow for the preparation of relatively phase-pure

products under low temperatures and with control over re-
action conditions such as concentration, pH, and tempera-
ture. Previous reports[117–119] focused on the reaction of a
barium precursor such as Ba(OH)2 with a titanium source
such as titanium alkoxide, titanium tetrachloride, titanium
oxide powder, or a titanium oxide gel. An initial, hydrother-
mally inspired strategy was to utilize a titanium oxide
(TiO2) nanotube as a bona fide precursor material itself in
order to generate barium titanate and strontium titanate
nanotubes in a rational manner.

Hence, TiO2 nanotubes were prepared initially as de-
scribed in published procedures.[120, 121] Briefly, anatase
powder was dissolved in an aqueous NaOH solution in a
Nalgene flask, refluxed over an oil bath for 20 h with stir-
ring, separated from solution by centrifugation, and ulti-
mately washed until the supernatant attained a pH value
less than 6. Subsequently, in a typical reaction to generate
BaTiO3 and SrTiO3 nanotubes respectively, a mixture of
either Ba(OH)2 or SrCl2 and the generated TiO2 nanotubes
(with an initial molar ratio of 1:1) was combined under
Schlenk conditions (i.e., in the presence of an inert atmos-
phere so as to exclude air, especially CO2, and moisture),
after which the reaction mixture was refluxed over an oil
bath for 20–60 h under high pH conditions while stirring
under a continuous stream of argon or nitrogen.

The main problem with this synthesis was that whereas
the collected data were consistent with the presence of the
desired barium titanate and strontium titanate products,[122]

powder X-ray diffraction patterns showed small traces of
unreacted TiO2 and carbonate byproducts. This problematic
result as well as further attempts at experimental optimiza-
tion led to the reasonable conclusion that the initial prepa-
ration of TiO2 nanotubes was actually much more compli-
cated than previously believed. In fact, it was unlikely to be
governed by a simple �rolling formation mechanism, and
that belief inspired efforts to more fully explore the repro-
ducible synthesis of these structures through the formation
of alkali-metal titanate intermediates.

3.1.2. Three-Dimensional (3D) Nanostructures of Sodium
Hydrogen Titanate, Hydrogen Titanate, and TiO2

It is worth considering the importance of these types of
materials. In general, alkali-metal titanates can be delami-
nated to form exfoliated nanosheets, which are useful a) as
building blocks for new materials such as nanocomposites
containing bulky guest molecules such as organic polymers,
polyoxocations, and biocatalytic hemoglobin,[123] and b) as
ion exchangers and photocatalysts.[124] Titanium oxide, a
wide-bandgap semiconductor, has been utilized as compo-
nents of batteries, photocatalytic materials, pigments, cos-
metics, optoelectronic devices, and gas sensors.[125–127] Tita-
nate and titania nanotubes, nanowires, and nanoparticles
are particularly interesting because their catalytic activity
and their sensitivity to hydrogen, as examples of highly de-
sirable properties, are dependent upon their inherent crystal
structure, particle size, surface area, and porosity.[127,128] As a
result of the wide range of valuable functional properties as-
sociated with these materials, it was very important to ra-
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tionally control the size, mor-
phology, and assembly of tita-
nate and titania nanostruc-
tures and to develop strat-
egies for their large-scale syn-
theses.[129–131]

As such, the observation
that either sodium or potassi-
um hydrogen titanate one-di-
mensional (1D) nanostruc-
tures, measuring several hun-
dreds of nanometers in length
and up to several nanometers
in diameter, could be effi-
ciently and facilely organized
in situ into hollow 3D micro-
meter-scale spherical aggre-
gates or urchin-like structures,
under a variety of reaction
conditions (including temper-
ature variations[129]) was both
encouraging and promising.
Indeed, these hierarchical
structures were produced
using a general redox strategy
combined with a hydrother-
mal reaction involving a tita-
nium source (e.g., either Ti
foil or Ti powder), a basic
NaOH or KOH solution, and
an oxidizing H2O2 solution.
To illustrate the generalizabil-
ity of this protocol, 3D
urchin-like structures of
g-MnO2 have been previously
prepared[132] using a similar hydrothermal method based on
the reaction between MnSO4 and KBrO3 at temperatures of
110 to 130 8C.

It should be noted that these one-pot assembly processes
did not involve the use of sacrificial templates to render spa-
tial confinement, which tend to yield amorphous or semi-
crystalline products.[133] Moreover, the surfactant-free syn-
thetic methodology of hierarchical structures of the 1D
nanostructures reported was a simple, inexpensive, and mild
synthetic process. In addition, the initially formed assem-
blies of alkali-metal hydrogen titanate 1D nanostructures
could be subsequently transformed into their analogous ana-
tase TiO2 1D nanostructures by merely annealing the inter-
mediate hydrogen titanate 1D nanostructures in air. Fur-
thermore, the reported protocol for the controlled synthesis
of assemblies of 1D nanostructures of titanates and anatase
could be easily scaled up to achieve gram quantities of prod-
uct in a simplistic manner, without loss of structure.

Typically, as-prepared 3D assemblies (Figure 7) of tita-
nate and titania 1D nanostructures had overall diameters
ranging from 0.8 mm to 1.2 mm, while the interiors of the ag-
gregates were hollow with a diameter range of 100 to
200 nm, resembling the microscopic variant of a sea urchin
with spines.[134] The component, constituent titanate and

anatase titania 1D nanostructures had a diameter range of
7�2 nm and possessed lengths of up to several hundred
nanometers. A proposed two-stage growth mechanism, in-
volving the initial formation of primary 1D nanostructures
that subsequently self-assembled into hollow micrometer-
scale 3D spheres was supported by time-dependent scanning
electron microscopy, atomic force microscopy, and induc-
tively coupled plasma atomic emission spectrometry data.

What the results (Figure 7) conclusively showed in this
experiment was that pure anatase TiO2 nanostructures could
not be directly formed hydrothermally without the media-
tion of hydrogen titanate. That is, anatase TiO2 nanostruc-
tures could not merely be formed via a simple one-step al-
kaline-mediated hydrolysis process; rather the work suggest-
ed that anatase synthesis involved a much more complex
protocol, necessitating the initial formation of sodium/potas-
sium hydrogen titanate, neutralization of that species to hy-
drogen titanate, and ultimately conversion to titania. What
is equally significant is that from X-ray diffraction and
Raman results, it was shown that the hydrogen titanate spe-
cies actually consisted of an orthorhombic lepidocrocite-
type (HxTi2�x/4&x/4O4 (x�0.7, &: vacancy)) titanate structure.
Only a subsequent high-temperature annealing treatment in
air at 350 to 500 8C for 1–10 h and an accompanying dehy-

Figure 7. SEM images of as-prepared powders of hollow micrometer-scale spherical 3D assemblies of 1D
nanostructures: A) sodium hydrogen titanate, B) hydrogen titanate, C) anatase TiO2. D) Energy dispersive
X-ray spectroscopy (EDS), E) XRD, and F) UV/Vis data of as-prepared powders of hollow micrometer-scale
3D spherical assemblies of 1D nanostructures: a) sodium hydrogen titanate, b) hydrogen titanate,
c) anatase TiO2. Low-intensity Au peaks in the EDS spectra originate from the gold coating used to elimi-
nate charging effects prior to SEM imaging with the C peaks arising from the underlying conductive
carbon tape.

small 2007, 3, No. 7, 1122 – 1139 � 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.small-journal.com 1131

Green Routes to Nanomaterials



dration process could transform these assemblies of 1D hy-
drogen titanate nanostructures into their anatase titania an-
alogues without atom-by-atom recrystallization of ana-
tase.[135]

These anatase titania assemblies were also found to be
active photocatalysts for the degradation of synthetic Pro-
cion Red dye, a model system for organic pollutants, under
UV-light illumination. Thus, the high-quality, micrometer-
scale, urchin-like structures with their large surface-area-to-
volume ratio could be expected to be incorporated as com-
ponents of a number of devices including photonic instru-
ments and dye-sensitized solar cells.

3.2. Transformation of Nanosized Titanate into Analogous
TiO2 Nanostructures

As an extension of this study (Figure 8), the size and
shape dependence of a number of hydrothermally prepared
titanate nanostructure �reagents [121,129] were analyzed with
respect to the controllable preparation of anatase TiO2 (tita-
nia) products by a reasonably mild hydrothermal process
coupled with a dehydration reaction.[136] In these experi-
ments, titanate nanowires and nanotubes were converted
and transformed into anatase titania nanowires and nano-

particles, respectively, at essentially 100% yield under neu-
tral aqueous and relatively low-temperature conditions,
unlike the acidic aqueous conditions used by Zhu et al.[131]

In fact, it was shown that the size and shape of the precur-
sor titanate structural motif strongly dictated and essentially
controlled the eventual morphology of the resulting titania
products. Conceptually, this approach has implications for
nanoscale design as well as for the probing of morphology-
dependent properties in nanomaterials.

Specifically, in this work (Figure 8),[137] protonic lepidoc-
rocite titanate nanotubes (prepared at 120 8C under hydro-
thermal conditions) with diameters of �10 nm were trans-
formed into exceptionally high-purity anatase nanoparticles
with an average size of 12 nm. Lepidocrocite hydrogen tita-
nate nanowires (prepared under hydrothermal conditions at
180 8C) with relatively small diameters (average diameter
range of �200 nm) were converted into single-crystalline
anatase nanowires with relatively smooth surfaces. Larger
diameter (>200 nm) titanate nanowires (similarly prepared
under hydrothermal conditions at 180 8C) were transformed
into analogous anatase nanowire motifs, resembling clusters
of adjoining anatase nanocrystals with perfectly parallel, ori-
ented fringes; a spontaneous self-aggregation of particulate
building blocks has been used to explain the analogous for-
mation of ZnWO4 nanorods[138] under similarly mild hydro-

Figure 8. TEM images of as-prepared hydrogen titanate: A) nanotubes, B) nanowires. Corresponding TEM images of as-prepared anatase TiO2:
C) nanowires, D) nanoparticles. E) XRD patterns associated with a) hydrogen titanate nanotubes, b) hydrogen titanate nanowires, c) anatase
TiO2 nanoparticles, d) anatase TiO2 nanowires. F) Schematic representation of the size- and shape-dependence of the morphological transfor-
mation of hydrogen titanate nanostructures into their anatase analogues. Step 1 represents the preparation of hydrogen titanate nanostruc-
tures, neutralized from sodium hydrogen titanate nanostructures that, in turn, had been initially hydrothermally synthesized from commercial
anatase TiO2 powder. Step 2 represents the hydrothermal size- and shape-dependent transformation process of orthorhombic protonic lepi-
docrocite titanate nanostructures into anatase titania nanostructures at 170 8C for 24 h.
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thermal conditions. It should be noted that all three of these
reactions specifically generating anatase TiO2 products en-
compassed an additional hydrothermal processing step in-
volving the initial titanate precursor nanostructures at
170 8C.

This work served as the first report of a controllable
size- and shape-dependent morphological change between
protonic lepidocrocite titanate and anatase TiO2 nanostruc-
tures, that could readily occur under relatively simple hydro-
thermal reaction conditions, in neutral solution, and at rea-
sonably low temperatures. Moreover, the as-synthesized
crystalline anatase TiO2 products were single-crystalline and
of high purity (without impurities arising from brookite or
rutile), all of which are desirable characteristics for nanopar-
ticles with potential applications in photocatalysis and other
chemical processes. In fact, these results also indicated that
as-synthesized TiO2 nanostructures possessed noticeably
better photocatalytic activity as compared with their com-
mercial counterparts, presumably due to an increase in sur-
face area as well as a rise in crystallinity and reactive sur-
face defect sites.[139, 140]

4. Templated Syntheses

Templated syntheses represent a conceptually straight-
forward approach to the generalized synthesis of nanostruc-
tures. In this method, the template simply serves as a struc-
tural framework either around or within which another to-
tally distinctive material can be generated in situ and
shaped into a nanostructure with its morphology dictated by
the size and shape of the template scaffold. The chemical
and physical properties of these template membranes (i.e.,
pore geometry and monodisperse diameters) enable a high
degree of control over the dimensions of the resulting 1D
nanostructures. Another useful feature of this technique is
that it is extremely general with respect to the types of ma-
terials that can be prepared. Indeed, nanotubes and nanofi-
brils of conductive polymers, metals, semiconductors,
carbon, and other types of materials have been prepared
within the confined cylindrical pores of membranes.[141–145]

Moreover, these tubular or fibrillar nanostructures can be
assembled into a wide variety of different architectures. For
instance, if a nanostructure-containing membrane is
ACHTUNGTRENNUNGattached to a substrate and the membrane were to be re-
moved, an ordered assembly, for example, a vertical array
of micro- or nanostructures protruding out from the surface
of the substrate, can in principle be obtained.

Many different types of template membranes have been
successfully used by various research groups worldwide, and
it is generally agreed that templated syntheses are relatively
simple, reasonably high-throughput, and cost-effective pro-
cedures, all of which are conducive to their generalized ap-
plicability and hence, environmental acceptability. There are
two general types of templates used – “soft” templates and
“hard” templates. Naturally occurring gels, micelles, and
chitin scaffolds are considered as soft templates for the pre-
cipitation of single crystals of calcium carbonate and of cal-
cium phosphate.[146–148] Other soft templates include DNA

strands, polymer matrices, and reverse micelles. Hard tem-
plates tend to be associated with materials such as anodic
alumina membranes and track-etched polycarbonate mem-
branes, many of which are commercially available.[149]

For the syntheses of complex oxide nanostructures,
porous anodic alumina membranes are an ideal choice for
templating, because of their high pore density (ranging as
high as 1011 pores per cm2), parallel and straight channels,
distribution of cylindrical pores of highly uniform diameter
arranged in a hexagonal array, and size tunability of �5 to
300 nm. Moreover, these templates are thermally and me-
chanically stable.[141–143] However, there is a need to selec-
tively remove these templates without destroying the prod-
ucts, by using either physical and/or chemical post-synthesis
treatments in order to collect the desired nanostructures.

As an initial example of demonstrating the viability of
template techniques, the first reported synthesis of 1D mul-
tiferroic BiFeO3 nanotubes[150] was demonstrated using a
pressure-filter variation of a template synthesis involving
the sol–gel technique.[151] The generation of BiFeO3 nano-
tubes is relevant for the design of future nanoscale building
blocks for soft magnetic materials with applications in trans-
formers and inductors. BiFeO3 nanotubes, generated from
alumina membranes with relatively large pore sizes, mainly
consisted of straight and smooth structures with relatively
few extraneous particulate debris. These tubes possessed
outer diameters in the range of 240 to 300 nm (wall thick-
nesses of approximately 10 nm), with lengths ranging from a
few micrometers to as much as 50 mm, corresponding to the
entire length of the template membranes used. In the case
of BiFeO3 nanotubes prepared from smaller-diameter pores,
the lengths of the nanotubes were not only understandably
shorter but also more irregular and polydisperse. Their
lengths attained several micrometers at best with diameters
in the range of 140 to 180 nm.

In a more recent instance of the practicality of template
synthesis, Bi2Ti2O7 nanotubes[152] have been synthesized
using a sol–gel technique in the presence of an alumina tem-
plate. Bi2Ti2O7 has attracted considerable attention as a
useful component of a) gate insulators in advanced metal-
oxide semiconductor (MOS) transistors,[153–155] b) storage ca-
pacitors in dynamic random access memory (DRAM) appli-
cations, and c) buffer layers to improve the electrical prop-
erties of ferroelectrics such as Pb(Zr0.5Ti0.5)O3 (PZT) and
Bi4Ti3O12.

[156–158] The outer diameters of as-prepared bismuth
titanate nanotubes ranged from 180 to 330 nm; the wall
thickness was approximately 6 nm. The effects of solvent as
well as of precursor ratio were also analyzed, with data sug-
gesting a high degree of parameter control over the dimen-
sions and morphology of bismuth titanate nanotubes. Re-
sults confirmed the presence of a phase transformation from
Bi2Ti2O7 to Bi4Ti3O12 upon increasing annealing tempera-
ture. Kinetic studies on the photocatalytic decolorization of
methyl orange, with implications for the destruction of envi-
ronmentally harmful organic contaminants in water, con-
firmed the higher photocatalytic efficiency of 1D nanoscale
motifs of bismuth titanate as compared with the bulk
sample.[152]
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4.1. BaCrO4, BaWO4

Recently, the conventional template-directed synthesis,
popularized by Martin s group,[143, 159,160] has been modified
and refined to yield a relatively simple and versatile varia-
tion with which to prepare size-controlled, one-dimensional
nanostructures under extremely mild conditions. This work
(Figure 9) demonstrated the room-temperature preparation

of single-crystalline BaWO4 nanorods and BaCrO4 nanorods
with different controllable sizes as well as the creation of
arrays of these nanorods in the pores of an alumina mem-
brane. Specifically, alumina template membranes with pore
sizes of 100 nm and 200 nm were initially hydrated by im-
mersion and sonication in a small volume of distilled, deion-
ized water for a few minutes, so as to avoid air-bubble for-
mation within its structure or on its surface. Subsequently,
the membranes were mounted between the two halves of a
U-tube cell.[161, 162] The half-cells were then filled with equi-
molar solutions of BaACHTUNGTRENNUNG(NO3)2 and either Na2WO4 or
Na2CrO4 solutions to generate barium tungstate and chro-
mate, respectively.

In effect, the pores in the alumina membranes were
used as the environment in which to control the growth of
well-defined morphologies of single crystals of ABO4 nano-
structures. The membranes used were thin, and were mount-
ed in a double-diffusion set-up, which enabled the continu-
ous flow of ions into the membrane pores and thus, the pro-
duction of single crystals of ABO4 nanocrystalline materials.
After immersion times of up to 12 h at room temperature,
the alumina template, into which the precursors had pre-
sumably diffused resulting in product formation, was de-
tached and thoroughly washed with deionized water. The
alumina membrane was subsequently dissolved by immer-
sion in 1m NaOH for about 30 min.

What is significant about this protocol is that most nano-
structures produced by conventional templating procedures
are polycrystalline,[4] in spite of the variety of different dep-
osition strategies used, including electrochemical deposition,
electroless deposition, polymerization, sol–gel deposition,
and layer-by-layer deposition in nanoporous templates. The
reason for the observed polycrystallinity is that many of
these standard methodologies require additional post-an-
nealing steps at high temperature (e.g., several hundred de-
grees Celsius).[141, 143,163,164] By contrast, the formation mecha-
nism of nanorods under the ambient experimental condi-
tions used in this study is analogous to a biomimetic crystal-
lization process.[165, 166] That is, the growth of ABO4 nanorods
within the confinement of alumina membranes is analogous
to the precipitation of single crystals of calcium carbon-
ate[167] (Figure 10) and calcium phosphate within the con-
finement offered by polymer matrices, gels, micelles, chitin
scaffolds, and collagen matrices.[146–148, 168] Hence, nucleation
and growth of crystalline nanomaterials occur essentially in-
stantaneously through the direct chemical interaction be-
tween ions of the two different precursor solutions in con-
tact with each other. The membrane acts to spatially direct
crystal growth.

Moreover, at the same time, this simplistic technique al-
lowed for the reproducible fabrication of ordered, monodis-
perse 3D arrays of these 1D nanomaterials. This is critical,
because assembly of nanoscale components (here nanorods)
is a key step towards building functional devices,[169] impor-
tant for applications including nanoscale electronics and
molecular sensing. Specifically, the fabrication of 3D arrays
of 1D nanomaterials, such as nanorods, is useful for optoe-
lectronic applications, such as room-temperature ultraviolet
lasing.[170] Furthermore, although the primary focus of the
initial work was on isolated 100- and 200-nm-sized BaWO4

and BaCrO4 nanorods and their associated arrays
(Figure 9), it was noted that different sizes of these various
nanoscale architectures[171,172] could be reproducibly formed
using alumina template membranes of varying pore sizes.

4.2. CaF2, BaF2, SrF2

Fluorides have wide applications in optics, as windows,
biological labels, and lenses,[173–175] as well as components of
insulators, gate dielectrics, wide-gap insulating overlayers,
and buffer layers in semiconductor-on-insulator struc-

Figure 9. A) Typical SEM micrograph of BaWO4 nanorods. B) SEM
image of as-prepared BaWO4 nanorod arrays. C) TEM image of a
single BaWO4 nanorod after annealing in air for 5 h at 650 8C. D) EDS
of the BaWO4 nanorod shown in (C). Cu peaks originate from the
TEM grid. E) SAED pattern and F) high-resolution (HR) TEM image
from a portion of the BaWO4 nanorod shown in (C).
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tures.[176] In addition, fluorides doped with rare-earth ions
such as Eu3+ , Nd3+, and Ho3+ have also been reported to
display unique luminescence properties with corresponding-
ly useful applications in diagnostics, lasing, solid-state light
emitters, light amplification, optical telecommunication, and
upconversion.[177–179] Hence, it is reasonable to expect that
nanoscale fluorides will play an important role in technolog-
ical applications including high-density optical storage de-
ACHTUNGTRENNUNGvices, nanosensors, and color displays.[180–182]

The key synergistic advance, enabling and fostering the
success of this reaction, was to substitute the use of anodic
alumina membranes in these templating techniques with
other classes of membranes, including track-etch poly-
carbonate membranes. This was an important technical
issue to resolve, because the etching reagent for alumina
membranes, NaOH, will react readily with nanoscale fluo-
ride products, whereas polycarbonate membranes can be re-
moved through simple dissolution with a noninterfering, or-
ganic solvent such as dichloromethane.[183–185]

All of the data (Figure 11) collected suggest that as-pre-
pared alkaline-earth-metal fluoride nanowires are monodis-
perse with controllable morphology. In other words, the am-
bient synthesis of straight, crystalline wirelike structures is
possible using a modified template-directed method without
the need for either sophisticated experimental setups or
high-temperature annealing. Moreover, the shapes and sizes
of these fluoride nanowires accurately replicated the interi-
or pore structure as well as the pore lengths and diameters
of the polycarbonate templates from whence they were gen-
erated. Furthermore, as a demonstration of principle, as-

prepared alkaline-earth-
metal fluoride nanowire sam-
ples, doped with either Eu3+

or Tb3+ ions, displayed either
pink or green luminescence,
respectively, under UV-lamp
excitation.

5. Summary and
Outlook

The environmentally ac-
ceptable protocols we have
focused on in this work in-
clude 1) molten-salt synthesis
protocols, 2) solvothermal/
hydrothermal methods, and
finally 3) template-directed
techniques.

The green advantages of
the MSS protocol are that it
is simplistic, is readily scalea-
ble, and uses relatively non-
toxic reaction media and re-
agents (e.g., table salt). Ap-
plications of this method to
the synthesis of SrTiO3 nano-
cubes, BaTiO3, Ca1�xSrxTiO3,

and BaZrO3 nanoparticles, Bi2Fe4O9 submicrometer cubes,
as well as hematite and iron/magnetite nanocomposites
have been extensively discussed.

The environmentally acceptable attributes of solvother-
mal/hydrothermal methods are that a) they are relatively
large scale and high yield in terms of the quantity of desired
products generated without substantial amounts of harmful
byproducts, b) they can frequently use water as the solvent
medium, and c) they can be run at reasonably low tempera-
tures using cost-efficient, experimentally facile protocols. It
is fortunate that variations of this methodology have been
successfully applied to the synthesis of BaTiO3 and SrTiO3

nanotubes as well as to titanate and titania 0D, 1D, and 3D
nanostructures.

Finally, what is fundamentally environmentally progres-
sive about the modified template techniques described is
the fact these reactions can be run under ambient conditions
in aqueous solution with reliable control over shape, dimen-
sionality, and crystallinity. The potential is to generalize this
protocol to the synthesis of not only isolated structures but
also arrays of different classes of materials including ternary
metal oxides. The validity of these techniques has been
demonstrated in the synthesis of BaWO4 and BaCrO4 nano-
rods, of arrays of BaWO4 and BaCrO4 nanorods, and of
fluoride nanowires.

Our group has long-standing goals of creating well-de-
fined nanoscale building blocks with tailorable properties.
We have been interested in relatively simple synthesis meth-
ods whose ideal attributes include stability as well as control
of size, shape, morphology, and chemical composition in the

Figure 10. A) Cross section through a sea urchin skeletal plate, showing a spongelike structure. B) Poly-
mer replica of a sea urchin plate; calcium carbonate precipitated in the polymer membrane. C) Polycrys-
talline particles templated from 0.4m solutions of reagents. D) Templated single crystal of calcite pre-
cipitated from 0.02m solutions of calcium chloride and sodium carbonate. The arrows in (D) refer to the
rhombohedral geometry of the faces at the termini of the crystals, uniquely associated with the calcite
polymorph of CaCO3. Moreover, these data indicate that faces on different termini are aligned and that
the entire particle is likely to be a single crystal, in spite of its complex morphology. Adapted from
Ref. [167].
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ultimate product. It is evident that the cost-effective techni-
ques we have described herein are a step in the right direc-
tion towards developing processes that allow for minimal
impact (i.e., relatively benign reagents; little waste genera-
tion[186]) on the environment without sacrificing on sample
quality and quantity. Of course, all of these methods require
constant optimization as well as real-time, in-process moni-
toring. In the latter context, time-resolved in situ high-tem-
perature X-ray diffraction has been used recently to probe
the kinetics and mechanism of a molten-salt synthesis route
towards the production of mixed-valence sodium titanate,
suggesting that the reaction occurred at the surfaces of the
solid particles mediated by the molten-salt flux.[187]

We have not had the opportunity to analyze a number
of other environmentally significant, conceptually exciting
techniques reported in nanomaterials synthesis by other lab-
oratories. One of the more interesting methods includes the
use of biomimetic chemistry to generate nanomaterials. For

biomimetic chemistry,[188–190]

the approach involves the
utilization of actual biomo-
lecular entities such as pro-
teins, bacteria, and viruses to
act either as a growth
medium or as a spatially con-
strained nanoscale reactor
for the generation of metal
oxide nanoparticles; one in-
teresting example of the
latter is the synthesis of para-
tungstate and decavanadate
particles encapsulated within
the protein cages of viruses.
Moreover, as an illustration
of the potential of iron-oxi-
dizing bacteria, ferrihydrite
particles have been found to
self-assemble on Gallionella
stalks to form colloidal ag-
gregates.

In addition, many other
protocols are still being de-
veloped that attempt to use
ever fewer and ever safer,
air-stable reagents and sol-
vents under relatively low
temperature conditions. One
of the most notable efforts in
this regard has been the push
towards generating high-
quality semiconductor nano-
crystals[191] with well-control-
led size and shape distribu-
tions using low-cost, safe raw
materials (e.g., the use of
cadmium acetate[192] as a pre-
cursor as opposed to dime-
thylcadmium; the utilization
of starch as a capping

agent[193]) without the need for a glove box. A specific modi-
fication[194] of this experiment using cadmium oxide as a pre-
cursor can be run at 225 8C for 1 h, yielding CdSe nanoparti-
cles ranging from 1.8 to 4 nm in diameter. Another area of
interest has been the development of surface-functionalized
nanostructures using green techniques; the processing[195] of
organic-capped anatase TiO2 nanorods by the hydrolysis of
titanium tetraisopropoxide in oleic acid surfactant at 80 8C
comes to mind in this context.

It is evident that with all of the fabrication techniques
described herein that the novel modifications and improve-
ments that render these methods more efficient and less en-
vironmentally harmful are constantly being reported in the
literature. One can only hope for the widespread dissemina-
tion as well as for the universal adoption of this growing
and increasingly significant trend in synthetic nanochemis-
try.

Figure 11. Typical SEM images of A) CaF2 nanowires prepared using polycarbonate membranes with
50 nm pore sizes, B) SrF2 nanowires prepared using polycarbonate membranes with 100 nm pore diame-
ters, and C) BaF2 nanowires generated using polycarbonate membranes with pores measuring 200 nm.
D) Photoluminescence spectra of as-prepared CaF2 nanowires doped with Eu3+ (top) and Tb3+ ions
(bottom). E) EDS data of as-synthesized alkaline-earth-metal fluoride nanowires, corresponding to the
SEM images shown in (A–C): CaF2 (bottom), SrF2 (middle), and BaF2 (top). The C and Au peaks originate
from the conductive carbon tape and gold coating, respectively.
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