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� Abstract This review focuses on the preparation of capped nanoparticles of inor-
ganic materials, classified by composition. The materials described include elemental
metals and metalloids (semiconductors), chalcogenide II–VI and IV–VI semiconduc-
tors, III–V semiconductors, and oxides (both of simple- and multitransition metal).
Although particular emphasis is placed on methods that yield large volumes of nanopar-
ticles, recent novel methods that may not necessarily be scalable are also reviewed.
The review makes apparent the richness of chemistry that has become routine to prac-
titioners in the field; diverse inorganic systems with distinct chemistry require distinct
methods of preparation.

INTRODUCTION

The possibility to prepare monodisperse inorganic nanoparticles of pure materials
in the sub-20 nm size regime, associated with the capping of these particles by
(typically) functionalized long-chain organic molecules, has thrown open an entire
field of research. Inorganic nanoparticles are finding myriad uses, ranging from
traditional ones, such as coloring agents (in stained glass windows) and catalysts,
to more novel ones, such as magnetic drug delivery, hypothermic cancer therapy,
contrast agents in magnetic resonance imaging, magnetic and fluorescent tags
in biology, solar photovoltaics, nano bar codes, and emission control in diesel
vehicles. This field is, in certain ways, reaching maturity, and to go to the next
step, it is becoming important to develop methods of scaling up the synthesis of
these materials.

We do not discuss the properties and uses of nanoparticles, except so far as
the properties might be a part of the process of characterization. Also, this re-
view does not concern itself with the vast literature of nanophase materials, which
are monolithic materials comprising crystalline grains whose dimensions are in
the nanometer range. Such materials are typically prepared using sol-gel and re-
lated techniques. This is an older, more mature area that continues to attract a
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great deal of interest (1). There is growing interest in controlling the shapes of
nanophase and nanoparticulate materials, as described, for example, in the chapter
by Law et al. (2) on nanotubes and nanowires and that by Kolmakov & Moskovits
(3) on chemical sensing by nanostructures (see this volume). We make no attempt
to describe attempts to control the shapes of nanoparticles except when they are
incidental to the sysnthesis.

Au

The usual synthetic route to prepare gold nanoparticles involves the reduction of a
suitable metal salt (usually an halide) in solution in the presence of a stabilizer. The
first systematic studies of this method were by Michael Faraday who obtained col-
loidal gold by reducing an aqueous solution of AuCl−4 with phosphorus (4). Since
then, the discovery of various reducing agents and stabilizers have made possible
the development of mild conditions that can be employed for the preparation of
large amounts of nanoparticles of reproducible quality. Among these reduction
methods, the best known is that developed by Brust et al. (5), which involves the
phase transfer of AuCl−4 from aqueous to organic solutions followed by reduction
with NaBH4 in the presence of alkanethiols to yield gold nanoparticles in the size
range of 1–3 nm. Thiols are excellent stabilizers for capping gold nanoparticles
owing to strong Au-S bonding, which enables the isolation of the particles as solid
materials following solvent evaporation (6). The isolated particles can be readily
redissolved in nonpolar solvents where they are indefinitely stable. Other good pro-
tective agents, such as phosphanes (7), phosphines (8), amines (9), chalcogenides
(10), carboxylates (11), and polymers (12, 13), have been successfully used. The
size and morphology of the gold nanoparticles can be tuned by varying the con-
centration ratio of capping agent to metal salts (14–16) and by choosing a suitable
reducing agent (13). A weak reducing agent, such as citrate (17–19) or tartarate
(13), will favor a slow reaction allowing particle growth over a long period to yield
faceted and small (<1 nm) nanoparticles, whereas with relatively strong reducing
agents, such as formamide (20) or o-anisidine (21), bigger and generally spherical
nanoparticles will form. Prasad et al. (22) have shown that thiol-stabilized gold
colloids obtained by reduction can be subjected to a digestive ripening process
that significantly reduces the average particle size and polydispersity. The ripen-
ing process (Figure 1) involves refluxing of the particles near the boiling point of
the solvent (usually toluene) in the presence of an excess of stabilizer and has been
successfully employed not only with thiols but also with other protective agents,
such as amines, silanes, and phosphines (23).

Another method that is of great potential for the synthesis of gold nanoparticles
in large quantities, owing to mild conditions and relatively nontoxic reagents, is
based on the solvated metal atom dispersion (SMAD) technique. This method, first
reported by Klabunde and coworkers (24, 25), involves the vaporization of gold
under vacuum followed by deposition on the inside walls of the vacuum chamber
cooled to liquid nitrogen temperature simultaneously with the vapors of an organic
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Figure 1 TEM images of (a) as-prepared gold particles and (b) the particles after
addition of dodecanethiol at room temperature. These correspond to the first stages
of so-called digestive ripening, which permits very narrow size distributions to be
obtained. Reproduced from the work of Klabunde and coworkers (22). Reproduced
with permission from the American Chemical Society.
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Figure 1 (Continued)

solvent, usually toluene. There are no by-products resulting from the reduction of
the metal salt, and the gold colloids can be easily isolated as solid materials and
redispersed in nonpolar solvents. The nanoparticles are nearly spherical in shape
with sizes in the range of 1–6 nm. However, their size distribution can be further
narrowed to 4–5 nm by the digestive-ripening procedure described earlier.
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Ag

Nearly monodisperse silver nanoparticles can also be synthesized via reduction of
a suitable salt, usually AgNO3 or silver acetate, in solution in the presence of a
stabilizer (26). As in the case of gold, many variations of this method have been
developed in the past decade. NaBH4 (14, 27, 28), sodium citrate (29), potassium
bitartarate (13), dimethyl formamide (30), ascorbic acid (31), and alcohols (32,
33) are some of the reducing agents that have been successfully used. Long-chain
n-alkanethiols are the most common protective agents employed to stabilize silver
colloids (26), even though aromatic amines such as aniline (29), carboxylic acids
(28, 34), and polymers (13, 33) have been also employed. However, these methods
can lead to significantly different results in terms of size and morphology depending
not only on the choice of the reducing agent and stabilizer but also on the reaction
conditions. The synthesis of monodisperse silver nanocubes (100 nm) by reduction
of silver nitrate with ethylene glycol reported by Sun & Xia (35) is noteworthy.
In this preparation, ethylene glycol serves both as reducing agent and solvent,
whereas poly(vinylpyrrolidone) is used as a capping agent. They show that by
controlling experimental conditions, such as temperature, metal salt concentration,
metal/stabilizer ratio, and growth time, the size and morphology of the silver
nanocrystals can be easily tuned, and large quantities of highly symmetric silver
nanocubes of various dimensions (from 50 to 100 nm) can be obtained (Figure 2).

Recently, a new procedure for the preparation of highly monodisperse myristate-
capped silver nanoparticles has been reported (36). This method involves the sus-
pension of silver myristate in triethylamine followed by gentle heating at 80◦C for
2 h, which gradually produces a solution of uniformly spherical silver nanoparti-
cles that can be precipitated by addition of acetone. Thus, the nanoparticles can
be isolated as solid materials and redispersed in nonpolar solvents where they are
stable for up to 1 week. The particle size and size distribution are affected by the
alkyl chain length of the carboxylate ligand and the tertiary amine. For example,
with silver stearate the particles are highly monodispersed with sizes between
1.9–3.5 nm, whereas with silver octanoate the particle distribution is broad and
the sizes are larger (between 5.5 and 31.5 nm). With octylamine in the place of
triethylamine, the particle size decreases, but the size distribution is also broader.
This procedure is of a great promise for scale-up because of the ease of preparation,
mild conditions, and use of relatively nontoxic reagents.

Pd AND Pt

The usual technique for the synthesis of palladium and platinum nanoparticles
is the chemical reduction of the metal salt, usually a chloride, in the presence
of a stabilizer. A variety of reducing agents have been successfully employed,
including NaBH4 (37–41), potassium bitartarate (13), superhydrides (42), amines,
and alcohols (33, 43, 44). The most common capping agents are n-alkanethiols
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Figure 2 (A, B) SEM and (C) TEM images of silver nanocubes. (D) X-ray diffraction
pattern of silver nanocubes. The inset in (D) is a scheme of the nanocube morphology.
Reproduced from Sun and Xia (35). Reproduced with permission from the American
Association for the Advancement of Science.

and polymers, but a few examples of Pt and Pd nanoparticles capped with amines
(45), alkyl isocyanides (46), and cyclodextrins (47) have also been reported.

Very recently, Kim et al. (48) developed a new synthetic method for palladium
nanoparticles involving the thermal decomposition at 300◦C of a solution of the
metal acetate in a surfactant. With tri-n-octylphosphine (TOP) and a mixture of
TOP/oleylamine as surfactants, highly monodisperse palladium nanocrystals of
sizes of 3, 5, and 7 nm were obtained depending on the surfactant mole ratio. With
only oleylamine as surfactant, polydisperse nanoparticles with an average size
larger than 10 nm were produced. The quality of the as-synthesized nanoparticles,
the ease of preparation, and the fact that no further size-selective technique is
required make this the first method that can be easily adapted for large-scale
production of palladium nanoparticles.

Co, Ni, Fe, AND Cu

Although significant progress has been achieved in the synthesis of monodisperse
noble metal nanoparticles, synthetic routes for magnetic Fe, Co, and Ni nanoparti-
cles have yet to be improved (49). Synthesis in inverse micelles and sonochemical
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decomposition of the metal carbonyls have been reported for the preparation of
nanosized colloids of Co (50, 51), Fe (52–54), and Ni (55), but these methods yield,
in most cases, polydisperse particles and are perhaps not suitable for scale up be-
cause of the difficulty of reproducibility at high volumes and high concentrations.
However, a few synthetic procedures that are of great promise for the synthesis
of monodisperse magnetic nanoparticles have been reported. For example, Co
nanoparticles can be prepared with a method developed by Murray and cowork-
ers, which involves the reduction of Co chloride by a superhydride in solution in
the presence of a stabilizer, usually a mixture of oleic acid and an alkylphosphine
(56, 57). The average particle size can be tuned by carefully selecting the type of
alkylphosphines employed in conjunction with oleic acid because the steric hin-
drance of the alkyl groups can exert a control on the rate of particle growth. Thus,
bulky long-chain phosphines such as TOP will tend to inhibit the growth and favor
small particles (2–6 nm), whereas shorter-chain and less bulky phosphines such as
tributylphosphine will permit growth and lead to bigger particles (7–11 nm). The
as-synthesized nanoparticles are surrounded by a robust organic shell and can be
readily dispersed in aliphatic, aromatic, and chlorinated solvents, reprecipitated
by short-chain alcohols, which further reduce the size by selective precipitation.
Fatty acids other than oleic acid, such as octanoic and dodecanoic acids, can be
used to cap the particles through a simple ligand exchange process even though
acids with an alkyl chain shorter than C8 are not strong enough to stabilize the
particles. Reduction of metal acetates in solution by polyalcohols or NaBH4 in the
presence of stabilizers (oleic acid, TOP, tributylamine, and hexadecylamine have
been employed) is also a successful route to synthesize highly monodisperse Co,
Ni, and Ni-Co nanoparticles (58, 59).

A new approach for the synthesis of Co nanoparticles has been developed by
Dinega & Bawendi (60) based on the thermal decomposition (200◦C) of dicobal-
toctacarbonyl, Co2(CO)8, in the presence of tri-n-octylphosphine oxide (TOPO)
as a surfactant to yield rather polydisperse nanocrystals with an average diameter
of 20 nm. One advantage of this method compared with the reduction synthesis
described above is the absence of by-products because CO is released and ele-
mental Co is the only nonvolatile product left in the reaction vessel. Recently,
variations (61–65) of this method have been reported where monodisperse Co
nanocrystals with tunable sizes between 3–20 nm can be obtained by using a com-
bination of carboxylic acids, amines, and phosphines as surfactants, and separation
of the nanocrystals from solution is achieved by magnetically induced precipita-
tion rather than by addition of a polar solvent. This method can be also adapted for
the synthesis of uniform Fe nanoparticles by replacing Co2(CO)8 with Fe(CO)5 at
higher temperatures (58, 66); for the synthesis of bimetallic Fe-Co (58) and Fe-Mo
(67) nanoparticles by thermal decomposition of a mixture of the corresponding
metal carbonyls; for Fe-Pt (68), Co-Pt (69, 70), and Fe-Pd (70) nanoparticles
by simultaneous decomposition of, respectively, Fe(CO)5 or Co2(CO)8 and re-
duction of platinum or palladium acetonate. Another organometallic precursor,
Co(η3-C8H13)(η4-C8H12), has been successfully employed to prepare small Co
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nanoparticles (average size 1 nm) by thermal decomposition in the presence of
poly(vinylpyrrolidone) as a stabilizing agent (71).

Very little work has been carried out on Cu nanoparticles. Some attempts have
been made to synthesize Cu nanoparticles by chemical reduction in solution (72,
73) and reduction in reverse micelles (74); however, these methods yielded parti-
cles of irregular shapes and wide size distributions. High-quality Cu nanoparticles
were recently produced via an organometallic route using the CVD precursor
Cu[OCH(CH3)CH2N(CH3)2] (75). When the thermal decomposition of the pre-
cursor was carried out at 300◦C in hexadecylamine as a hot coordinating solvent,
uniform spherical particles of 7.5 nm formed. In the presence of TOPO, the de-
composition yielded bigger particles with different shapes (oval, spherical, and
elongated) and sizes (8–100 nm), with the elongated ones predominating at high
precursor concentration. Thus the synthesis procedure can be controlled by tai-
loring reaction parameters such as temperature, nature of the capping agent, and
precursor concentration.

Si AND Ge

Unlike II–VI and III–V semiconductors, the synthesis of group IV semiconduc-
tors silicon and germanium has not been extensively studied; however, interest in
these materials has grown rapidly in the past decade owing to a number of studies
suggesting that luminescence in porous silicon and silicon nanoparticles may be
caused by quantum confinement (76–78). Despite a great deal of experimental and
theoretical work, the origin of luminescence in silicon and its dependence on the
nanoparticle size are still controversial. Some groups have observed clear changes
in the wavelengths and intensities of luminescence with varying sizes or with mod-
ification of particle surface (79–81), whereas others have reported evidence to the
contrary (82). Understanding the luminescent properties of silicon nanoparticles
is of extreme importance for the application of these materials in the electronics
industry, in particular as components in optoelectronic devices. Belonging to the
same group, and therefore having semiconducting properties similar to silicon,
germanium nanocrystals are also expected to show optical properties related to
quantum confinement, and evidence of this has been provided (83–85).

Early work by Brus and coworkers (78, 81, 86–88) on the preparation of sili-
con nanoparticles from the gas phase, while not important from the viewpoint of
scale-up, represents the first step toward the study of the photophysics of these
materials. The preparation involves a three-step procedure carried out in a quartz
reactor with a flowing system: First, a mixture of disilane-helium is flowed at a
controlled rate into the pyrolysis chamber at 1000◦C and 1 atm, followed by imme-
diate dilution into a O2-He mixture and decrease of temperature to 200◦C–300◦C
to stop growth and aggregation. The particles are finally collected in a solution
of ethylene glycol to yield a robust colloid that is stable under air without signs
of flocculation over several months. The resulting surface-oxidized nanoparticles
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are crystalline, present weak luminescence emission at room temperature, and
their sizes (ranging between 3 and 8 nm) can be tailored by controlling the flow
rate and the initial disilane concentration because the average particle size de-
creases with decreasing flow rate and decreasing concentration. The nanocrystals
can be efficiently separated by size-selective precipitation and by size-exclusion
chromatography techniques, which prove to be very valuable in the study of the
quantum confinement of luminescence (86, 88).

CO2-laser-induced decomposition of SiH4 in a gas flow reactor has been shown
to be very useful for the synthesis of large quantities of silicon nanoparticles (89–
95). In a typical reaction set-up, SiH4 in an inert gas is exposed to focused radiation
from a pulsed CO2 laser in the reaction chamber resulting in the dissociation of
the silane molecules by resonant laser absorption. The growth of the so-formed
silicon nuclei is abruptly stopped as soon as they leave the hot chamber, and they are
subsequently extracted from an adjacent high-vacuum chamber through a conical
nozzle. The resulting nanoparticles have sizes that can be tuned in the 3–20 nm
range by varying the silane concentration and flow rate and are characterized by
strong visible luminescence. The particles are extremely pure because the reactor
walls remain cold and therefore unreactive during the pyrolysis process. One of
the main advantages of this method is that production of large amounts of powders
(20–5000 mg/h) can be easily achieved by improving the flow reactor capabilities
(89, 95).

The first example of a solution route to Si nanocrystals was developed by Heath
(96) more than a decade ago and involves the reduction of SiCl4 and RSiCl3
(R=H, octyl) by sodium metal in a nonpolar organic solvent at high temperatures
(385◦C) and high pressures (>100 atm) to yield R-capped, hexagonal-shaped sil-
icon nanoparticles. The octyl group is a more effective capping agent in terms of
size control because nanoparticles with sizes ranging from 3 to 7 nm are formed,
as opposed to single crystals ranging from 5 to 3000 nm obtained with R=H. On
the other hand, infrared spectroscopy showed that the octyl groups are sponta-
neously replaced to give nanoparticles with a surface characterized by a mixture
of Si–O, Si–H, and Si–Cl bonds. When the same reaction scheme is applied to
germanium (R=phenyl), nanowires of 7–10 nm in diameter and up to 10 µ in
length are obtained (97). Reduction of germanium salts was also achieved with
NaK (99) and with lithium naphthalide (98). With NaK, the resulting nanoparticles
are polydispersed (with sizes ranging between 8 and 20 nm), crystalline platelets,
capped by a layer of GeO2 with traces of Ge-Cl termination on the surface, and
are insoluble in most polar and nonpolar solvents. With lithium naphthalide, an-
nealing with a red laser is required to obtain crystalline nanoparticles. Following
the route discovered by Heath (96), Kauzlarich and coworkers (98–108) explored
the synthesis of silicon and germanium nanoparticles from reactions involving
alkyl semiconductor halides or metal silicides/germanides in solution to find less
extreme conditions, higher yields, and better surface manipulation, which are nec-
essary requirements for the production of nanoparticles on a large scale. Reduction
of SiCl4 was successfully carried out at room temperature with sodium naphthalide
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Figure 3 TEM image of alkyl-caped Si nanoparticles formed by the reduction of
SiCl4 by sodium naphthalenide in 1,2-dimethoxyethane. The surface has been capped
with an excess of n-butyllithium. The inset shows a selected area diffraction pattern
of diamond-Si. Reproduced from Baldwin et al. (104). Reproduced with permission
from the American Chemical Society.

in 1,2-dimethoxyethane to give uniform, crystalline, halide-capped nanoparticles
whose surface can be easily modified (103, 104) (Figure 3). For example, fur-
ther treatment with an excess of octanol or n-butyllithium yielded, respectively,
octanoxide- and n-butyl-capped nanocrystals. The reaction of SiCl4 with metal
silicides such as KSi, Mg2Si, and NaSi has proved to be of great potential for the
synthesis of large quantities of luminescent silicon nanoparticles with a function-
alized surface. It involves refluxing the metal silicide in a suitable solvent (usually
ethylene glycol dimethyl ether) under inert atmosphere in the presence of SiCl4 fol-
lowed by passivation with an appropriate capping agent (100–102). Methyllithium,
n-butyllithium, and several Grignard reagents have been used for the passivation
step to yield alkyl-capped nanoparticles. The resulting nanoparticles showed no
evidence of surface contamination from a layer of silicon oxide (a common prob-
lem in many synthetic preparations), but they presented a wide size distribution
(small particles of mostly 1–5 nm were observed together with bigger particles up
to 30 nm) and poor crystallinity. This method has also been employed for the syn-
thesis of gram-quantities of organic-capped germanium nanoparticles (108–110).
As in the case of silicon, the as-synthesized germanium nanoparticles are charac-
terized by a certain degree of polydispersity, with sizes ranging from 2 to 15 nm,
weak visible luminescence, but good surface stability. The formation of a layer
of GeO2 over time was observed only with the 6-(tetrahydropyranyloxy)-hexyl
group as a capping agent (110). Recently, the same authors reported a variation of
this method consisting in the oxidation of the metal silicide with Br2 followed by
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passivation with LiAlH4, butyllithium, or a Grignard reagent to give luminescent
nanoparticles with a relatively high polydispersity (1–20 nm) (105–107). Work
from the Kauzlarich group referred to above has definitely introduced novel routes
for the synthesis of organic-capped silicon nanoparticles in solution by exploiting
moderate reaction conditions, and these routes can possibly be adopted for pro-
duction on a large scale. Improvements, especially in terms of size control, high
yield, and crystallinity are, however, still called for.

Another solution route to monodisperse, alkyl-passivated silicon nanoparticles
involves the decomposition of an organosilane precursor, such as diphenylsilane,
in solvents heated and pressurized well above their critical points to temperatures
between 400◦C–500◦C and pressures above 80 bar (111–113). Octanol-, octene-,
and octanethiol-capped silicon nanocrystals prepared by using supercritical or-
ganic solvents, such as hexane and cyclohexane, have sizes that can be tuned in the
range of 1.5–3.5 nm with a narrow size distribution and are very stable to surface
oxidation upon exposure in air. They also luminesce strongly at room temperature.
The process should lend itself for scale-up.

Silicon and germanium nanoparticles on a small scale can also be prepared by
laser ablation (114–119) and ultrasonic methods (120–123). In the laser ablation
technique, the nanoparticles are generated by irradiation of a solid target of the
semiconductor metal by a focused laser beam in a reactor chamber under inert
atmosphere where temperature, pressure, and residence time can be accurately
controlled, followed by deposition on a hard, cold substrate. The nanoparticles are
highly monodisperse, with sizes usually ranging from 1 to 5 nm, and very pure
because only the metal semiconductor and inert species are present in the system.
Ultrasonic synthesis involves the electrochemical etching of a silicon wafer to
form porous silicon that can be dispersed in a variety of solvents by suspension
in an ultrasonic cleaning bath for a determined period of time. Like in the case of
the laser ablation synthesis, the main advantage of this method is the possibility
of employing high-purity semiconductor-grade substrates to avoid particle surface
contamination by SiO2 and other impurities. The obtained nanocrystals present
a high degree of crystallinity but also irregular shapes and sizes (from a few
nanometers to several micrometers).

II–VI SEMICONDUCTORS

The synthesis and properties of II–VI semiconductor quantum dots have been ex-
tensively investigated, and several reviews on current progress in this field have
been recently published (124–127). A wide range of synthetic routes have been de-
veloped for these materials, and in this section, only those methods that lend them-
selves to the production of nanoparticles on a large scale will be discussed. Methods
for IV–VI semiconductors (notably chalcogenides of Pb) are also discussed.

Some of the earliest methods for the preparation of II–VI quantum dots date back
to 1984 when Brus and coworkers (128) suggested that the optical properties of the
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bulk material differ significantly from those of the same material in the nanometer
size. They prepared uncapped and polymer-capped CdS (129, 130) and ZnS (130)
nanoparticles (in the 3–6 nm range) by an arrested precipitation technique at room
temperature involving the slow injection of the metal salt into a solution of am-
monium or sodium sulfide in a suitable solvent (acetonitrile, methanol, or water).
The success of the method relies on the ability to stop the crystal growth process
immediately after nucleation begins by controlling the equilibrium between solid
CdS (ZnS) and solvated metal ions in solution,

Cd(Zn)Scrystal ⇀↽ Cd2+(Zn2+)solv. + S2−
solv.,

and this can be achieved by selecting an appropriate reaction temperature or an
appropriate solvent. Weller and his group extended this technique to other semi-
conductor materials, such as CdSe (131), HgTe (132), and (Cd,Hg)Te (133), and
to a number of capping agents, such as phosphates, amines, and especially thioal-
cohols (134–136). The as-synthesized thiol-capped quantum dots can be prepared
on a gram scale (up to 10 g can be prepared from one synthesis reaction) as sta-
ble powders that are readily redispersed in water and possess high luminescence
quantum yields (up to 50%) and high photostability. The main disadvantages of
the controlled precipitation methods are that the nanocrystals present a poor de-
gree of crystallinity, with surface defects essentially owing to the low temperatures
employed, and post-treatments such as size-selective precipitation are required to
obtain narrow size distributions.

Wang et al. (137, 138) proposed a simple solution synthesis for pure quantum
dots of the M chalcogenides (M = Bi, Cu, Cd, Sn, Zn; chalcogenide = S, Se) that
involves the reduction of S or Se in the presence of KBH4 and the corresponding
metal salt at room temperature in an appropriate solvent. The latter significantly
influences the quality of the final product, yielding small uniform nanoparticles (4–
6 nm) in the case of ethylenediamine and a mixed metal/chalcogenide precipitate
with poor crystallinity and low yield in the case of pyridine. The role of KBH4

is probably to reduce S to S2− and Se to Se2−, which react subsequently with
the metal salt. Recently, amine-capped PbSe nanoparticles of tunable sizes and
shapes were also obtained with this method (139). Like in the previous methods,
the main limitation is the difficulty to achieve narrow size distributions and high
crystallinity.

Another interesting room temperature solution synthesis that can be imple-
mented for large-scale production involves the application of ultrasound on chemi-
cal reactions (140–142). Ultrasound irradiation results in acoustic cavitation
through the formation, growth, and then implosive collapse of bubbles in a liquid.
The collapse generates localized hot spots where high temperatures and pressures
develop. For example, the preparation of spherical ZnSe nanoparticles of average
sizes of 3, 4, and 5 nm has been achieved by mixing Zn(Ac)2 and selenourea in
water followed by sonication with an high-intensity ultrasonic probe under inert
atmosphere for a determined period of time (142). Pb and Cu selenide nanopar-
ticles can be also obtained by using the corresponding acetates. By combining
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ultrasonic irradiation with an electrochemical pulse, CdSe (140) and PbSe (141)
nanoparticles with average sizes of 4 and 12 nm, respectively, have been synthe-
sized. Parameters such as temperature, sonication time, and intensity influence the
particle size, with small nanocrystals generally forming at low values. Owing to
the simple reaction set-up and moderate reaction conditions, this process could be
easily scaled up to form large quantities of small semiconductor nanoparticles.

The decomposition of molecular precursors at high temperatures in a coordi-
nating solvent is, without doubt, one of the most successful routes to prepare high-
quality semiconductor quantum dots. Famously, this technique was developed in
1993 by Bawendi and coworkers (143) who prepared CdE nanoparticles (E = Se,
S, and Te) through separate, rapid injections of a solution of (CH3)2Cd in TOP and
a solution of TOP and the corresponding chalcogenide into TOPO at high tempera-
tures (∼200◦C–300◦C). Bis(trimethylsilyl)- and bis(tert-butyldimethylsilyl) salts
were also employed as a source of the chalcogenide. Other than allowing particle
solubility in organic solvents, the capping agent plays a crucial role in preventing
particle aggregation and electronically passivating the semiconductor surface. The
TOPO-Cd interaction at the surface is relatively weak so that TOPO can be easily
displaced by dissolution in other solvents such as pyridine (144). The size of the
nanocrystals can be easily tuned by controlling the reaction temperature with larger
particles forming at higher temperatures. Many variations of this method have since
been exploited. In particular, Alivisatos and his group carried out extensive studies
on the CdSe system (145–147), demonstrating that parameters such as tempera-
ture, monomer concentration, and growth rate significantly influence particle size
and morphology. Spherical quantum dots are usually favored at low monomer con-
centration and slow growth rate, whereas rod-, teardrop-, and tetrapod-like shaped
nanoparticles are formed at increased growth rate [achieved by the addition of
a stronger coordinating solvent than TOPO like, for example, hexyl-phosphonic
acid (HPA)] and at higher monomer concentrations. Multiple injections of reagents
during material growth also control the size of these nanostructures with higher in-
jection volumes favoring, for example, longer nanorods with higher aspect ratio. A
similar approach has been also used for the preparation of ZnS and ZnSe nanoparti-
cles, CdSe/ZnS, CdSe/CdS, and CdSe/ZnSe core/shell nanostructures (148–151).
The atoms in the nanocrystal surface are not fully coordinated and give rise to
gap surface states and defects unless passivated. Passivation with an organic layer
governs the quantum dot surface chemistry and improves optical properties, such
as the emission efficiency (134). However, inorganic passivation with a semicon-
ductor of higher band gap provides an excellent alternative not only to improve
quantum efficiencies but also to decrease fluorescence lifetimes, and it confers
greater stability to further treatments such as the incorporation of nanoparticles
into solid structures. Also, core/shell nanoparticles exhibit novel properties that
make them very attractive as a new nanocrystal system on their own (152, 153). The
so-called TOPO method permits the production of highly monodisperse nanopar-
ticles in quantities of hundreds of milligrams in one single experiment. However
a great hindrance for its development on a large scale is represented by the high
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temperatures employed and by the toxicity of the starting materials. In particular,
alkyl metals such as (CH3)2Cd and (CH3)2Zn are pyrophoric, explosive at high
temperatures, and liberate highly toxic gases of metal oxide so that all the reactions
involving these chemicals must be carried out with extreme precautions under an
inert atmosphere. In order to achieve milder and more versatile reaction conditions,
many groups have attempted alternative synthetic routes.

Peng and coworkers have carried out remarkable studies in the effort to adapt
the TOPO method to more stable and less toxic cadmium sources (127, 154–157).
A series of experiments led to the conclusion that (CH3)2Cd decomposes in pure
hot TOPO soon after injection, producing insoluble metallic cadmium (156). In
the presence of TOPO and HPA, (CH3)2Cd is stabilized via the formation of a
HPA-Cd complex that can be purified and employed to generate CdSe quantum
dots of quality comparable to those described by Bawendi and coworkers, sug-
gesting that (CH3)2Cd is not a necessary raw material and can be replaced by
other cadmium salts capable of generating the same type of complex in solution.
CdO (154, 157) and cadmium salts with an anion of a weak acid, such as Cd(Ac)2

and CdCO3 (155), proved to be excellent substitutes. A typical reaction involves
the dissolution of the metal salt in a mixture of TOPO and another solvent (HPA,
tetradecylphosphonic acid, fatty acids such as stearic acid and lauric acid, and
amines such as n-dodecylamine have been successfully employed) at 300◦C or
below, followed by the addition of a solution of the chalcogenide (Se, S, or Te)
in TOP. Compared to the highly unstable alkylcadmium, these salts enable a slow
initial nucleation in solution with the advantages that (a) the injection temperature
can be much lower and contained between 220◦C–300◦C; (b) both nucleation and
growth are almost independent on injection conferring great reproducibility; and
(c) this slow nucleation means that the initial injection can be completed within a
longer time, and thus large amounts of stock solutions can be added to the reaction
vessel, making the process more feasible for scale-up productions. Particle mor-
phology can be controlled by monomer concentration, the growth temperature, and
repetitive injections of the chalcogenide solution to obtain a variety of shapes from
dots to rods and tetrapods, over a range of conditions (154, 157, 158) (Figure 4).
The nanoparticles are monodisperse, with sizes ranging from of 2 to 25 nm and
with luminescence efficiencies of up to 85% (127). This method, even though at
the present time is applicable only to cadmium chalcogenides, has a great potential
for scale-up production of high-quality quantum dots.

Another alternative to the use of alkylmetals for the synthesis of chalcogenide
nanoparticles involves the use of single-source precursors, i.e., compounds con-
taining both the semiconductor metal and the chalcogenide atoms already bound
together in a single molecule. This method was reported earlier by Brennan
et al. (159) for the preparation of CdSe nanoclusters in 4-ethylpyridine from
Cd[Se(C2H5)]2 and then extensively investigated by O’Brien and coworkers for the
synthesis of ME (M = Cd, Zn, Pb; E = Se, S) quantum dots and related core/shell
composites from bis(dialkyldithio-/diseleno-carbamato)metal(II) salts (160, 161).
The synthesis involves the dissolution of the precursor in TOP followed by decom-
position in a suitable high-boiling coordinating solvent (TOPO or 4-ethylpyridine)
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Figure 4 TEM images of the time evolution of rice-shape CdSe nanocrystals. The
times are indicated. Reproduced from Peng & Peng (154). Reproduced with permission
from the American Chemical Society.

usually at temperatures above 200◦C. The size of the as-synthesized nanoparti-
cles depends on the reaction time and temperature, precursor/capping agent ratio,
and alkyl groups. For example, in the case of zinc, symmetrical or unsymmetri-
cal alkyl groups lead to good quality ZnS (162) and ZnSe (163) quantum dots,
whereas in the case of CdSe (164–167) and PbSe (168, 169), mainly precur-
sors with unsymmetrical groups produce high-quality nanoparticles. In the case
of CdS, by varying the growth temperature and the concentration of the pre-
cursor Cd[Se(C2H5)]2, a range of morphologies from monorod, birod, tripod,
tetrapod to the pencil-type rod can be easily obtained (170). The synthesis of
the precursor is a simple, two-step procedure that requires first the preparation
of the (dialkyldithio-/diseleno-carbamato)dialkylammonium salt by treating CSe2

or CS2 with an excess of amine or NaOH at 0◦C, followed by reaction with an
aqueous solution of cadmium or zinc chloride to yield a precipitate that is stable
under aerobic conditions (171). Other single-source precursors include nitrogen-
based compounds (172–174), ethylxanthate salts (175), and molecular inorganic
clusters of formula (X)4[M10Se4(SPh)16] (X = Li, (CH3)3NH). These clusters,
discovered several years ago (176), have been recently employed by Cumberland
et al. (177) for the synthesis of CdSe and CdSe/ZnS nanoparticles in hexadecy-
lamine as a capping agent. By selecting the decomposition temperature of the
clusters, from 100◦C–300◦C, particle growth can be tuned to give monodisperse
nanoparticles with sizes in the 2–10 nm range. Compared to the TOPO method,
the single-source precursor technique has the advantages that the syntheses for
both the precursor and quantum dots are straightforward, do not involve extremely
pyrophoric materials, and permit the production of high-quality nanoparticles on a
gram scale.
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To prepare crystalline nanoparticles, high temperatures, associated with the re-
fluxing of reactants in high-boiling solvents, are often called for. There are many
problems associated with such solvents, including possible toxicity, expense, and
their inability to dissolve simple salts. A simple method to circumvent this problem
is to use solvothermal methods, employing solvents well above their boiling points
in enclosed vessels that support high autogenous pressures. Solvothermal (called
hydrothermal when the solvent is water) methods are widespread in their use, par-
ticularly in the preparation of crystalline solids, including silicates and materials
such as zeolites (178). An added advantage of solvothermal methods is that because
they are carried out in closed containers, special inert conditions are not neces-
sary. During the past five years, solvothermal techniques have become increas-
ingly common for the synthesis of semiconductor nanoparticles. For chalcogenide
nanoparticles, two preparation routes can be identified, i.e., one starting from the
elements and one starting from a salt of the metal. A series of experiments with
zinc and cadmium chalcogenides have shown that the solvent has a critical role in
the reaction starting from the elements (179–181). In a typical setup, powders of
metal and chalcogenide are ground together, inserted in a autoclave filled with the
solvent up to 70% of the capacity, and then heated at a constant temperature for a
determined period of time. With pyridine (179), at 180◦C and 8 h, spherical ZnSe
nanoparticles with sizes between 12 and 16 nm are obtained. With water (180), at
180◦C and 24 h, ZnS and CdS nanoparticles with sizes ranging from 70 to 100 nm
form. The latter constitutes an important example because water is a very desir-
able solvent, being harmless compared to the organic counterparts and therefore
more suitable for scale-up. With ethylenediamine (181, 182), at 120◦C and 6 h, a
stable complex with likely composition Zn-E-ethylenediamine precipitates in the
form of an orange compound (E = S, Se). Decomposition of the complex above
300◦C under nitrogen or treatment with acid solutions yields the corresponding
ZnE nanoparticles with a platelike morphology. Heating time is also an important
factor in governing the particle size as shown for ZnS (179). Spherical nanoparti-
cles with sizes of 3, 10, and 18 nm are obtained when the elements are heated in
pyridine for 5, 10, and 24 hours, respectively.

Solvent and heating time also play an important role in the solvothermal re-
actions involving metal salts. Yu et al. (183, 184) synthesized uncapped CdE
nanoparticles (E = S, Se, Te) from CdC2O4, Cd(NO3)2, and CdSO4 in a range
of solvents. Luminescent uncapped CdS, CdSe, and CdTe nanorods with diame-
ters between 20–60 nm and lengths between 100 and 4800 nm are obtained from
CdC2O4 in ethylenediamine, diethylenetriamine, and triethylenetetramine at tem-
peratures above 120◦C (183). Temperatures under 120◦C favor the growth of a
mixture of shorter nanorods and spherical particles. CdS nanorods can be ob-
tained also at lower temperatures from cadmium sulfate or nitrate in polyamines;
however, spherical particles with sizes ranging from 6 to 20 nm are preferred
in solvents such as water, ethanol, tetrahydrofuran, butane-1,4-diol, and ethylene
glycol (184). It is interesting to note that the solvent also affects the phase of the
materials with pure hexagonal CdS prepared in ethanol or tetrahydrofuran and
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a small amount of cubic phase present in CdS prepared in ethylenediamine or
pyridine.

Recently, Seshadri and coworkers reported the first solvothermal method for the
synthesis of thiol- and TOPO-capped CdSe (185) and CdS (186) nanoparticles. The
synthesis involves heating the autoclave containing the cadmium source (cadmium
stearate), S (Se), tetralin, and the capping agent (dodecanethiol or TOPO) in toluene
at 200◦. The driving force of the process is that tetralin is aromatized to naphthalene,
a more stable compound, forming H2S (H2Se) in situ. In the presence of TOPO,
monodisperse CdS nanoparticles of 4 nm are prepared with nearly 100% yield,
whereas with dodecanethiol as a capping agent, CdSe nanoparticles of 3 nm in
diameter are obtained. The as-synthesized nanoparticles are soluble in nonpolar
solvents such as toluene, and their size distribution can be narrowed by size-
selective precipitation techniques.

III–V SEMICONDUCTORS

Synthetic studies of III–V semiconductor nanoparticles are much less advanced
compared to the II–VI analogues even though they possess a higher degree of
covalent bonding, a less ionic lattice, and larger exciton diameters resulting in
more pronounced quantum size effects in the optical spectra, which are very de-
sirable for applications in optical devices (187). The preparation routes available
for III–V semiconductor nanocrystals are usually an adaption of the syntheses
developed for II–VI semiconductors. However, owing to the differences in the
chemical properties, these typical procedures do not lead to the same results as
in the case of the II–VI system (187–189). For example, the decomposition of
organometallic precursors at high temperatures in coordinating solvents discov-
ered by Murray et al. (143) has been extended to the synthesis of ME nanocrystals
(M = In, Ga; E = As, P) by several groups (190–201). This method usually
involves the reaction of a metal salt, such as GaCl3 or InCl3, with the correspond-
ing tris(trimethylsilyl)pnictogen, P(SiMe3)3, or As(SiMe3)3 in a suitable solvent
such as TOPO, TOP, quinoline, triglyme, and amines in the temperature range of
200◦C–300◦C. To obtain high-quality nanoparticles, the growth must be carried
out over a long period of time (the process can take up to seven days), and an-
nealing of the isolated particles at temperatures up to 400◦C is often necessary to
improve their crystallinity (193, 202). Even then, the as-synthesized nanocrystals
present relatively large size distributions (with sizes usually ranging from 2 to
6 nm and deviation standard of ∼20%), and further treatments, such as size-
selective precipitation techniques, are required to achieve monodispersity. The
poor quality of the nanoparticles is mainly because of the higher degree of cova-
lency of the III–V semiconductor materials compared with the II–VI analogues.
High covalency makes difficult the discrete nucleation step necessary to obtain
monodisperse nanocrystals (187). Recently, Battaglia & Peng (203) showed that
uniform and monodisperse InP and InAs nanoparticles can be synthesized in a
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noncoordinating solvent such as octadecene in the presence of a fatty acid. The
quality of the nanocrystals depends significantly on the metal:ligand ratio and
the best results are observed only for a very narrow concentration window, i.e.,
when the ratio is 1:3. In this case, luminescent spherical nanoparticles of 3 nm
in diameter and narrow size distribution (∼5%) are obtained. Metal:ligand ratios
above or below this value (1:2 or 1:4.5) result in materials with no distinguishable
features in the UV-vis spectra, implying a wide size distribution. The chain length
of the acid also affects the quality of the particles, with palmitic and stearic acids
promoting ideal rates for particle nucleation and growth. Other than more control
over particle size and morphology, this synthetic variation enables the use of a
hydrocarbon as a solvent in the place of the more expensive phosphorus-based
TOP or TOPO, and the process is complete within 3–4 h instead of several days.

The work of Cao & Banin (204, 205) who studied the growth of several shell
structures on a core of InAs nanoparticles is worthy of note. CdSe, GaAs, InP,
ZnS, and ZnSe shells can be grown on a InAs core via a two-step procedure that
involves first the preparation of the InAs nanocrystals according to one of the meth-
ods described above (197) and the isolation of the particles as powders. Isolation is
necessary because the size distribution is narrowed by size-selective precipitation
before growing the shell. Shells of InP and GaAs can be grown only at high tem-
peratures (240◦C) by injecting a TOP solution of the corresponding metal halide
XCl3 (X = Ga, In) and pnictide E(SiMe3)3 (E = P, As) into a TOP solution of
the InAs nanoparticles. For CdSe, ZnSe, and ZnS, the shell solution is prepared
by mixing the alkyl metal with a TOP solution of Se [with S or S(SiMe3)3 in the
case of ZnS], and injection can be achieved at temperatures as low as 150◦C. In
the case of InAs/InP and InAs/GaAs, a red shift in the photoluminescence spec-
trum is observed excluding the formation of an alloy of the two materials, and
the quantum yields are significantly lowered by a factor of 8. Whereas InAs/InP
nanocrystals present good solubility in organic solvents after precipitation from
the growth solution, InAs/GaAs require annealing for several hours at 260◦C. For-
mation of InAs/CdSe, InAs/ZnSe, and InAs/ZnS core/shell nanoparticles results
in a red shift in the photoluminescence spectra as well, but in all cases an increase
of up to 20 times in the quantum yield efficiency is reported. The quantum yield of
the core/shell nanostructures increases with the shell thickness up to a threshold
value beyond which further shell growth results in quenching. For ZnS and ZnSe
shells, this trend can be explained considering that there is a large cell mismatch
compared to InAs, and further shell growth can lead to formation of defects at the
core-shell interface, resulting in carriers being trapped. In the case of CdSe, there
is no lattice mismatch compared to InAs, but defects may generate at the interface
because CdSe prefers to adopt the wurzite phase over the cubic one, which is
typical for InAs (205).

A few examples of alternative syntheses that avoid the need of the volatile, toxic
and sometimes pyrophoric silylated pnictide precursors are given in the literature.
Green & O’Brien prepared luminescent, monodisperse (∼7 nm) InP nanoparticles
from the decomposition of a single-source precursor, the corresponding metal
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diorganophosphide In(PBu2)3, at 167◦C in 4-ethylpyridine (206). Other potential
single-source precursors for GaAs and GaP nanoparticles have been synthesized
by Wells et al. (202, 207). The same authors prepared relatively polydisperse
GaAs and GaP nanoparticles through the in situ preparation of the corresponding
pnictide E(Na/K)3 (E = P, As) in toluene followed by reflux with GaCl3 solutions
in coordinating solvents such as mono- and diglyme (208). The latter method does
not involve the use of the toxic arsines or phosphines. However, the preparation of
the Na/K pnictides requires the handling of hazardous and pyrophoric compounds
such as Na/K alloys and elemental phosphorus or arsenic.

The synthesis of III–V semiconductor nanoparticles in aqueous solutions is
hampered by the strong hydrolysis of GaX3 and InX3 (X = Cl, Br, I) and their
corresponding organometallic compounds. Recently Gao et al. (209) reported the
only aqueous synthesis of GaP and InP nanoparticles to date, achieved under
mild conditions via a solvothermal method. The reaction involves the treatment
of Ga2O3 or In2O3 with white phosphorus in the presence of I2 in alkaline water
at 120◦C–160◦C for 8 h in a sealed autoclave. The role of I2 is to induce the
dismutation of phosphorus, improving the overall yield of the reaction (up to 90%
for GaP):

P4 + 2I2 + 4OH− + 4H2O → 2PH3 + 2H3PO4 + 4I−.

The as-synthesized GaP and InP nanoparticles are luminescent, with a high
degree of crystallinity and with an average size of 5 and 8 nm, respectively, and good
monodispersity. The same authors successfully employed the GaP nanocrystals in
the thermal conversion of benzene into 6-phenylfulvene (210), opening a new
application field for these inorganic nanoparticles. Other solvothermal synthetic
methods for the preparation of InP, InAs, and GaN have been reported by Qian et al.
(211–213). Spherical InP nanoparticles of average size of 15 nm are prepared by
reacting In2Cl3 with Na3P in 1,2-dimethoxyethane (DME) at 180◦C (211). With
benzene as a solvent, the nanoparticles reach 40 nm in size. The two sizes are
due to the fact that DME reacts differently from benzene, which acts only as
solvent; DME is an open-chain polyether that can easily hinder the growth of the
nanocrystals by forming complexes with the halide. InAs nanoparticles (average
size 15 nm) are obtained with a similar reaction in xylene at 150◦C in the presence
of metallic zinc (212). Zinc creates a reducing environment, limiting the amount
of free oxygen in the autoclave and obviating the need to perform the reaction in
an inert, dry atmosphere.

OXIDES

Oxides, particularly of the transition metals, constitute a very important material
class, displaying almost every known property and participating in a variety of
functions (214). Because of the high oxygen content of Earth’s atmosphere, ox-
ides are also some of the most stable materials formed. Many transition metal
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oxides (particularly those of the early transition metals, such as TiO2 and ZrO2,
and the oxides of Fe) are somewhat biocompatible, or at least, not very toxic.
This is perhaps the single greatest advantage of oxide materials. Although there
has been a great deal of recent work on oxide nanoparticles, the area consider-
ably lags behind the state of the art of metal or chalcogenide nanoparticles, in
part because synthesis is not as well developed and because capping is less well
understood. Hyeon (49) has recently reviewed the synthesis of magnetic nanopar-
ticles, including oxides. Rajamathi & Seshadri (215) have reviewed hydrothermal
and solvothermal preparation of oxide nanoparticles, and the area itself, including
synthesis, has been reviewed by one of us in a book chapter (216).

The pinnacle of synthetic sophistication in the preparation of functional oxide
nanoparticles (the function being magnetism) has in fact been achieved by nature
in magnetotactic bacteria. In 1975, Blakemore (217) demonstrated that certain
bacteria found in marine marsh muds tended to rapidly navigate along a specific
direction; the local geomagnetic North or South pole, depending on whether the
bacteria habit the Northern or Southern hemisphere. In addition, Blakemore used
transmission electron microscopy to demonstrate that these bacteria contained
Fe-rich crystals approximately 100 nm in diameter, and Frankel et al. (218) later
showed that a magnetotactic spirillium cultured in solutions containing ferric salts
produced uniform single crystals of spinel Fe3O4.

Microbial magnetite, as well as the ferrimagnetic sulfide biomineral greigite γ -
Fe3S4 (found in magnetotactic bacteria that grow in marine, sulfidic environments),
is an excellent example of the control that nature is able to exert over inorganic
crystallization. The magnetic particles are produced to be at the optimal single
domain size. Any smaller and the particles would be superparamagnetic. Any
larger and the particles would develop multiple magnetic domains, making them
less effective magnets. In addition, within the magnetosome, the magnetite crystals
align themselves in order to provide the entire bacteria a greater restoring torque,
thereby producing a very effective compass. Dunin-Borkowski et al. (219) have
directly mapped the magnetism in chains of magnetite crystals in magnetotactic
bacteria using transmission electron microscopy and electron holography.

As is the case for all nanoparticles, a major concern in the preparation of oxide
nanoparticles is to be able to control size and shape precisely, and further, to be
able to assemble the nanoparticles in ordered arrays. Biogenic magnetite provides
great inspiration, suggesting what laboratory preparations can aspire to and pro-
viding hints on how these goals could be achieved. A UK-based company called
NanoMagneticsTM (http://nanomagnetics.co.uk) has already started the process
of commercialization of biomineral-inspired magnetic nanoparticles. At the time
of writing, their website states that small magnetic particles (presumably ferrite-
based) can be grown in the cavities of the protein apoferritin. The nanoparticles,
along with their apoferritin coatings, are then annealed into arrays, carbonizing
the protein in the process, and resulting in putative high data density magnetic
storage media. The particles grown are then assembled into planar arrays, and the
protein shells are carbonized by heating. The company website claims to have
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achieved magnetic data storage densities of exceeding 12 Gbit in−2 in 2002 using
this strategy.

Many transition metal ions, particularly those in high oxidation states (which
are often the more covalent ones, such as oxides of Ti4+ or Zr4+), are easily
hydrolyzed in solution according to (assuming a solvated ion)

2M3+(H2O)6 −→ M2O3 ↓ + 6H+ + 9H2O.

The water molecule is decomposed in the process. Typically, basic conditions are
called for. However, in the preparation of oxides of amphoteric ions, such as Al(III)
or Ga(III), hydrolysis can also be performed under conditions of low pH.

It is important to recognize that such hydrolysis is not possible with many ions,
particularly of the electropositive elements. Alkali, alkaline earth, and rare-earth
ions, for example, are too stable in solution and too ionic for hydrolysis to take
place. For example, La3+ has the equilibrium

La2O3 ↓ + 6H+ + 9H2O ⇀↽ 2La3+(H2O)6

shifted completely to the left only when the temperature is as high as 1000 K.
Despite these limitations, hydrolytic routes have been the mainstay of many

preparations of nanoparticulate oxide materials, particularly magnetic oxides of
the first-row transition metals. A large portion of the reported literature on hy-
drolytic routes to oxide nanoparticles concerns aqueous systems. Nonaqueous
media have not been greatly explored. Aprotic solvents, where hydrolysis may be
more effective, could provide promising avenues for oxide nanoparticle synthesis.

Magnetic oxide (typically ferrite spinels or γ -Fe2O3) nanoparticles, when dis-
persed at high concentrations in water or oil, form ferrofluids (220). Particle sizes
in these materials are usually in the 5–15 nm range—small enough that neither
magnetic nor gravitational fields should cause their precipitation. The many uses
of ferrofluids in magnetic seals, bearings, dampers, etc. (220), have resulted in
an extensive body of literature on the preparation and properties of dispersions
of magnetic oxide nanoparticles. Many of the preparative routes involve hydroly-
sis. In many cases, the preparation simply involves raising the pH of a solution of
metal ions taken in the correct proportion by addition of base. Sorenson et al. (221)
have made detailed magnetic and Mössbauer studies of MnFe2O4 nanoparticles
prepared by precipitation at high pH followed by digestion. Cabuil and coworkers
(222) have shown in the case of the preparation of CoFe2O4 and γ -Fe2O3 particles
that changing the temperature and the nature of the base allows particles of differ-
ent sizes to be prepared. In addition, they have suggested methods of dispersing
the particles in water though controlling Coulomb repulsion between the particles.
The particles can be dispersed in oils by modifying their surfaces with long-chain
surfactants. Cabuil et al. (223) have also shown that size selection of particles is
possible though control of a combination of surface charge and ionic strength of
the dispersing medium. Morales et al. (224) have made a careful study of γ -Fe2O3

nanoparticles with sizes ranging from 3 to 14 nm prepared by hydrolytic means
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[and also by laser pyrolysis of Fe(CO)5 in solution]. They show that to account for
the magnetic properties of the particles, it is necessary to use a model wherein the
moments on the surface of the particle are canted.

The use of polar solvents other than water to perform hydrolysis is an ex-
citing prospect. Ammar et al. (225) have demonstrated that glycols (specifically
1,2-propanediol) can be used as a solvent under reflux to hydrolyze a mixture of
Co(II) and Fe(III) salts to obtain equiaxed particles of CoFe2O4 with an average
diameter of 5.5 nm. A combination of Mössbauer spectroscopy, X-ray absorption
near-edge structure (XANES), and magnetic measurements suggested that the par-
ticles were well ordered both in terms of being crystalline and having all Co in the
divalent state. Rajamathi et al. have been able to capitalize on the unusual proper-
ties of glycols—they are sufficiently polar, they can dissolve metal salts, and they
can support hydrolysis, and yet, they can dissolve long-chain surfactants such as
amines—in the preparation of n-octylamine-capped 5 nm γ -Fe2O3 nanoparticles
(226). The particles can be dissolved in toluene when a little excess amine is added
to the solvent. The particles can be precipitated through addition of a polar sol-
vent such as 2-propanol and then redissolved in toluene/n-octylamine. Diethylene
glycol has also been used as a solvent by Carunto et al. (227) to prepare a number
of transition metal ferrites capped by long-chain carboxylic acids.

Pileni (228, 229) has reviewed the extensive work from her group on the use of
reverse micelles as nanoscale reaction chambers within which nanoparticles can
be prepared. In a system of water and surfactant dispersed in oil, under suitable
conditions, the water forms spherical droplets of radius RW given by

RW = 3Vaq [H2O]

σ [S]
,

where square brackets indicate concentration, S refers to surfactant, σ is the area
per head group of the surfactant molecule, and Vaq is the volume of a water
molecule. By controlling the water and surfactant concentration, the diameter of
the water droplet can therefore be controlled. If a nanoparticle is nucleated within
the water sphere, its growth is limited by the size constraint of the water droplet.
Pillai & Shah (230) have utilized this route to prepare high-coercivity CoFe2O4

nanoparticles by mixing two water-in-oil microemulsions, one containing metal
ions and the other containing base. These authors calcine the particles so the
resulting material is nanophase rather than nanoparticulate. MnFe2O4 (231) and
CoCrFeO4 (232) have been prepared using such reverse-micelle routes by Vestal
& Zheng and characterized by using a combination of magnetization studies and
powder neutron diffraction.

Pileni has also pioneered the use of the surfactant-as-reactant approach in the
preparation of nanoparticles. For example, in the preparation of CoFe2O4 nanopar-
ticles with sizes between 2 to 5 nm, instead of preparing inverse-micellar disper-
sions of the Co and Fe salts, Moumen & Pileni (233–235) prepared the dodecyl-
sulfonate (DS) analogs Fe(DS)2 and Co(DS)2. These were made to form micellar
solutions; to raise the pH, aqueous methylamine solution was added. Stirring for
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two hours resulted in a magnetic precipitate. Owing to the low yield of Fe(II) to
Fe(III) oxidation under these conditions, an excess of Fe(DS)2 is required.

With an increase in concentration of the reactants, there is an increase in par-
ticle size. Zinc-doped Co ferrite nanoparticles (236) and zinc ferrite (237) have
also been prepared using these methods. The 10-nm ferrite nanocrystal ferroflu-
ids prepared using the Fe(DS)2 route form deposits with different morphologies
when evaporated on oriented graphite substrates (238). The morphology can be
strongly influenced by applying a magnetic field during the evaporation process.
Thus, magnetic properties of deposits prepared in the presence and absence of a
field are quite different.

Hydrolysis can be assisted by irradiation of the reacting bath with ultrasound.
In these sonochemical preparations, acoustic cavitation results in the production
of concentrated spots of extremely high temperatures. These hot spots accelerate
the rate of metal ion hydrolysis. Gedanken and coworkers (239) have prepared
ZnO, CuO, Co3O4, and Fe3O4 particles by subjecting solutions of the acetates to
ultrasound irradiation using a high-intensity horn. Particle morphologies could be
altered by using mixtures of water and dimethyl formamide instead of pure water
as the solvent. Magnetite nanorods have been prepared by these authors (240) by
ultrasonic irradiation Fe(II) acetate in water in the presence of β-cyclodextrin. The
authors suggest that cyclodextrin molecules are acting as size-stabilizing agents.

Oxides, unlike the other chalcogenides (sulfides, selenides, tellurides) are not
associated with an oxide ion source in solution. However, it is possible to directly
oxidize a metal source in solution. A popular route to this is to use zero-valent
carbonyls, for example, Fe(CO)5. Decomposing these carbonyls in solvents results
in very finely divided metal particles that are easily susceptible to oxidation. In
fact, exposing them to an atmosphere of air is usually sufficient to convert the
particles to oxides.

Bentzon et al. (241) have prepared Fe oxide nanoparticles by decomposing
Fe(CO)5 in decalin in the presence of oleic acid as the stabilizing ligand. Aging
the ferrofluid formed in air for several weeks results in a mixture of hematite and
spinel phases. This is among the first reports of nanocrystal superlattice formations.
Hyeon et al. (242) have prepared monodisperse γ -Fe2O3 nanoparticles in the size
range of 4–16 nm by decomposing Fe(CO)5 complexes in octyl ether at 300◦C in
the presence of oleic acid as a capping agent (Figure 5). Oxidation of bcc-Fe to γ -
Fe2O3 was achieved by the addition of the organic oxidant (CH2)2NO. The resulting
capped oxide nanoparticles can easily be redispersed in organic solvents, such as
hexane or toluene. Particle size is altered by varying the ratio of Fe to the capping
agent (oleic or lauric acids). The remarkable feature of this preparation is that
the as-prepared particles are sufficiently monodisperse that they form nanocrystal
superlattices without the need for a size-selection process. More recently, the same
group has extended their method of aging a metal surfactant complex followed by
mild oxidation to produce Co ferrite spinel nanoparticles (243).

Wagner and coworkers have prepared yttrium oxide (244) and europium-doped
yttrium oxide nanoparticles (245) by first reducing rare-earth salts in solution using
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Figure 5 TEM image of monodisperse 11 nm γ -Fe2O3 nanoparticles prepared with-
out size selection. Reproduced from Hyeon et al. (242). Reproduced with permission
from the American Chemical Society.

alkalides (strong reducing agents that are complexes of crown ethers with alkali
metals, and where the anion is a complexed electron) and then oxidizing the rare-
earth metal nanoparticle so formed in aerated water. The white powders were then
annealed in air. More examples of oxide nanoparticles prepared through direct
oxidation are discussed along with solvothermal methods described later in the
review.

If one starts with a precursor complex wherein the ligands bind to metal ions
through oxygen, it could be possible to envisage a decomposition reaction that
would leave behind the metal oxide. For a trivalent ion, such reactions could be
generalized as

[R − O]3 − M3+ −→ M2O3 + leaving groups.

Suitable design of the R group (stable leaving groups) would ensure that the
reaction proceeds in a facile manner. It should then be possible to carry out such
reactions in a suitable high-temperature solvent under solvothermal conditions,
possibly in the presence of a suitable capping agent.

Rockenberger et al. (246) have described the use of cupferron complexes as
precursors to prepare transition metal oxide nanoparticles. Cupferron (N-phenyl,
N-nitroso hydroxylamine) forms bidentate, univalent complexes with a number
of different transition metal ions. These complexes easily decompose to give the
oxide. The authors demonstrated the preparation of γ -Fe2O3, Cu2O, and Mn3O4
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nanoparticles prepared by injecting octylamine solutions of the corresponding cup-
ferron precursors into refluxing trioctylamine. Size is controlled by the temperature
of the reaction. The particles so prepared form stable solutions in solvents such as
toluene, from which they can be reprecipitated by the addition of methanol. This
work is quite seminal in its generality, and particularly in the manner in which it
suggests the search for suitable precursors for the preparation of oxide nanopar-
ticles. Most importantly, it suggests thermolysis as an alternative to hydrolysis,
which, as pointed out earlier, is simply not viable for a number of metal oxides.

An important contribution to the surface chemistry of metal oxide nanoparti-
cles has been made by Rotello and coworkers (247) who have prepared γ -Fe2O3

nanoparticles by the cupferron decomposition method and compared the relative
efficacies of different long-chain surfactants as capping agents. The most stabiliz-
ing capping agent (as monitored by ease of redissolution and stability in solution)
was obtained by using a two-tailed surfactant (with 12-carbon tails) with the polar
part comprising a 1,3-diol.

The thermolysis of Fe(III) hydroxide caprylates in boiling tetralin under argon
flow gives γ -Fe2O4 nanoparticles (248). The surfaces of the nanoparticles could be
modified by exchanging the capping caprylate groups with betaine, among other
species (249). Betaine-capped γ -Fe2O3 nanoparticles are reported to have high
solubility in water.

Using a combination of hydrolysis and oxidation, O’Brien et al. (250) have
shown that the treatment of a complex alkoxide containing Ba2+ and Ti4+—
BaTi(O2CC7H15)[OCH(CH3)2]5, an agent for the MOCVD growth of BaTiO3—
can be decomposed in diphenyl ether at 140◦C in the presence of oleic acid as a
capping agent to give nanocrystalline, cubic BaTiO3. After cooling to 100◦C, 30%
H2O2 is added, and crystallization is induced over a 48 h period. Changing the
ratio of capping agent to water and the amount of peroxide added permits the size
of the particles to be varied. This is perhaps the only report of soluble perovskite
oxide nanoparticles and, once again, is a route of great generality and interest. The
authors also report using such routes to prepare PbTiO3 and TiO2 nanoparticles.

In a metathesis reaction, two compounds, AB and CD, exchange species to
give two new compounds AC and BD. Such routes have been explored in the
preparation of nanoparticles. Arnal et al. (251) have reported two nonhydrolytic
routes to sol-gel metal oxides, particularly of titanium. The first route involves the
reaction of a metal halide with a metal alkoxide:

MCln + M(OR)n −→ 2MOn/2 + nRCl,

and the second route involves the reaction of a metal halide with an ether:

MCln + (n/2)ROR −→ MOn/2 + nRCl.

In both reactions, some of the driving force comes from the removal of the
volatile product RCl. The first of the two methods has been employed by Colvin
and coworkers (252) to prepare capped TiO2 nanoparticles in refluxing heptadecane
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with trioctyl phosphine oxide as the capping agent:

MCln + M(OR)n −→ 2MOn/2 + nRCl.

The particles formed clear solutions in nonpolar solvents, from which they could be
precipitated through the addition of a polar solvent such as acetone. When trioctyl
phosphine oxide was not taken with the starting materials, insoluble precipitates
were obtained. Recently, a similar route has been used by Hyeon and coworkers
to prepare tetragonal zirconia nanoparticles (253).

Rajamathi & Seshadri (215) have reviewed the uses of solvothermal methods for
the preparation of oxide and chalcogenide nanoparticles. For oxide nanoparticles,
these methods can involve hydrolysis, oxidation and thermolysis, all performed un-
der hydrothermal or solvothermal conditions. Some of the more striking examples
are provided here.

An unusual reaction reported by Inoue et al. (254) is the direct oxidation of Ce
metal in 2-methoxyethanol at temperatures between 200◦C and 250◦C. Most of the
product obtained was bulk CeO2 as a yellow solid, but in addition, they obtained
a brown solution of 2 nm CeO2 nanoparticles. The CeO2 nanoparticles could
be salted out through the addition of NaCl and redispersed into solution at will.
The solutions obeyed the Beer-Lambert law for the concentration dependence of
the optical extinction, suggesting that the nanoparticulate dispersion was a genuine
solution.

Starting with Zn powder and GaCl3 in water, Qian and coworkers (255) have
used the fact that the oxidation of Zn to Zn2+ in water is associated with the
production of hydroxyl ions according to

Zn + 2H2O −→ Zn2+ + 2OH− + H2↑ .

The OH− ions help in the hydrolysis of Ga3+ to eventually give, in the presence of
Zn2+, the spinel ZnGa2O4. The authors used a 10%–20% over-stoichiometry of Zn,
and the reaction was carried out at 150◦C for 10 h. 10-nm ZnGa2O4 nanoparticles
were obtained. Excess ZnCl2 formed in the reaction could be washed away with
water.

Chemseddine & Moritz (256) have used the polycondensation of titanium alkox-
ide Ti(OR)4 in the presence of tetramethylammonium hydroxide to obtain highly
crystalline anatase nanoparticles with different sizes and shapes. A general, step-
wise reaction for such polycondensation could be written as

2Ti(OR)4 −→ (OR)3TiOTi(OR)3 + ROR

(OR)3TiOTi(OR)3 + Ti(OR)4 −→ (OR)3TiOTi(OR)2OTi(OR)3 + ROR,

and so on to anatase, although it might not proceed in precisely this manner in
the presence of base. The reactions were performed in two steps: First alkox-
ide was added to the base at 0◦C in alcoholic solvents in a three-necked flask.
The temperature was then raised to reflux. The second stage involved treating the
product of the reflux in Ti autoclaves under a saturated vapor pressure of water
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(2500 kPa) at temperatures between 175◦C and 200◦C for 5 h. Sufficiently monodis-
perse nanocrystals were obtained so that they formed coherent superlattices as
monitored by low-angle powder X-ray diffraction. By using other hydroxides with
bulkier alkyl groups (for example, tetrapropylammonium hydroxide) some control
over crystallite morphology became possible.

Wu et al. (257) have combined microemulsion and inverse-micelle techniques
with hydrothermal techniques in the preparation of rutile and anatase TiO2 nanopar-
ticles. They used the system water-cyclohexane-Triton X-100 with n-hexanol as a
second emulsifier. In the water-filled micellar pockets were Ti(OR)4 (R = butyl)
acidified with HCl or HNO3. Treating the system at 120◦C–200◦C for 12–144 h
gave anatase particles. When high HCl concentrations were employed, rutile rods
were obtained.

Hirano (258) has prepared spinel ZnGa2O4 nanoparticles by adjusting the pH of
Zn and Ga sulphates with NH3 to different initial values (varied from 2.5 through
10). The material was heat treated hydrothermally at temperatures between 150◦C

Figure 6 TEM image of 7 nm n-octylamine-capped CoFe2O4 nanoparticles prepared
in solvothermal toluene. The bar is 20 nm. Reproduced from (263) with permission
from the Royal Society of Chemistry.
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and 240◦C for times between 5 and 50 h. Particle sizes could be varied from 5 to
25 nm.

Cabañas et al. (259, 260) have described the preparation of nanoparticulate
CeO2-ZrO2 solid solutions under flow-hydrothermal conditions, wherein the reac-
tants are taken to the final temperature very rapidly in a continuous process. The
advantage of performing hydrothermal reactions in such a manner is, first, that a
large amount of material can be processed, permitting simple scale up. Second, the
nucleation step can be made very rapid as a result of the rapid heating. This can help
separate nucleation and growth and can thereby satisfy the famous LaMer criterion
(261) for obtaining monodisperse particles. Cabañas & Poliakoff (262) have also
prepared a number of spinel ferrite samples in this way, starting from mixtures of
different Fe(II) and M(II) acetates (M = Co, Ni, Zn and Co/Ni). Most of the prepa-
rations yielded a bimodal distribution of sample sizes, with the smaller samples
being approximately 10 nm in diameter, and the larger ones approximately 100 nm.

Recently, Thimmaiah et al. (263) have extended the thermolytic route to oxide
nanoparticles devised by Rockenberger et al. (246) to solvothermal conditions.
Using solvothermal toluene (typically at 220◦C for 1 h), cupferron precursors of
Fe, and of Co and Fe are decomposed to obtain sub-12 nm maghemite γ -Fe2O3

nanoparticles and spinel CoFe2O4 nanoparticles. The reactions do not work in
the absence of long-chain amines (n-octylamine and n-dodecylamine), which are
added as capping agents. A complete characterization of the magnetic properties
of these nanoparticles has been presented by the authors. This is the only report to
date of capped oxide nanoparticles prepared from a solvothermal route (Figure 6).
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