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The composite-hydroxide-mediated (CHM) method is based on the use of molten composite

hydroxides as a solvent in chemical reactions at �200 �C for the synthesis of a wide range of

nanostructures. This review focuses on its recent development with an emphasis on its applications for

synthesizing materials of complex oxides, hydroxides, simple oxides, sulfides, selenides, tellurides,

fluorides and metals. The principle of this synthesis method is introduced, and the key factors that

affect the morphology and size are studied. The advantages of its low synthesis temperature, low

pressure and low cost are illustrated through the synthesis of functional wires, rods, belts and other

nanostructures.
1 Introduction

Nanomaterials are intrinsically important because their proper-

ties differ significantly from those of their bulk counterparts.

Nanomaterials are widely used in various applications such as

energy cells,1–5 sensitive sensors,6–10 nanoelectronic devices11–18

and bio-markers19,20 etc. Consequently, the synthesis and fabri-

cation of functional nanomaterials with predictable, rational

strategies is a key for the development of their applications.

It is apparent that the full potential of the as-prepared nano-

structures will only be realized when materials are not only

synthesized in large quantities with reproducible size, shape,

structure, crystallinity, and composition but also prepared and
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assembled using green, environmentally friendly methodolo-

gies.21–24 There has been increasing interest in the development of

clean synthetic procedures (green chemistry) for products tar-

geted at biomedical applications, surface modifications and

intrinsic property investigations. An environmentally acceptable

solvent system and eco-friendly reducing and capping reagents

are three essential elements for a completely green synthesis.

Nanocrystals have been prepared by many methods, including

vapor phase process,25,26 jet deposition,26–28 milling,29,30 sol-gel

method,31,32 microemulsion,33 coprecipitation,34 template

syntheses,35 hydrothermal synthesis36–38 and solvothermal

synthesis,39,40 etc. Although all these methods have their own

advantages, most of them involve high vacuum and a high

temperature, or high pressure, or a low temperature with high

pressures. The categories and mass of materials prepared by the

vapor phase process and jet deposition syntheses are limited,

which cause the high price of the products. Although milling

processes can produce large quantities of crystal powders, the

diameters of the produced particles are only sub-micrometer, and

the morphology of the particles is difficult to control. The sol-gel

and microemulsion methods are very practical syntheses and

low cost methods for nanostructures, but they involve a final
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calcination or annealing step at high temperature; thus they

cannot be considered to be true low-temperature synthesis

methods, and it is difficult to control the particle size and

morphology. Hydrothermal and solvothermal syntheses are

effective for synthesizing nanomaterials and available for many

kinds of materials. However, some surfactants and capping

agents used in hydrothermal or solvothermal methods are not

completely removed from the final products, which can affect

some of the physical properties of the crystals. In addition, large

amounts of organic solvent used in solvothermal synthesis would

bring about environmental pollution. Moreover, because of the

high pressure involved in hydrothermal and solvothermal

syntheses, sophisticated equipment is required. Various synthesis

methods are reported to be capable of producing various nano-

structures, but most of the methods are limited to synthesizing

one type of or a specific collection of nanostructures,25–40 except

a general approach is available for utilizing the hydrothermal

route to synthesise a large variety of nanoparticles using fatty

acids as structure-directing agents.41

In this review, we introduce the composite-hydroxide-medi-

ated (CHM) approach as a technically sound, environmentally

friendly methodology for creating a wide range of important

nanostructures. Specifically, we emphasize the categories of

crystals synthesized by the CHM approach, covering complex

oxides, hydroxides, simple oxides, sulfides, selenides, tellurides,

fluorides and metals. We show the advantages of the CHM

method for synthesis of functional wires, rods, belts and other

nanostructures, as well as the investigations of properties and

applications of these materials. The mechanism of the crystal

growth is discussed, and the key factors affecting morphology

and size are concluded from the analysis of the fabrication

processes.
2 The CHM approach

While bulk oxides have long been prepared in hydroxide melts at

temperatures from 350 �C to over 1000 �C,42–46 the preparation of

uniform nanostructures using the CHM method at lower
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temperature has only arisen in consideration of the eutectic point

of composite hydroxides by us in 2006.47,48

The CHM method is based on chemical reactions of materials

in eutectic hydroxide melts at a temperature of �200 �C and

ambient pressure in the absence of organic dispersants or

capping reagents. Although the melting points of pure sodium

hydroxide, potassium hydroxide and lithium hydroxide are

above 300 �C (Tm ¼ 323 �C for NaOH, Tm ¼ 404 �C for KOH,

and Tm ¼ 477 �C for LiOH) the eutectic points for particular

mixtures of these elements, NaOH/KOH ¼ 51.5:48.5, LiOH/

KOH ¼ 0.31:0.69, and NaOH/LiOH ¼ 0.71:0.29 are only about

165 �C, 225 �C and 220 �C, respectively. The mixed hydroxides

play the role of the reaction medium. Normally, the synthesis

process of the CHM method is a one-step process. All of the raw

materials with a certain amount of mixed hydroxides are placed

within the Teflon vessel at one time. Then, the nanostructures

form within the vessel after heating in a furnace at a temperature

of ca. 200 �C for several hours or days. The as-produced mate-

rials are crystalline with clean surfaces, which are favorable for

further investigating their intrinsic properties49–54 and surface

functionalization. The CHM method is one of the simplest, most

versatile, and cost-effective approaches available for obtaining

crystalline, chemically purified, single phase powders at lower

temperatures and often in overall shorter reaction times with few

residual impurities, as compared with conventional high

temperature solid-state reactions. The environmental appeal of

this method arises from its intrinsic scalability, generality, and

facility as well as its fundamental basis on the use of hydroxides

as the reaction medium.
3 Synthesis of nanocrystals

Complex oxides

Complex oxides such as perovskite, spinel, and garnet possess

many important properties including ferroelectricity, ferromag-

netism, colossal magnetoresistance, semiconductivity, lumi-

nance, and optoelectricity. Synthesis and device fabrication using

these functional oxides have attracted a lot of attention because
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the physical properties can be tuned through full/partial element

substitution. We have first demonstrated the feasibility of the

CHM approach for the synthesis of single-crystalline complex

oxide nanostructures of various structural and compositional

motifs.47 Up to now, twelve complex oxides has been synthesized

by the CHM approach, including BaTiO3, BaMnO3, Fe3O4,

CoFe2O4, Pb2V2O7, SrTiO3, CuAlO2, BaNbO3. etc.47,48,53,54

LiCoO2 nanocrystals have also been synthesized using mixed

CsOH and KOH as a reaction medium by another group.55

In principle, complex oxide nanostructures of perovskite

(ABO3), spinel (AB2O4), delafossite (ABO2), fluorite, etc., can be

obtained via the CHM method, based on a reaction between

a metallic salt (for A cation) and a metallic oxide (for B cation

and O anion) with valence states that match those present in the

desired product. For example, Pb2V2O7 and BaMnO3 nanobelts

have been prepared with Pb(NO3)2 and V2O5, BaCl2 and MnO2,

respectively (Fig. 1a,b). With full/partial substitution of the A

site or B site ion, different complex oxides can be obtained.

BaMn1�xTixO3 nanorods (Fig. 1c) were obtained by partially

replacing MnO2 with TiO2 in the preparation of BaMnO3,

whereas Ba1�xSrxTiO3 (Fig. 1d) was obtained by fully replacing

MnO2 with TiO2 and partially replacing BaCl2 with SrCl2 in the

preparation of BaMnO3.47

The following reactions summarize a postulated mechanism

for the synthesis of the BaMnO3 nanorods. Here, the term M

represents either Na or K:

2MOH + MnO2 / M2MnO3 + H2O (1)

BaCl2 + 2MOH/ Ba(OH)2 + 2NaCl (2)

M2MnO3 + Ba(OH)2 / BaMnO3Y + 2MOH (3)

According to the classical crystal growth theory,56,57 we believe

a crystal growth experiences a dissolution–nucleation–
Fig. 1 TEM images of (a) Pb2V2O7 nanobelts prepared at 200 �C for 24 h,

nanorods obtained at 200 �C for 48 h, (d) Ba1�xSrxTiO3 nanocubes at 200 �C

(e) 0.5 mL and (f) 2 mL H2O.48
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aggregation–recrystallization process in the composite hydroxide

melts. The dissolubility of reactants in the melts is based on the

acid–base chemistry described by classical Brønsted theory.58,59

The hydroxide ions of the melts dissociate into H2O and

O2� ions, in much the same way that water in aqueous solutions

dissociates into H3O+ and OH� ions:

2OH� 4 H2O (solution) + O2� (solution) (4)

Thus, melts rich in H2O are acidic and melts rich in O2� are basic.

In general, metal oxides are soluble in acidic and/or basic melts,

not in neutral melts. The dissolution of reactants in the melts can

be controlled by varying the H2O and/or O2� content.

Since the obtained sodium and potassium hydroxides contain

0.6% and 14.8% H2O, respectively,60 the water content is �8.7%

in the melts at a Na/K mole ratio of 51 to 49. Because the water

content and the atmosphere over the melts in the covered Teflon

vessel are fixed at a certain temperature in the process of the

CHM synthesis, we propose that the initial water content in the

melts should be an important factor affecting the dissolution of

reactants. To demonstrate the influence of dissolubility, we

varied the acidity (pH2O value) by adding a small amount of

water in the melts in the preparation of BaMnO3. Obviously, we

can see the length of the BaMnO3 nanorods is shortened with

additional water (Fig. 1e,f) due to the fact that the faster disso-

lution of MnO2 results in the acceleration of crystallization and

precipitation of BaMnO3 nanocrystals. Consequently, a higher

acidity is beneficial for an isotropic growth of crystals.48

Accordingly, we can conclude that the acidity of the melts is

a key factor for the control of growth of crystals in the hydroxide

melts.61

The I–V curves of the film made from the BaMnO3 nanorods

exhibit different weak rectifying characteristics at low and room

temperature (Fig. 2a,b) because of the formation of the contact

barriers caused by surface band bending and Fermi level pinning
(b) BaMnO3 nanorods obtained at 170 �C for 72 h, (c) BaMn0.5Ti0.5O3

for 24 h, and BaMnO3 nanorods obtained at 200 �C for 120 h with added

This journal is ª The Royal Society of Chemistry 2009



Fig. 2 I–V curves at (a) 4 K and (b) room temperature, and relative resistance vs. temperature plot (c) and conductivity vs. temperature curves under N2

and H2 atmospheres for the sample of BaMnO3 nanorods grown at 200 �C for 120 h.48,51
of the nanorods.62 The degradation of the rectifying character-

istic is attributed to the decrease of contact barrier on account of

the increase of metal resistance at room temperature. A relative

resistance vs. temperature plot from 4 to 250 K for the film of the

BaMnO3 nanorods is given in Fig. 2c. The large peak can be seen

at 58 K from the plot, which indicates the phase transition occurs

at this temperature,48 which also agrees with other group’s

result.63 The gas sensitivity of the sensor based on the BaMnO3

nanorods reveals that it has a sensitive response to oxygen gas

but no response to nitrogen gas. We can see a monotonous

conductivity in N2 atmosphere, which exhibits a normal semi-

conductor characteristic of BaMnO3 nanorods and a strong

conductivity peak in oxygen atmosphere caused by chemical

adsorption of oxygen ions (Fig. 2d). Since the intrinsic electric

conductance increases linearly with the temperature, but the

oxidation chemical adsorption makes the electric conductance

decrease, the competition of these two factors under different

temperatures results in the presence of the electrical conductance

peak.51
Hydroxides

Hydroxides have many potential applications.49,64 The surface

hydroxyl groups may act as active sites for possible surface

modification through condensation reactions with amino acids

or biologically active molecules. Thus, hydroxide nanocrystals

may have potential in the field of biological labeling and anti-

bacterial applications. In addition, the similarity of the crystal

structure and lattice constants suggests that doped hydroxide

nanocrystals could be prepared by a similar growth process, as

lattice mismatching would not be a serious concern. Meanwhile,

because hydroxides can be easily converted into oxides or sulfides

through dehydration or sulfuration, a hydroxide or co-doped
This journal is ª The Royal Society of Chemistry 2009
hydroxide nanocrystal can act as an important precursor for

preparing the corresponding oxide or sulfide nanocrystal.

The CHM approach gives a facile method of synthesizing

hydroxides. To obtain hydroxides, the only material needed is

metallic salt. The metallic salt would reacts with NaOH/KOH/

LiOH at a temperature of 165–220 �C in the course of 1–48 h to

produce an insoluble hydroxide. Some hydroxides have been

synthesized by the CHM approach in our laboratories, such as

La(OH)3 nanobelts (Fig. 3), Cd(OH)2 and Dy(OH)3 nanoflakes,

and Mg(OH)2 nanolamellae. The length of these single crystal-

line nanobelts of La(OH)3 can be easily manipulated via

changing the growth time (Fig. 3a,c), because the prolongation of

time would allow a bigger crystal to grow and a smaller crystal

(less than critical size) to dissolve.65 Thus, we note another factor,

the growth time, that affects the crystal morphology in the CHM

method.

The simple chemical reaction to form La(OH)3 (where M

denotes Na or K) is as follows:

La(CH3COO)3 + 3MOH / La(OH)3Y + 3M(CH3COO) (5)

Both the fluorescence and conductivity of the La(OH)3

nanobelts (Fig. 4) reveal the nanobelts have potential applica-

tions in biological labeling and sensing.
Simple oxides

Simple oxides possess unique properties and functions which can

be further developed via doping and partial substitution with

other elements. The synthesis of simple oxides is a fundamental

technique to explore the preparation of complex oxides. In

principle, the synthesis of simple oxides follows the same route as

for the synthesis of hydroxides through the CHM approach.
J. Mater. Chem., 2009, 19, 858–868 | 861



Fig. 3 SEM images of La(OH)3 synthesized at 200 �C for 4 h (a,b) and

12 h (c,d). TEM image of a single La(OH)3 nanowire (e). XRD spectrum

(f) and HRTEM image (g) with electron diffraction pattern (inset).49

Fig. 4 Bright-field (a) and fluorescence (b) images of a bundle of

La(OH)3 nanobelts under UV excitation. PL emission spectrum (c) of

La(OH)3 at an excitation wavelength of 353 nm. Current–voltage (I–V)

plot (d) of a single nanobelt, showing the constant resistivity and SEM

image of the single nanobelt electrode (inset).49
Nanocrystals are obtained from the reaction between a dissol-

uble metal salt and the medium at temperature of 200 �C for

a few hours or days. We have synthesized Cu2O,66 Bi2O3, BaO,

ZnO, CeO2,67 CuO, Fe2O3, and NiO micro- to nanocrystals using

the CHM method. Fig. 5a–c show the SEM images of Cu2O
862 | J. Mater. Chem., 2009, 19, 858–868
nanowires prepared from CuCl, Bi2O3 microrods obtained

fromBi(NO3)3$5H2O, and BaO nanowires synthesized from

BaCO3. The reaction to form simple oxides in the hydroxide

melts, such as Cu2O, is as follows (where M denotes Na or K):

CuCl + MOH / CuOH + MCl (6)

As is well known, CuOH is not stable, especially at high

temperature, and it then forms Cu2O and water.

2CuOH / Cu2OY + H2O (7)

The morphology of the crystals changes from small spheres

assembled by nanoflakes to Cu2O nanostars and nanowires with

rising temperature from 170 �C to 220 �C for the same growth

time (Fig. 5d–f).66 Therefore, we come to the conclusion that the

morphology can be tuned by the growth temperature.

As viscosity is rather high in the hydroxide melts at tempera-

tures less than 200 �C, it greatly reduces the speed of nucleus

aggregation and recrystallization. Consequently, the slow diffu-

sion speed of matter in the melts prevents crystal from growing

large. Previously, Dauby and co-workers have investigated the

conductivity in the eutectic hydroxide melts and obtained the

result that the conductivity increases with rising temperature.68

According to this result, we believe the viscosity of the hydroxide

melts decreases with rising temperature. From the evolution of

the Cu2O crystal morphology at varied temperatures, we can

conclude that lower viscosity tends to yield larger crystals.

Actually, it is a principle that bulk crystals have grown in

hydroxide fluxes at high temperature.42–46 Hence, a suitable

viscosity of the melts can help obtain well-defined morphology as

desired.

Doping an oxide can not only transform its morphology, but

also change its physical properties, as illustrated through the

example of Ba-doped CeO2.52 Ba-doped CeO2 nanowires have

been obtained from doping CeO2 particles through the CHM

approach, as is shown in Fig. 6a–d. Test results for humidity

sensitivity based on CeO2 particles, and Ba-doped CeO2 nano-

wires of short and long length, indicate that both doping Ba into

CeO2 and converting the morphology into a nanowire can

improve the humidity sensitivity (Fig. 6e,f).
Chalcogenides

Many metal elements can combine with chalcogen to form stable

crystalline semiconductor phases that exhibit a variety of unique

optical and electrical properties.69 From an overview of the

conventional solid state chemical synthesis in hydroxide melts,

researchers have never tried this method for synthesizing other

crystals than oxide bulk crystals. Our target is to develop the

CHM approach as a general methodology in the synthesis of

various kinds of functional nanocrystals.

In a typical synthesis of chalcogenides, the metal element is

provided from metallic salts (such as nitrates, chlorates, carbon-

ates and acetates, etc.) and chalcogen element is provided from

chalcogen powder (such as sulfur powder or Na2S, selenium

powder and tellurium powder).70,71 The synthesis of metal sulfides

needs no reducing reagents, but metal selenide and telluride need

reducing reagents, such as hydrazine and ethylenediamine. For
This journal is ª The Royal Society of Chemistry 2009



Fig. 5 SEM images of Cu2O nanowires (a) synthesized at 200 �C for 24 h, Bi2O3 nanorods (b) synthesized at 200 �C for 6 h and BaO nanowires (c)

synthesized at 200 �C for 6 h. SEM images of Cu2O crystals prepared at 170 �C (d), 200 �C (e) and 220 �C (f) for 24 h.66

Fig. 6 XRD spectra of the source material CeO2 (1) and Ba-doped CeO2

nanowires (2) synthesized at 200 �C for 72 h (a), SEM images of CeO2 (b)

and the Ba-doped CeO2 sample prepared at 200 �C for 48 h (c) and 72 h

(d). Static response of the devices made of source material CeO2 (A), and

Ba-doped CeO2 nanowires grown for 12 h (B) and 72 h (C) to humidity

(e). Dynamic response of the Ba-doped CeO2 grown for 72 h to humidity

(f). Here DA denotes dry air and WA denotes wet air.52
example, CdS wires have been produced from the reaction

between 0.5 mmol CdCl2$2.5H2O and 0.5 mmol Na2S$9H2O at

200 �C for 6 h (Fig. 7a), and Cu2S nanobelts have formed from the

reaction between 1 mmol CuCl and 0.5 mmol Na2S$9H2O at

165 �C for 8 h (Fig. 7b) by the CHM method. The ZnSe nanorods
This journal is ª The Royal Society of Chemistry 2009
have been prepared from Zn(NO3)2$6H2O and Se powder at 0.5

mmol each with 2 mL N2H4$H2O at 200 �C for 24 h (Fig. 7c), and

Cu2Se nanoflakes have been prepared from 1 mmol CuCl2$2H2O,

0.5 mmol Se powder and 2 mL N2H4$H2O at 200 �C for 24 h

(Fig. 7d). The Ag2Te nanowires have been synthesized from

1 mmol AgNO3, 0.5 mmol Te powder, 1.5 mL H2NCH2CH2NH2

and 1.5 mL N2H4$H2O at 180 �C for 36 h (Fig. 7e), and PbTe

nanorods have been synthesized from Pb(NO3)2 and Te powder at

0.5 mmol each with 3 mL N2H4$H2O at 200 �C for 48 h (Fig. 7f).50

Other chalcogenides have also been obtained including ZnS, PbS,

Bi2S3, Zn0.5Cd0.5S, CdSexS1�x, CdSe, PbSe, ZnxCd1�xSe, CdTe

micro- and nano-structures by the CHM approach.70,71

In the hydroxide melts, an obvious understanding of the

reaction is the disproportionation reaction of the chalcogen

occurring in the alkaline conditions.72 That is:

3E + 6OH� / 2E2� + EO3
2� + H2O (E denotes S, Se or Te)(8)

Whereas, owing to the increasing metallic property of S, Se and

Te, different chalcogens have different reactive processes. Based

on the electrode potential analysis, the occurrence probability of

the disproportionation reaction to S, Se, Te is in a sequence of

S > Se > Te. Our experiments demonstrate this fact that metal

sulfide crystals can be synthesized successfully by the CHM

approach without any reducing reagent, but selenides and

tellurides can not, and the growth time is in a sequence of sulfides

< selenides < tellurides. In addition, the size of the produced

sulfides is usually larger than that of selenide and tellurides.

In the hydroxide melts, the form of CdS crystal follows a dis-

mutation reaction (where M denotes Na or K),

6MOH + 3S / 2M2S + M2SO3 + 3H2O (9)

M2S + CdCl2 / 2M2Cl + CdSY (10)

But the formation of selenides and tellurides is more complex.

The growth mechanism of PbTe nanorods has been carefully
J. Mater. Chem., 2009, 19, 858–868 | 863



Fig. 7 SEM images of (a) CdS microwires synthesized at 200 �C for 6

hours, (b) Cu2S nanobelts synthesized at 165 �C for 8 h, (c) ZnSe

nanorods prepared at 200 �C for 24 h, (d) Cu2Se nanoflakes prepared at

200 �C for 24 h. TEM images of (e) Ag2Te nanowires synthesized at

180 �C for 36 h and (f) PbTe nanorods synthesized at 200 �C for 48 h.

FFT of a single Ag2Te nanowire (inset in (e)).66,67,50,73
investigated via UV-vis spectra in different solutions related to

the reaction steps, indicating that the polymerized tellurium

anions and metal(II) amides (Pb(N2H4)2) in the hydrazine

hydroxide melts control the growth process of the PbTe nano-

structures.43 The Te rings and Pb(NH2)2 reduce the free ions

concentration in the solution through slowly releasing the Te2� or

Pb2+ ions, and reduce the speed of reaction, which is favorable for

separating the growth step from the nucleation step and crys-

tallization. So the PbTe nuclei preferentially grow along a certain

direction to form the nanorod. The whole process can be

described diagrammatically as shown in Scheme 1.

The phase-transition-dependent conductivity and thermo-

electric properties of silver telluride nanowires (Fig. 7e) have

been investigated,50 as shown in Fig. 8. The reversible structural

phase transitions of the Ag2Te nanowires from monoclinic

structure (b-Ag2Te) to face-centered cubic structure (a-Ag2Te)

around 148 and 133 �C are observed during the heating and
Scheme 1 Illustration of the format

864 | J. Mater. Chem., 2009, 19, 858–868
cooling process, respectively (Fig. 8A). The phase transition

latent heat of the nanowires is much smaller compared to those

of the thin film and the bulk of Ag2Te, indicating that atom

rearrangement from the monoclinic structure to the face-

centered cubic structure is easier in one dimension than that in

three or two dimensions. The abrupt changes in the temperature

dependence of the electrical conductivity and the Seebeck coef-

ficient are attributed to the structural phase transition (Fig. 8B).

The thermal emf increases monotonically with the increase in

temperature during both cooling and heating (Fig. 8C). The

maximum Seebeck coefficient is �170 and �160 mVK�1 during

the heating and cooling process, respectively (Fig. 8D), indi-

cating a promising one-dimensional thermoelectric material as

a building block for the construction of nanodevices.
Metals

Metal nanostructures have been of extensive interest in many

different areas because of their unique or improved electronic,

catalytic, optical, magnetic and other related properties. Micro-

and nano-structures of elemental metals can be obtained by

starting from reactants of metallic salts and metal Zn or Fe

powder by the CHM approach at a temperature of 165–220 �C.74

For example, Cu nanowires have been synthesized from 0.5 mmol

CuCl2$2H2O and Fe powder at 200 �C for 16 h (Fig. 9a,c), and Sn

cubes have been synthesized from 0.5 mmol SnCl2$2H2O and Zn

powder at 200 �C for 6 h (Fig. 9b,c). Other metals obtained by the

CHM approach include Ag, Pd, Sn, Bi and Ni etc.74 The Cu

nanowires were obtained through the following reactions

CuCl2$2H2O + 4H2O / Cu(H2O)6
2+ + 2Cl� (11)

Fe + 2OH� + 6H2O / Fe(H2O)6
2+ + 2O2� + H2 (12)

H2 + Cu(H2O)6
2+ / CuY + 2H+ + 6H2O (13)

We can see the morphologies of Cu crystals are quite different

when we choose different materials, Zn or Fe powder (Fig. 9d,e)

and with or without adding 1mL H2O (Fig. 9e,f). We have

already mentioned that the acidity (pH2O value) of the hydroxide

melts can affect the dissolution of the reactant. However, the

intrinsic dissolubility of a material also plays an important role in

the crystal growth process. As Zn powder is easier to dissolve

than Fe powder in the melts,75 the Cu crystals prepared from Zn

powder have a larger size than those prepared from Fe powder.

We have proposed that the addition of a small amount of water

can vary the acidity of the hydroxide melts. On the other hand,

a small amount of water also can reduce the viscosity of the

melts. When the viscosity of the melts is increased by removing

the additional water, the product Cu grows into nanowires, due
ion process of PbTe nanorods.73
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Fig. 9 SEM images of Cu nanowires synthesized at 200 �C for 16 h (a), Sn microcubes synthesized at 200 �C for 6 h (b), XRD spectra of the produced

Cu and Sn nanocrystals (c), and Cu crystals synthesized from 0.5 mmol CuCl2$2H2O with 0.5 mmol Zn powder and 1 mL H2O (d), with 0.5 mmol Fe

powder and 1 mL H2O (e) and with 0.5 mmol Fe powder (f) at 200 �C for 16 h.74

Fig. 8 DSC curves of the Ag2Te nanowires (A). Plots of temperature vs. electrical resistance (B), temperature vs. thermal emf (C) and temperature vs.

Seebeck coefficient (D) of the as-prepared silver telluride nanowire film.50
to the slower transport of matter. Therefore, here we come to

another conclusion that the change of a material can tune the

morphology of the crystals using the CHM method.
Fluorides

Fluorides have wide applications in optics, as windows, biolog-

ical labels, and lenses,76–78 as well as components of insulators,
This journal is ª The Royal Society of Chemistry 2009
gate dielectrics, wide-gap insulating overlayers, and buffer layers

in semiconductor-on-insulator structures.79 In addition, fluorides

doped with rare-earth ions such as Eu3+, Nd3+, and Ho3+ have

also been reported to have displayed unique luminescence

properties with useful applications in diagnostics, lasing, solid-

state light emitters, light amplification, optical telecommunica-

tion, and upconversion.80–82 Hence, it is reasonable to expect that

nanoscale fluorides will play an important role in technological
J. Mater. Chem., 2009, 19, 858–868 | 865



Fig. 11 A general schematic diagram showing the CHM preparation

procedure for synthesizing a wide range of nanomaterials.

Fig. 10 SEM images of fluoride nanocrystals prepared at 200 �C for 24

h: PbF2 nanocrystals from materials of NH4HF2 and Pb(NO3)2 (a), CaF2

nanocrystals from materials of NH4F and Ca(NO3)2 (b), and KCrF3

nanocrystals from materials of NH4F and Cr(NO3)3 $ 9H2O (c). XRD

spectra of these fluoride nanocrystals (d).86
applications including high-density optical storage devices,

nanosensors, and color displays.83–85

Fluorides have been synthesized by the CHM approach from

the materials of metallic salts and NH4HF2 or NH4F or NaF2 at

a temperature of 165–200 �C for 6–24h. Taking the synthesis of

CaF2 nanocrystals as an example, nanocrystals can be obtained

from 0.5 mmol Ca(NO3)2 and 0.5 mmol of NH4F at 200 �C for

24h (Fig. 10a,d). Other fluorides, PbF2 and KCrF3 particles,

have also been obtained by the CHM approach (Fig. 10b–d).86

The formation of CaF2 follows the reactions (where M ¼ K or

Na):

NH4F + MOH / NH3$H2O + MF, MF / M+ + F� (14)

Ca(NO3)2 / Ca2+ + NO3
�, Ca2+ + OH� / Ca(OH)+ (15)

Ca(OH)+ + F� / H2O + CaF2 Y (16)

General schematic diagram

In order to understand the CHM approach better, we present

a general schematic illustration showing the CHM preparation

procedure applicable for different materials in Fig. 11. Basically,

metallic cations of all the target materials are provided by

a soluble metallic salt, and anions of them are from different

chemicals depending on the composition of the target

compound. For complex oxides the anions, oxygen, are from

simple oxides. For chalcogenides, the anions are from elemental

S, Se, Te powder which are reduced by reducing agents, such as

N2H4 or H2NCH2CH2NH2. For fluorides, the anions are from

some soluble fluorides, such as NH4HF2 or NH4F or NaF2.

Alternatively, metal cations react directly with the medium to

produce hydroxides or dehydrate into simple oxides. In addition,
866 | J. Mater. Chem., 2009, 19, 858–868
metal cations can be reduced to elemental metal by H2 which is

reduced from hydroxides by Zn or Fe powder.

4 Summary and perspectives

In this review, we have presented the composite-hydroxide-

mediated (CHM) method for preparing nanostructures ranging

from complex oxides, hydroxides, simple oxides, sulfides, sele-

nides, tellurides, elemental metal and fluorides. We have

demonstrated that the CHM approach is a general methodology

for synthesizing nanomaterials (some micromaterials) of

a diversity of structures and compositions. Moreover, at the

same time, we have concluded that dissolubility of reactants and

viscosity of the hydroxide melts are two other important factors

that affect the crystal growth by the CHM approach besides the

growth time and temperature. Through analysis, we have further

proved that the crystal growth experiences the dissolution–

crystallization–aggregation–recrystallization process in the

composite hydroxide melts. High dissolvability of hydroxide

melt is beneficial to the dissolution of the reactants, and reaction

among the reactants, while high viscosity prevents crystals from

growing large. The dissolubility of reactants can be adjusted by

varying the acidity (pH2O value) of the melts and by choosing

different reaction materials according to their intrinsically

dissoluble potentials in the melts. The viscosity can be manipu-

lated by altering the temperature and by changing the acidity of

the melts. A suitable dissolubility of reactants and viscosity of the

melts can help us obtain well-defined morphology of the desired

crystals.

The CHM approach has unique advantages. (1) It is a simple,

one-step and slow-reaction synthesis approach, making it

possible to control growth kinetics for the purpose of tuning the

size and morphology of the synthesized nanostructures. (2) The

synthesis is carried out at a low growth temperature of �200 �C

in ambient atmosphere, and it needs no expensive or
This journal is ª The Royal Society of Chemistry 2009



sophisticated equipment; thus, the technique is potentially easy

to be adopted and transferred for technological applications. (3)

The reaction materials are not expensive and the entire synthesis

process is cost effective. The yield is high and it can be readily

expandable for large-scale production. (4) Most of the as-

produced nanostructures are high quality single crystals, which

are fit for the requirements of many applications. (5) There is no

capping reagent on the surfaces of the as-synthesized nano-

structures, thus, the clean surfaces can be readily functionalized

for various purposes. (6) The synthesis process is nontoxic and

does not produce any hazardous waste. The used hydroxide

solution could be reused after a simple treatment. For example,

there are extra Cl� ions (from equation 6 and 7) in the residual

solution in the process of synthesizing Cu2O. We could remove

Cl� from the solution through electrochemical methods. After

evaporating the water in the solution, pure hydroxides are

obtained. (7) The method can be expanded to many materials

categories and, certainly, it provides a general, simple, conve-

nient and innovative strategy for synthesis of nanostructures

with important scientific and technological applications.

We have long-standing goals of creating well-defined nano-

scale building blocks with tailorable properties. We have been

interested in relatively simple synthesis methods whose ideal

attributes include stability as well as good control of size, shape,

morphology, and chemical composition in the final product. It is

evident that the cost-effective techniques we have described

herein are a step in the right direction towards developing

processes that allow for quality and quantity of the synthesized

products with minimal impact on the environment. Of course,

the method requires constant optimization as well as real-time,

in-process monitoring. In our future work, electrochemical

monitoring will be carried out to probe the kinetics and mecha-

nism of the CHM route. We will also consider combining a small

amount of salt with the composite hydroxides to control the

crystal growth dynamics. On the other hand, the salt (such as

NaCl) in the residual solution could be an effective composition

of the composite medium and recycle utilization of the waste

could be realized.
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