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    Chapter 1   
 Sustainable and Very-Low-Temperature 
Wet- Chemistry Routes for the Synthesis 
of Crystalline Inorganic Nanostructures 

             Silvia     Gross    

    Abstract     In this chapter, selected low (T < 200 °C)-temperature wet-chemistry 
routes for the synthesis of crystalline inorganic compounds are described and 
reviewed, outlining their main features and application fi elds. In particular, the cho-
sen approaches are hydro/solvothermal synthesis, template-assisted approaches, 
nucleation and growth in solution/suspension, microemulsion and miniemulsion. 
The described synthetic strategies have been selected since all of them, once opti-
mized the experimental set-up and conditions, comply with the paradigms of green 
chemistry, being based on low (or even room) temperature of processing, on low 
chemical consumption (they are all bottom-up approach), in many cases having water 
as solvent or dispersing medium. In this regard, environmentally friendly methodolo-
gies for the controlled synthesis of inorganic nanostructures represent a stimulating 
research playground, since the use of environmentally friendly, green, cost-effective 
and technically sound approaches to inorganic crystalline nanostructures does not 
necessarily imply to sacrifi ce the sample crystallinity, purity, and monodispersity.  

  Keywords     Wet-chemistry   •   Colloids   •   Crystalline   •   Inorganic compounds   •   Low 
temperature   •   Room temperature   •   Colloidal routes  

1.1         Introduction 

 The concepts of green chemistry are currently entailing all the fi elds of chemistry 
and particularly inorganic chemistry represents an exciting playground for the 
design and optimisation of green chemistry-inspired routes. Green chemistry, 
defi ned as “the utilization of a set of principles that reduces or eliminates the use or 
generation of hazardous substances in the design, manufacture, and application of 
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chemical products” [    1 ] is an already established and widened concept in the fi eld of 
preparative chemistry, its extension to inorganic chemistry being one of the most 
bewitching developments. Environmentally friendly methodologies for the con-
trolled synthesis of inorganic nanostructures are a noticeably stimulating research 
fi eld since this encompasses not only the control of the fi nal composition but also, 
and more importantly, a fi ne-tuning of the obtained materials in terms of crystallin-
ity (crystalline phase, crystallite size), shape, morphology. 

 The control over size, shape, and morphology, combined with mild conditions of 
processing parameters (mainly in terms of temperature and pressure), are important 
conditions to be fulfi lled for sustainable and cost-effi cient production of functional 
inorganic materials. Further requirements to be met in order to chemically design 
and implement from the environmental, technical, and economical points of view 
sustainable synthesis routes are (1) reproducibility, (2) ease of processing, (3) use of 
safe, cost-effective, earth-abundant and common chemicals and solvents, (4) easy 
purifi cation steps, and (5) high yields. 

 As pointed out by Wong, Mao et al. [ 2 ] in one excellent review on the topic, the 
use of environmentally friendly, green, cost-effective and technically sound 
approaches to inorganic crystalline nanostructures does not necessarily imply to 
sacrifi ce the sample crystallinity, purity, and monodispersity. Furthermore, the huge 
application potential of functional inorganic nanomaterials in many fi elds can be 
realized only provided that large quantities of materials can be prepared with high 
reproducibility in terms of composition, size, shape, morphology by applying sus-
tainable and green procedures, involving (1) the lowest amount of toxic chemical 
and/or solvents, (2) low temperature and, last but not least, (3) easy-to-be- 
implemented and to-be-scaled-up safe procedures. 

 Several synthetic approaches to crystalline inorganic nanostructures, either 
metallic or binary (oxides, chalcogenides, halides) compounds, have been exten-
sively described in some books and excellent reviews [ 3 – 7 ]. In particular, the books 
of Caruso [ 8 ] and Schmid [ 9 ] provide a comprehensive collection of the main syn-
thetic approaches to colloids, colloids assemblies, and nanostructures, together with 
a thorough overview on their properties and applications. One of the mentioned 
reviews, the one by Dahl et al. [ 4 ] is particularly focused on “green approaches” to 
engineered nanomaterials, outlining the possibility to produce, in an environmen-
tally friendly approach, ligand-functionalized inorganic nanoparticles. In this 
regard, the use of novel dispersing phases such as ionic liquid and supercritical 
fl uids has also been reported. 

 In a further comprehensive review by Cushing et al. [ 3 ], the main advances in the 
liquid-based processing of inorganic materials, ranging from coprecipitation, to 
sol–gel process and Pechini method, to microemulsion to hydrothermal/solvother-
mal and from template synthesis to biomimetic-based routes have been extensively 
reviewed. Some of the above-mentioned approaches such as sol–gel or the Pechini 
method will, however, not be further discussed in this review, since they involve a 
fi nal annealing step at high temperatures. 
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 The present review chapter is instead devoted to provide a general overview, with 
no aim to be extensive and comprehensive, on the most important, technically rele-
vant, and sustainable wet-chemistry routes to inorganic materials. 

 Wet-chemical routes are preferred to solid-state ones for preparing inorganic 
crystalline materials since the liquid phase is more versatile with respect to the 
variation of structural, compositional, and morphological features of the resulting 
compound materials. Furthermore, the molecular homogeneity of the starting solu-
tion or the microscopic homogeneity of the suspensions typically used in colloidal- 
based methods is generally retained in the fi nal materials. At variance to that, an 
inherent limit of solid-state reactions is that there is no medium in which the reac-
tants are dissolved, therefore severely limiting the interaction between components. 
The reaction can only take place either at the interface between the two solid precur-
sors, or through migration of the reactants through a third phase; such processes are 
therefore usually relatively slow, can lead to nonhomogeneous fi nal products and/or 
require high energies and/or intermediate milling steps. Also from the environmen-
tal point of view, solid-state syntheses present several drawbacks, such as long pro-
cessing times and high energy consumption, determined by the high processing 
temperatures. The main advantage of these techniques is that they are relatively 
simple to implement and, once the protocol has been optimized, they proceed with-
out signifi cant intervention on part of the operator. Also, scaling-up of the protocols 
is generally quite straightforward [ 10 ]. 

 In conclusion, within the framework of nanostructures synthesis, liquid-phase 
synthetic routes are instead generally considered a more promising alternative to the 
ceramic method and ball milling [ 11 – 13 ] (mechanosynthesis) method, as these lat-
ter are rather crude and energy-consuming approaches, whereas liquid-phase syn-
thesis allow a fi ner and more direct control over the reaction pathways on a molecular 
level during the synthetic process itself. In this context, a fi rst distinction among 
wet-chemistry approaches can be performed between surfactant-assisted and 
surfactant- free approaches, the latter being characterized in some cases by the pres-
ence of coordinating organic solvents [ 14 ], which may play also the role of stabiliz-
ing agents. 

 In this chapter, the underlying idea is to focus on low temperature-based routes, 
being in this particular context “low” intended as lower than 200 °C, since this 
further constraint not only fulfi lls one of the paradigms of green chemistry but also 
enables unusual crystallization pathways to be explored. The other focal point of 
this chapter is the obtainment of “crystalline” inorganic nanomaterials since, as 
already outlined in a previous work by Muñoz-Espí et al. [ 15 ], crystallinity is in 
many case  conditio sine qua non  for the achievement of particular functional prop-
erties. It is worth to mention,  inter alia , luminescence as well as catalytic, 
 electronic, and magnetic properties. Also Liz-Marzan with coauthors has exten-
sively pointed out the role played by nanostructures shape, morphology, and pos-
sible anisotropy in dictating some relevant functional properties, typically optical 
ones [ 16 – 19 ]. 
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 To accomplish an ordered growth of the targeted nanostructures, which is a man-
datory requirement to control also their structure and morphology at the upper 
(up to micrometers) length scales, is a fascinating and even challenging playground 
for the preparative inorganic chemist. In fact, the mastery of nanocrystal nucleation 
and growth represents a primary challenge in inorganic materials chemistry and the 
formation of an ordered array of atoms or molecules (i.e., the obtainment of a crys-
talline structure) is, as already outlined, in many cases a necessary requirement to 
afford enhanced functional properties [ 17 ]. Although the temperature can be set by 
the operator, to dictate the structural evolution of an inorganic systems toward the 
3D long-range periodical order characterizing crystalline materials is not straight-
forward. To better understand the pathways leading to crystallization in order to 
properly orientate the structurally controlled formation of the materials, in situ as 
well as temperature- and time resolved studies are always required [ 20 – 22 ]. 

 In this regard, the basic concept of achieving a fi ne control on the evolution of the 
resulting material over several length scales, up to fi nal crystalline phase, is the  fi le 
rouge  of many recently implemented low-temperature routes to inorganic colloids. 
Several authors have thorough investigated the effect of the different experimental 
parameters in directing and ruling the growth of the obtained nanostructures [ 23 ]. 

 This review chapter is aimed at providing a broad overview on the main features 
as well as on the  pros  and  cons  of the some selected routes for the low or even room 
temperature obtainment of targeted crystalline inorganic materials. 

 The chapter begins with the description of more classical wet-chemistry 
approaches to crystalline inorganic nanostructures, such as the hydrothermal one, 
and then review some of the most relevant colloidal-based approaches, with a spe-
cial focus on those affording crystallization of the desired nanostructures in con-
fi ned space, such as miniemulsion and microemulsion. The template-assisted 
synthesis of nanostructures is also concisely reviewed, as well as the classical col-
loidal methods based on the nucleation and growth of nanostructures from solu-
tions/suspensions, typically in presence of stabilizing ligands [ 3 ]. Although some 
examples are provided, the detailed discussion of the application of the described 
routes to the synthesis of different types of inorganic materials is out of the scope of 
the present contributions, aimed instead at providing a comprehensive, though gen-
eral, perspective. Nevertheless several bibliographic references are provided for 
interested readers. 

 As mentioned at the very beginning, being the topic of the chapter the low- 
temperature synthesis of inorganic nanosized materials, only those examples and 
routes involving the low-temperature solution- or suspension-based processing of 
materials will be reviewed and discussed. Moreover, due to the broadness of the 
topic, several references to tutorial textbooks are also provided thorough. Due to 
space constraints, some methods will only be shortly mentioned, and interested 
readers are referred to pertinent references. In particular, some less common, though 
very elegant, routes such as biomimetic approaches [ 24 – 28 ], sonochemical  synthesis 
[ 4 ,  29 – 31 ] and the use of supercritical fl uids [ 10 ,  32 – 34 ], though low temperature, 
are not discussed further.  

S. Gross



5

1.2     Wet-Chemistry Approaches to Crystalline Inorganic 
Nanostructures 

1.2.1     Hydrothermal and Solvothermal Synthesis 

 The term  hydrothermal synthesis  typically refers to synthesis based on an aqueous 
medium which are carried out at relatively high pressures and temperatures [ 2 ,  10 , 
 21 ,  33 – 50 ], either above or under critical conditions. The analogous term “solvo-
thermal” refers instead to the same typology of reactions carried out in solvents 
other than water. Being, however, the focus of this chapter on sustainable wet- 
chemistry routes, the former will be discussed in more detail. 

 Whereas the fi rst hydrothermal synthesis protocols were developed to mimic the 
conditions in which crystals grow within the Earth crust [ 38 ,  44 ], more recently, this 
method has been applied to the synthesis of more complex systems, such as binary 
or ternary metal compounds, in nanosized crystalline form. As it can be appreciated 
by the fi gures below (   Fig.  1.1 ), the interest towards hydrothermal synthesis for the 
production of inorganic nanostructures has exponentially and steadily increased in 
the last 20 years.  

 This general and versatile strategy has been widely implemented to the prepara-
tion of different classes of inorganic compounds, encompassing binary and ternary 
oxides, sulfi des, nitrides, etc., as extensively reported elsewhere [ 21 ,  51 ]. In their 
review, Mao, Park et al. [ 2 ] describe the application of these methods to the synthe-
sis of titania and titanate nanostructures. 

 Several works have been published on many different compounds such as zinc 
oxide [ 52 ,  53 ], titania [ 54 ,  55 ], ceria [ 56 ], metal sulfi des [ 57 – 60 ] as well as several 
more complex ternary oxide compounds [ 21 ] such as titanates [ 2 ], phosphates [ 61 ] 
and ferrites [ 11 ,  34 ,  43 ,  62 – 67 ]. As far as interesting class of ternary oxides, e.g., 
ferrites, are concerned, the literature reports several examples of hydro/solvother-
mal approaches to these functional inorganic materials. Most commonly synthe-
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  Fig. 1.1    Published items in each year ( left ) and citations in each year ( right ) on the “hydrothermal 
synthesis of nanostructures” (used keywords: “hydrothermal synthesis” and “nanostructures”). 
Source Web of Science December 2014       
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sized ferrites are perovskite ferrites, with general formula MFeO 3 , and spinel ferrites 
with general formula MFe 2 O 4 . When the hydrothermal method is taken into consid-
eration, the bismuth ferrite BiFeO 3  is the most commonly synthesized perovskite. 
Low temperature hydrothermal routes (60–250 °C) have also been used for the syn-
thesis of spinel ferrites (e.g., CoFe 2 O 4 , NiFe 2 O 4,  and ZnFe 2 O 4 ) [ 65 ,  68 – 70 ]. Recently 
we have applied hydrothermal synthesis to the preparation of nanostructured crys-
talline spinel ferrites and manganites [ 67 ]. The synthesis is based on the successful 
combination of coprecipitation of metal oxalates from an aqueous solution with 
hydrothermal treatment of the resulting suspension at mild temperatures (i.e., 
< 180 °C). In this protocol, hydrothermal conditions, though sub-critical, were 
achieved through autogenous pressure (by heating the reaction mixture in a closed 
vessel); additionally the possible decomposition of oxalate species to carbon diox-
ide could also determine a further increase in pressure. This approach has been 
proven to be very attractive due to several factors: (1) excellent reproducibility, (2) 
ease of procedure and implementation (possibly scale-up), (3) nontoxic precursors, 
(4) mild temperatures, (5) the use of water as greenest solvent, (6) easy and quick 
purifi cation of products (without the need for other solvents), (7) high yields, (8) 
high product purity, (9) and high versatility (numerous different compounds were 
synthesized through this method, since oxalates of many metals can be easily pre-
pared). Hydrothermal synthesis of transition metal oxides such as W, Mo, V, Mn, Ti, 
Fe oxides under milder conditions (i.e., temperature < 200 °C) has been the topic of 
a contribution by Whittingham [ 40 ,  41 ], whereas more recently a paper focused on 
hydrothermal synthesis strategies for inorganic semiconductor nanostructures has 
appeared [ 51 ] In this latter review, the authors describe the most representative 
hydrothermal synthetic strategies of inorganic semiconducting nanostructures in 
particular evidencing four types of approaches: (1) organic additive- and template- 
free hydrothermal synthesis, (2) organic additive-assisted hydrothermal synthesis, 
(3) template-assisted hydrothermal synthesis, and (4) substrate-assisted hydrother-
mal synthesis. In addition, the two strategies based on exterior reaction environment 
adjustments, including microwave-assisted and magnetic fi eld-assisted hydrother-
mal synthesis, are also reviewed. 

 All these hydrothermal-related synthetic protocols take advantage of the particu-
lar physical conditions involved whenever the starting solution or suspension is sub-
jected to an increase of pressure and temperature, both parameters being either 
separately changed or interdependent. In fact, hydrothermal (and solvothermal) 
synthesis can be actually carried out by using special devices such as autoclaves, 
ensuring a separate control of temperature and pressure, or rather by using hermeti-
cally closed reactors in which the increase in the pressure (autogeneous pressure) is 
determined by the fact that the reaction suspension/solution is heated in a closed 
vessel. The temperature can be either under or at the critical point of the chosen 
solvents, both conditions, however, affording remarkable variations in the main 
physicochemical properties of the solvent. In fact, in general, ionic product of the 
solvent tends to increase with rising temperature and pressure, whereas viscosity 
decreases. In the case of water, the dielectric constant depends on both pressure and 
temperature as it is directly proportional with the former, but inversely proportional 
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with the latter [ 10 ,  44 ]. All these variations strongly affect the kinetics of dissolution 
of the inorganic precursors and also of the nucleation and growth phenomena of the 
resulting materials, also disclosing unusual pathways for the crystallization of the 
targeted compounds. 

 In this regard, being the present chapter focussed on crystalline inorganic com-
pounds, it is worth to devote some attention to the pathways leading to crystalliza-
tion under (even subcritical) hydrothermal conditions. In this context, whenever 
nanocrystals form from an aqueous supersaturated solution, the precipitation pro-
cess should occur slowly [ 71 ], in order to avoid the uncontrolled formation of amor-
phous solids. The nonstandard conditions in which hydrothermal synthesis takes 
place [ 2 ,  34 – 39 ,  43 – 45 ,  72 – 76 ], enables the solubilization of generally less soluble 
compounds which can, in these particular solvent-dependent conditions, be solvated 
more effi ciently and therefore react more fastly and easily [ 37 ,  44 ]. Many different 
process mechanisms can be hypothesized, also depending on the specifi c synthetic 
protocol adopted. As outlined in one of our recent publication on the topic [ 67 ], in 
the most widely accepted theory [ 36 ,  37 ,  54 ,  66 ], the process involves two steps: (1) 
in situ transformation followed by (2) precipitation and growth. During the former 
phase the inorganic precursors are dissolved: therefore tiny amounts of the target 
oxide form as solvated species (owing to the conditions in which the process 
occurs); during the second phase, the low solubility of the aforementioned products 
causes them to nucleate and form crystals. Depending on the conditions involved 
(temperature, pressure, precursors, etc.) different products and/or crystalline poly-
morphs can nucleate and grow. 

 In general, hydrothermal synthesis is attractive, compared to more traditional 
synthesis protocols, due to the fact that crystalline products with high purity and 
compositional uniformity, as well as appreciable crystallinity, may be obtained 
under relatively mild conditions. Furthermore, since, as mentioned, changing the 
temperature and pressure of the reaction mixture induces relevant variations in the 
properties of the solvent [ 10 ,  36 ,  79 ], nonclassical crystallization pathways may be 
explored [ 80 ]. The environmental signifi cant aspect of this class of synthesis is that 
hydrothermal and solvothermal routes allow inorganic materials to be prepared at 
substantially lower temperatures than those typically employed in solid-state reac-
tions or also in many wet-chemistry routes such as the Pechini method or the sol–
gel process, both involving a fi nal annealing step at high temperature. 

    As reported in the cited as well as in further books and reviews [ 2 ,  10 ,  33 – 37 ,  39 , 
 42 – 45 ,  47 ,  48 ,  50 ,  79 – 84 ] on the topic, solvo- and hydrothermal routes have been 
extensively applied to prepare a wide array of different inorganic compounds, many 
with also technological relevance such as ternary oxides. Recently, Walton [ 21 ] 
reviewed the mild solvothermal synthesis of metal perovskites and pyrochlores, by 
wisely outlining as solvothermal route is not a “processing step,” but rather a “genu-
ine synthesis method,” allowing in most cases a one-pot and one-step formation of 
a highly crystalline form of the desired inorganic compounds. Furthermore, this 
approach enables, by using easy set-ups and recovery/purifi cation steps, the synthe-
sis of a wide plethora of inorganic materials in high yield and with reasonably short 
processing times. 

1 Sustainable and Very-Low-Temperature Wet-Chemistry Routes for the Synthesis…
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 Nevertheless, a challenging aspect of solvo/hydrothermal syntheses is that they 
occur in closed vessel, thus in many cases hindering the evolution of the system to 
be followed by spectroscopic, diffraction, or microscopy-related methods. Also the 
monitoring of the complex relationships among temperature, pressure, and the sol-
vent chemicophysical properties (e.g., viscosity, dielectric constant), which have 
been extensively studied only for water [ 48 ,  85 ,  86 ] and which are relevant for the 
solubilization and recrystallization of the precursors, is in many cases prevented, or 
at least dramatically limited, by the reaction occurring in the “black-box” repre-
sented by the autoclave or by the reactor. In this context many efforts have been 
devoted to time- and temperature-resolved studies, always carried out at synchro-
tron facilities, thus exploiting the high spectral resolution and the shorter acquisition 
times (critical to follow the different steps of the reaction) enabled by the use of 
synchrotron light. 

 Recent and future developments in this fi eld are to be mainly envisioned in the 
application of continuous fl ow reactors [ 87 – 92 ] as well as in the combination of 
hydrothermal synthesis with microwave heating [ 4 ,  43 ,  46 ,  62 ,  87 ,  93 – 96 ], afford-
ing formation of the targeted structures at relatively low temperatures.  

1.2.2     Template-Assisted Synthesis Approaches 

 In the wide realm of low-temperature green synthesis approaches towards inor-
ganic nanostructures, the use of structure directing agents such as templating agents 
and membranes, scaffolds, surfactants micelles, and ligands represents a powerful 
tool to direct the structural evolution of the targeted nanostructures [ 2 ,  27 ,  28 ,  97 –
 116 ]. The resulting nanostructures display typically, depending on the morphology 
of the template, either 3D, 1D, or hollow morphologies. As outlined by Cushing 
et al. in their comprehensive review on the topic [ 3 ], a sharp distinction and clas-
sifi cation can be hardly performed, since the general defi nition “template synthe-
sis” encompasses a wide range of synthetic routes and methods which can be better 
described as hybrid approaches among further already discussed strategies (e.g., 
seeded growth in the presence of a ligand and colloidal-related methods). 

 The template-assisted synthesis is conceptually simple: the nucleation/growth of 
the targeted materials is let to occur either  on  or  inside/within  a suitable chosen or 
designed templating scaffold (typically displaying a completely different chemical 
nature and composition) dictating both the shape as well as the size of the forming 
material. In other words, the replication of one structure into another is accom-
plished under structural inversion. The scaffold can be either an assembly of 
 monodispersed and shape-controlled nanostructures, a porous materials    (the poros-
ity being tuneable from the micro- (pore diameter  d  < 2 nm) to the mesoporous 
(2 <  d  < 50) scale, according to IUPAC defi nition [ 117 ]), or a membrane (for instance 
in the case nanotubes or nanorods are the targeted morphology). 

 The most acknowledged defi nition of a template is as “a structure-directing 
agent.” As reported by Thomas [ 100 ], in case of direct or “true” templating, the 
templated material is a 1:1 (but inverse) copy of the template structure, and no 
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changes in order or length scale of the template structure occur. Templating can 
therefore be seen as an effective approach to the formation of nanostructured or 
porous materials, as size and shape of the resulting pore structures can be easily 
tuned by choosing the appropriate template structures. 

 A further rough distinction can be performed between soft templating and hard 
templating [ 100 ]. The former are typically soft materials, such as micelles, gels, 
nature-derived scaffolds (e.g., chitin), affording the formation of globular or spheri-
cal systems which serve as templates, which then yield 3D, typically spherical. On 
the contrary, in the case of hard templating, hard inorganic materials such as silica 
and alumina are employed as negative replica of the targeted materials. In both 
cases, the removal of the templating agent (in the former case by typically using 
thermal treatment to trigger the oxidative degradation of the organic material or by 
an extraction with suitable solvents, in the latter one by selectively dissolving the 
inorganic template with etching agents such as HF) affords the formation of a mate-
rial displaying a morphology which is the replica of the templating scaffold. The 
material can be either grown  on  the template or  within  the template. The use of 
reactive templates, acting both as structure directing agents as well as precursors 
have been also reviewed in the literature [ 104 ]. 

 As far as the use of hard templates for the shaping of soft materials is concerned, 
a relevant contribution in this fi eld is the paper by Thomas, Goettmann, and Antonietti 
[ 100 ], reviewing the use of hard templates for soft materials, also outlining the 
related critical issues. This review describes the possibilities of using hard templates 
to create nanostructured “soft” materials, for example, polymer networks, or carbo-
naceous materials. The authors give fi rst of all a classifi cation based on the distinction 
between endo- (e.g., silica and colloidal crystals) and exotemplating (e.g., zeolites, 
periodic mesoporous silica, and alumina membranes) inorganic materials (see 
Scheme  1.1 ), and for each class of approaches they provide extensive examples con-
cerning the whole range of hard templates described in the literature, such as silica 
nanoparticles, zeolites, periodic mesoporous silicas, aluminum oxide membranes, 
and colloidal crystals. These approaches are, however, mostly devoted to the synthesis 
of soft materials, though the review of Thomas reports also the use of porous materi-
als and membrane as scaffold for the synthesis of inorganic materials.  

 In the last years, an increasing interest has been devoted to the use of well defi ned 
and shape-controlled, ideally monodisperse polymer particles (latex) to be used as 
soft templates for the synthesis of metal or metal oxide nanoparticles. The template 
can be either sacrifi cial, being removed (through calcination or etching agents) in 
the fi nal step of the synthesis (and yielding in this case hollow spheres), or rather be 
the core of a core-shell nanostructure. Alternatively, also inorganic hard templates 
can be used for the controlled formation of inorganic hollow spheres, although these 
latter approaches typically require the etching of valuable inorganic cores such as 
Au or Ag. Very spread is also the use of porous structures [ 3 ] to afford the spatially 
controlled growth on nanostructures. Zeolites [ 72 ,  73 ,  118 – 123 ], mesoporous mate-
rials [ 120 ,  124 – 135 ] as well as metalorganic framework [ 136 – 144 ] can be conve-
niently used as 3D scaffolds and/or nanoreactors for the formation of metal, metal 
oxides, and further inorganic binary or even ternary compounds. The main applica-
tion for this kind of inorganic nanocomposites (typically metal or metal oxide 
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nanoparticles inside metal oxides templating matrices) is as supported catalysts 
[ 145 ,  146 ] in the fi eld of heterogeneous catalysis, although some authors have envi-
sioned also further fascinating potential uses of these nanocomposites, for instance 
as luminescent materials [ 147 – 150 ]. A further implementation is represented by 
inorganic scaffolds serving as templates for the growth of further inorganic hard 
materials. As it can be appreciated from the fi gure below (Fig.  1.2 ), the degree of 
control on the fi nal structures and morphology is very high.  

 In this case, which could be also envisioned as a particular case of growth in 
confi ned spaces, the wall of the porous material acts as “seed” for the formation of 
the targeted structure. For instance, mesoporous alumina has proven to display suit-
able surface chemistry to promote the adsorption of ions from aqueous solution 
[ 151 ], whereas a further and related approach is the impregnation of these porous 

  Scheme 1.1    Schematic presentation of templating approaches toward nanostructured soft materi-
als using endo and exotemplates. Reprinted with permission from ref. [ 100 ]. Copyright 2008 
American Chemical Society       
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  Fig. 1.2       SEM images of a 
macro-/mesoporous silica 
template, its carbon nitride 
replica, and a titanium nitride 
replica derived therefrom. 
Reprinted with permission 
from ref. [ 100 ]. Copyright 
2008 American Chemical 
Society       
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materials in solution of a salt of the targeted compound and subsequent chemical 
reduction to the metal species. By this route, several examples on M-SiO 2  (M = Pt, 
Pd, Au) have been reported in the literature. As outlined in the review of Cushing 
et al., the aqueous nature of the reactions in which these processes occur somehow 
limits the number of metals (i.e., metals with negative standard electron potential 
are excluded) which can be produced by this approach [ 3 ]. 

 As far as 1D nanostructures are concerned [ 100 ,  104 ], their ordered growth typi-
cally requires the presence of a tubular channel-based template. In this regard, a 
very widely used approach is based on the resort to inorganic membranes to tem-
plate and direct the growth of anisotropic inorganic nanostructures. As reported in 
the review by Wong et al. [ 2 ], by using the cylindrical channels of membranes, dif-
ferent inorganic nanorods, nanowires, nanofi bers, also displaying impressively 
ordered vertical assembly, have been prepared. From the sustainability point of 
view, as outlined by Wong, these template-assisted approaches are typically high- 
throughput, relatively simple, cost-effective, and requiring a low amount of reagents, 
the reactions typically occurring in aqueous media, and at low temperatures. The 
fi nal step, implying the transformation of the precursors into the targeted compound 
is typically chemically triggered (i.e. a chemical reduction). Therefore, they can be 
generally considered environmentally friendly approaches. The use of the template 
method for the controlled synthesis of ordered array of inorganic functional materi-
als, among which several ternary oxides (BiFeO 3 , Bi 2 Ti 2 O 7 , BaCrO 4 , BaWO 4 ) as 
well as of metal fl uorides such as CaF 2 , SrF 2 , BaF 2  have been reviewed by several 
authors [ 2 ,  104 ]. In particular, an exhaustive overview of different kinds of inor-
ganic 1D nanostructures, also chiral ones, grown inside the channels of inorganic 
oxides is reported by Qi [ 104 ], discussing also the complex topological and 
 structural relationships existing among the templating matrix and the resulting 
materials, as well as the obtainment of complex architectures and superstructures. 

 Hollow particles [ 8 ,  98 ,  102 ,  152 – 158 ] have gained an increasing attention, also 
in the fi eld of drug delivery and biomedicine, for their unique ability to serve as 
confi ned reaction cavities as well as delivery systems able to release encapsulated 
substances upon certain stimuli. As far as hollow structures are instead concerned, 
their formation is typically based on the oriented growth of the fi nal material on a 
sacrifi cial templating scaffold. In this framework, different authors have reported 
the successful synthesis of hollow spheres by typically using soft templates, which 
are then eventually removed.   

1.3     Colloidal and Colloid Assemblies for the Synthesis 
of Inorganic Nanostructures 

 By exploiting the bewitching and fascinating potentials of the colloidal state 
[ 160 – 173 ], it can be realized how colloidal methods are among the most appealing 
routes for the low temperature preparation of inorganic colloids, since the complex 
interplay among the different experimental parameters involved (chemical nature 
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and chemico-physical properties of the surfactants, cosurfactants, dispersing media, 
and of dispersed phase) represents a versatile playground for the tailored growth of 
nanocrystals, enabling, in the above-mentioned mild conditions, a fi ne control on 
the very early stages of nanostructure formation (i.e., nucleation and growth). 

 As a matter of fact, the interplay among the different parameters involved (nature 
of dispersing and dispersed phase, chemical nature and structure of the surfactant(s), 
temperature, pH, power and time of sonication concentration of the reactants, the 
possible presence of electrolytes, water content, etc.) strongly affects the stability 
of the resulting colloidal dispersion, as well as size and polydispersity of the 
obtained nanostructures, and their role has been the topic of different reports and 
investigations [ 8 ,  15 ,  159 – 173 ]. The use of colloidal systems for crystallization 
processes in liquid phase has been recently reviewed by Rafael Muñoz-Espí et al. 
[ 15 ], but in the following section, we focus on the approaches involving a controlled 
nucleation and growth of crystalline colloidal nanostructures from solution/suspen-
sion and on the synthesis in confi ned space by exploiting the confi nement dictated 
by the boundaries of droplets in suspension. Also, the crystallization of colloidal 
systems have been the focus of several investigations [ 15 ,  161 ,  166 ,  174 – 191 ]. 

1.3.1      Nucleation and Growth of Crystalline Colloidal 
Nanostructures from Solution/Suspension 

 This very wide class of approaches encompasses not only the experimentally 
optimized (1) nucleation and growth of inorganic nanocrystals in suspension 
(typically in the presence of stabilizing ligands) [ 192 ,  193 ], (2) the chemical reduc-
tion of metal salts to give different kinds of metal featuring very different morpholo-
gies (nanoparticles, nanoprisms, nanostars, etc.), and combination thereof, but also 
(3) the seeded growth in which small (<5 nm) nanoparticles act as seed for the epi-
taxial attachment of metal ions to give bigger nanostructures, thus turning a suspen-
sion of small nanoparticles into larger colloids. 

 Several further low temperature synthetic approaches are reported in the litera-
ture, which are based on colloids, colloid assemblies. A comprehensive overview is 
reported in some dedicated books [ 8 ,  9 ]. 

 The nucleation of crystals from solution has been the topic of extensive investi-
gations, from both the experimental and theoretical point of view. In this regard, 
classical and two-step models have been recently reviewed [ 80 ,  194 ]. In this paper 
by Erdemir it is pointed out as, in solution crystallization, the fi rst event of nucle-
ation plays a decisive role in determining the crystal structure and size distribution. 
The account further discusses the shortcomings and limitations of classical nucle-
ation theory and review studies contributing to the development of the modern 
two-step model. This latter is based on the assumption that a suffi cient-sized cluster 
of solute molecules forms fi rst, followed by reorganization of that cluster into an 
ordered structure (Fig.  1.3 ).  
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 The molecular mechanism of nucleation, the evolution from nuclei to seeds, and 
from seeds to nanocrystals, and the infl uence on it of thermodynamic and kinetic 
control, have been described also by Xia and other authors in a recent review [ 195 ] 
devoted to shape-controlled synthesis of metal nanocrystals, highlighting also the 
pivotal role played by structure, shape, and exposed facets of an inorganic nanocrys-
tal in catalysis and optics. In a comprehensive and excellent paper, Polarz [ 196 ] 
discusses the morphology energy landscape leading to anisotropy of inorganic col-
loidal particles and points out the strong effects that shape and morphology have not 
only on the catalytic properties but also on the optical, electronic, mechanical, and 
self-assembly properties. Therefore, the tailoring of particle shape, size, morphol-
ogy, and crystallinity becomes a condition to get the desired functionality and prop-
erties [ 104 ,  187 ,  189 ,  197 – 201 ]. 

 As far as the nucleation and growth of metal colloidal nanostructures is con-
cerned, some comprehensive reviews have been published dealing with the synthe-
sis of nanosized metal and alloys nanoparticles from solution. Starting from the 
pioneering work of Faraday, dated back to 1857, the chemical reduction of transi-
tion metal salts in the presence of stabilizing agents to generate zerovalent metal 
colloids in aqueous or organic media is one of the most applied approach to the 
wet-chemistry low-temperature synthesis of these materials (S. Bradley, in: [ 202 ]). 
The fi rst reproducible standard protocols for the preparation of metal colloids (e.g., 
gold by reduction of HAuCl 4  with sodium citrate) were established by Turkevich 
[ 174 ,  203 ], but afterwards several further paramount contributions were reported 
[ 204 ]. Solution synthesis of metal nanoparticles and their applications have been 
reviewed by several authors [ 4 ,  8 ,  16 ,  49 ,  182 ,  205 – 213 ]. 

 As far as this approach is concerned, reducing metal salts to the zerovalent metal-
lic form is a widely used, effective, one-step and one-pot strategy to produce a wide 

Two-step
Nucleation Model
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Nucleation Model
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d e

  Fig. 1.3    Alternative pathways leading from solution to solid crystal: ( a ) supersaturated solution; 
( b ) ordered subcritical cluster of solute molecules, proposed by classical nucleation theory; ( c ) 
liquid like cluster of solute molecules, dense precursor proposed by two-step nucleation theory; ( d ) 
ordered crystalline nuclei; ( e ) solid crystal. Reprinted with permission from Ref. [ 194 ]. Copyright 
2008 American Chemical Society       
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plethora of metal nanostructure. This real bottom-up approach ensures limited use 
of reactants and thus complies with the atom economy paradigm of green chemistry. 
Typically used ligands are, according to the nature of the metal to be stabilized, 
thiol, amines, phosphines. For instance, gold nanoparticles are effectively stabilized 
by thiol ligands. Different thiol-stabilized noble metal nanoparticles (e.g., Au, Ag, 
Pt, Pd) have been extensively reviewed elsewhere [ 4 ,  17 ,  23 ,  207 ,  214 – 217 ]. The 
synthesis of metals through reduction from both aqueous and not aqueous solutions 
has been extensively reviewed by Cushing et al., also reporting a survey of metals 
(Fe, Co, Ni, Ru, Ag, Au) and metal alloys (Co x Ni y , Fe x Ni 1−x ) reduced from both 
typologies of solutions. The review by Cushing also reports a very detailed (though 
not updated, dating the review 2004) survey of several coordinating polymers and 
capping ligands for the stabilization of nucleated colloids, based on O-, C-, N-, P-, 
S- donor atoms [ 3 ]. 

 In regard to the synthesis of inorganic oxidic nanostructures, the surfactants-free 
nucleation/growth of transparent suspensions of colloidal nanocrystals from a pre-
cursors solution is typically relying on the sol–gel reaction of suitable precursors 
(e.g., metal acetates and acetylacetonates) in the presence of a base. Among metal 
oxides, one of the most investigated ones is zinc oxide. ZnO is a very intensively 
studied material: and its properties, applications [ 218 – 220 ] and synthesis route have 
been extensively reviewed by several authors [ 52 ,  53 ,  182 ,  218 – 237 ], to which 
interested readers are referred. The classical route to ZnO nanocrystals explored by 
Bahnemann is based on the reaction of zinc acetate with NaOH in 2-propanol [ 192 ]. 
In this paper, Bahnemann and coworkers observed as the changes in the solvent 
nature could affect also the spectral features of the obtained colloids. In an analo-
gous fashion, we have recently performed a thorough study and pointed out also the 
role that the chemicophysical properties of the dispersing medium, mainly its vis-
cosity and dielectric constant, have on the structural and morphological evolution of 
the forming inorganic colloids, in our case nanosized zinc oxide [ 238 ]. In our case, 
by modifying and optimizing the well-known procedure reported by Spanhel et al. 
and Bahmemann et al. [ 192 ,  193 ,  221 ,  229 ,  239 ], we developed an easy and highly 
reproducible route to nanostructured colloidal ZnO nanoparticles based on the con-
trolled hydrolysis and condensation of zinc acetylacetonate (acac) in alkaline condi-
tions. It turned out that the four different tested dispersing media (water, glycol, 
2-propanol, ethanol) proven to exert a strong infl uence not on the crystalline phase 
(in all cases wurtzite) but on the growth direction of the nanostructures and on their 
fi nal shape and morphology (spherical or needle-like). In the case of metal oxides, 
effective moieties to strong bind the ligand to the hydroxylated surface of the oxides 
are carboxylates, cathecolates, phosphates [ 240 – 247 ]. 

 Many further example of the application of these straightforward syntheses to 
other inorganic crystalline materials are reported in the literature. The same 
approach, based on a controlled precipitation, can be implemented to the synthesis of 
metal sulfi des and further oxide colloids. A further approach relies on the reaction 
of suitably tailored molecular precursors, which spontaneously or under application of 
stimuli (e.g., heat) decomposes to give the targeted M x S y  compounds. 
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 As far as the seeded growth is instead concerned, it turns out that the use of struc-
turally well defi ned seeds is critical to afford nanostructures with controlled mor-
phologies and narrow size distribution. The co-presence, in the precursor suspension, 
of further structure directing agents such as surfactants can further contribute to 
achieve, for instance, anisotropic structures. By suitably optimizing the experimental 
conditions, the controlled, low or even room temperature crystallization of inorganic 
nanomaterials can be accomplished. In this regard, the review of Dahl also discusses 
in detail the role that seeds, reducing agent, additives and ligands (if present) have 
on the fi nal morphology, structure, size, and size distribution of the resulting inor-
ganic materials. The use of etching agents and methods enable in this context to 
access also exotic anisotropic nanostructures (such as nanoprisms), whose achievement 
is justifi ed by enhanced functional properties, typically optical ones, anisotropic 
nanostructures are endowed with [ 248 ]. In fact, just to cite the most relevant ones, 
the optical properties of nanostructures are shown to be mainly infl uenced by the 
surface plasmon resonance of conduction electrons, the frequency of which is 
determined not only by the nature of the metal but also by a number of other param-
eters, such as particle size and shape, the presence of a capping shell on the particle 
surface, or the dielectric properties of the surrounding medium [ 16 ]. In this frame-
work, Mulvaney, Alivisatos, Marzan, Pileni [ 16 ,  23 ,  179 ,  183 ,  201 ,  249 – 256 ] and 
further authors have also investigated the role that surfactants as well as ligands can 
play in orienting the anisotropic growth by, for instance, directing the epitaxial 
growth of one crystallographic phase at the same time hindering the growth of 
 others. As far as the use of etching agents is concerned, their use allows modifying 
the growth mechanism within typical reduction-based approaches, affording the 
crystallization of colloids featuring unusual and exotic geometries. A very simple 
example in this regard is the adaptation of the classical reduction synthesis method 
for silver nanoparticles, typically obtained by reduction of silver nitrate in the pres-
ence of either citrate or sodium borohydride. If hydrogen peroxide and potassium 
bromide are added in tiny amounts to the starting solution, before the reducing agent 
is added, instead of the classical spherical shaped nanoparticles, the formation of 
silver nanoprims [ 210 ,  249 ] can be observed. In this case, the careful choice of 
suitable shape modifying agents affords the growth of the nanostructures in the 
desired morphology. Analogously, Murphy et al. successfully prepared silver 
nanowires by etching the metallic nanostructures with sodium hydroxide [ 257 ]. 

 As far as other binary metal compounds are concerned, metal sulfi des [ 5 ,  182 , 
 258 – 262 ] are surely those attracting most interest, due to their exciting functional 
properties. One example of interesting colloidal approach to metal sulfi des by 
exploiting the different experimental parameters of colloidal suspensions is the one 
we developed some years ago, addressing the synthesis of colloidal CuS nanostruc-
tures by taking advantage of the peculiar features, i.e. inherent viscosity and low 
dielectric constant, of the dispersing media, in this case carboxylic acids [ 263 ]. The 
crystalline hexagonal phase (covellite) of CuS is often described as a p-type semi-
conductor ( energy gap  1.2–2.0 eV) [ 264 – 268 ] which shows superconductivity at 
1.6 K. In our case, we design an original synthesis route base on promoting the 
controlled nucleation and growth on the CuS nanoparticles in a carboxylic acid. 
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In detail, the optimized methodology was based on the fast nucleation of the sulfi de 
triggered by the reaction of thioacetic acid (acting as a slowly releasing sulfi de 
source) with water and copper carboxylates (acetate, propionate) in the corresponding 
carboxylic acid (acetic, propionic) as a solvent.  

1.3.2     Miniemulsion and Microemulsion: Chemistry 
in Nanoreactors 

 This section is not intended to be comprehensive and cover the whole array of avail-
able colloidal emulsion-based methods, but rather to focus on selected methods 
allowing the spatially controlled formation and growth of colloidal nanostructures. 
Among these colloidal methods, those of microemulsion and the related miniemul-
sion approaches represent a very appealing option. Although the reviewed methods 
have been initially developed for polymer and hybrid systems, our attention will be 
exclusively focused on their implementation in the fi eld of inorganic preparative 
chemistry. At the beginning the defi nition of microemulsion was quite contested 
[ 269 ], but presently a general accepted defi nition describes microemulsion as a dis-
persion made of water, oil, and surfactant(s), which is an isotropic and thermody-
namically stable system with dispersed structure having a diameter typically ranging 
in the 1–100 nm range [ 167 ,  168 ,  270 – 272 ]. In this context, the role of the surfactant 
is to reduce the interfacial tension and stabilize the whole dispersion: its chemical 
nature, in particular in terms of hydrophilic-lipophilic balance (HLB) is one of the 
most important parameters in ruling the dispersion stability. HLB is an empirical 
value which numerically depends on the amount and nature of the hydrophilic/lipo-
philic chemical moieties present in the given surfactant chemical structure [ 273 ]. 

 Though the many similarities and common features, at variance to that, miniemul-
sions are kinetically stabilized heterophase system with an average droplet size is in 
the range of 30–500 nm [ 15 ,  152 ,  169 ,  274 – 282 ]. This metastable state is repre-
sented by a critically stabilized system for which droplets collision and diffusional 
degradation processes are hindered. This means that, whereas upon mixing two 
microemulsions there is an immediate reagents exchange, when mixing two 
miniemulsions the droplets do not spontaneously exchange reactants, but rather 
require an external stimulus (i.e., ultrasound). 

 Both systems can be classifi ed according to the nature of the prevailing phase as 
direct or inverse micro- or miniemulsion, the former being characterized by oil 
droplets dispersed in water as dispersing medium (oil-in-water (O/W) micro- or 
miniemulsions) the latter being instead characterized by water droplets in dispersed 
in the continuous organic phase (water-in-oil, W/O). 

 In miniemulsion, the diffusional degradation processes, leading to the Ostwald 
ripening phenomenon (larger droplets growing at the expense of smaller ones), is 
counteracted by adding a “co-stabilizer” or “osmotic pressure agent.” This additive 
is insoluble in the continuous phase and therefore generates an osmotic pressure 
between the droplets, which counterbalances the Laplace pressure (due to the 
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curved interfaces and causing the diffusional degradation) and restricts the mass 
transfer. This co-stabilizer is usually a long-chain hydrocarbon (most commonly 
hexadecane) in the case of direct miniemulsions, whereas in the case of inverse 
miniemulsion is either a salt or a sugar. 

 Whereas microemulsions are typically spontaneously formed by mechanical 
stirring, miniemulsion does instead require high shear forces produced by high 
energy ultrasounds (on a lab scale) or high-pressure devices (for upscaled applica-
tions). These high shear forces induce constant fi ssion and fusion processes between 
the droplets, leading to a strong decrease in droplets size and polydispersity, until a 
“steady state” is eventually reached (see Fig.  1.4 ) [ 152 ,  169 ,  275 – 278 ,  283 ].  

 Although, as previously mentioned, they have been mostly used for the prepara-
tion of polymer or hybrid systems [ 274 – 276 ,  284 – 289 ], the fascinating concept 
underlying the extension of these two approaches to the inorganic synthesis is the 
use of the formed droplets to let the desired reaction to occur within the confi ned 
space dictated by the droplets boundaries. This “chemistry in a nanoreactor” has 
been successfully applied by several authors to accomplish the formation of crystal-
line inorganic nanostructures at low or even room temperatures [ 15 ,  152 ,  169 ,  173 , 
 277 ,  278 ,  281 ,  282 ,  290 ]. In particular, if the inorganic nanoparticles and nanostruc-
tures are targeted, inverse W/O microemulsions are the most convenient systems to 
be used, since the involved reactions are typically occurring in aqueous medium and 
also because the solubility of inorganic precursors in water is typically higher than 
in organic solvents. 

 For both methods, the nanoreactor approach is a two steps one: two different 
micro- or miniemulsion are prepared: one containing a metal salt aqueous solution, 
the other one an aqueous solution containing a precipitating (e.g., a base and a sul-
fi de source) or a reducing agent (e.g., sodium borohydride and a citrate). Upon 
miniemulsifi cation, the shear forces imparted on the individual droplets of both 
precursors force them to undergo fi ssion and fusion processes, leading to an imme-
diate reaction between the precursors, typically a precipitation or a chemical 
reduction. 

 The described two-microemulsions/miniemulsions-based approach can be 
conveniently used to prepare binary metal compounds such as metal halogenides, 
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  Fig. 1.4    Scheme for the formation of miniemulsion by ultrasounds. Reprinted with permission 
from ref. [ 276 ]. Copyright 2002 Elsevier       

 

S. Gross



19

sulfi de and oxide. These latter represents the main class of compounds prepared 
through microemulsion systems, being the reaction of choice typically a precipita-
tion of the targeted oxide by adding to the micro- or miniemulsion containing the 
metal oxide 

 Mini- and microemulsion can be also conveniently used for the preparation of 
hollow structures [ 154 ,  291 ], as well as of core-shell nanostructures [ 173 ,  292 ], 
either fully inorganic or hybrid organic–inorganic. The most common strategy to 
prepare hollow particles relies on the use of a sacrifi cial template, removed after-
wards by thermolysis or dissolution [ 98 ,  153 ,  293 ]. An even more elegant approach 
to these inorganic nanocapsules is to promote the sol–gel processes at the liquid–
liquid interface. This is possible through the so-called “soft- template” routes, 
involving the presence of surface-active agents [ 15 ]. 

 Whereas for silica several examples are reported [ 291 ], for metal compounds 
such as metal oxides and chalcogenides, reports on the formation of hollow particles 
by soft-template methods are much more limited. Recently, Muñoz-Espí et al. suc-
cessfully addressed the synthesis of transition metal oxides and hydroxides of group 
4 (i.e., TiO 2 , ZrO 2 , and HfO 2 ) by exploiting the sol–gel precipitation of zirconium 
and hafnium hydroxides (ZrO(OH) 2  · H 2 O and HfO(OH) 2  · H 2 O) at the droplet inter-
face by creating interfacial species through the addition of triethylamine to water 
in- oil miniemulsions containing the inorganic precursor (zirconium or hafnium 
oxychloride). In this case, a mild thermal treatment of the samples was required to 
yield the corresponding metal oxide, ZrO 2  or HfO 2 , being the method suitable also 
to prepare mixed metal oxides of defi ned composition, Hf x Zr 1−x O 2  [ 294 ] 

 The careful optimization of the surfactant self-assembly and concentration 
enables also a fi ne control over particle shape, which can be also tailored through 
the addition of different salts to the emulsion [ 295 ]. As outlined in Sect.   1.3.1 , the 
most straightforward approach to metallic nanoparticles is the chemical reduction 
of corresponding metal salts. Such method can be easily implemented to micro- and 
miniemulsion systems, letting the reduction reaction to occur in the confi ned space 
of the droplets. As far as microemulsions are concerned, Pileni and coworkers have 
pioneered an interesting approach in which an anionic surfactant (typically Aerosol 
OT (AOT)), is used, whose counter ion is the metal of interest [ 296 ,  297 ]. 
They reported the successful synthesis of metallic copper [ 298 ,  299 ] and silver 
[ 300 – 302 ]. 

 An alternative route relies on the incorporation and subsequent decomposition of 
single-source precursors such as metal complexes with 2-ethylhexanoates, acetyl-
acetonates, or 1,5-cyclooctadienes into o/w microemulsion to promote the synthesis 
of metallic nanoparticles [ 303 ]. Microemulsions were also exploited for the prepa-
ration of substitutional alloys, such as Fe x Pt y  alloys [ 304 ]. 

 As far as the resort to inverse miniemulsion for the synthesis of metal or metal 
alloys is concerned, Landfester et al. [ 274 ,  290 ] used, as polar phase, low melting 
point metals (gallium, mp = 29 °C or sodium, mp = 98 °C) or alloys (Wood’s metal, 
mp = 70 °C or Rose’s metal, mp = 110 °C), which were heated above their melting 
temperature and miniemulsifi ed in hydrophobic continuous phase by using amphi-
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philic block copolymers. By lowering again the temperature, solidifi cation of the 
metal and formation of stable nanoparticles were accomplished. 

 For oxidic nanostructures, the sol–gel process is particularly convenient for the 
preparation of oxide materials, especially when aiming at porous materials, due to 
the high fl exibility and tunability they allow (good control on stoichiometry of the 
fi nal products). At the same time, micro- and miniemulsion ensure a fi ner and more 
controllable grain size [ 305 ,  306 ]. 

 By the two miniemulsions-based route, different inorganic crystalline com-
pounds were produced by precipitation in confi ned space, such as pure and doped 
ZnO [ 307 ,  308 ], M(OH) 2  (M = Ca, Mg) [ 309 ], lanthanide- based phosphors [ 310 ], 
ZrO 2 /HfO 2 , CeO 2  [ 311 ], TiO 2  [ 312 ,  313 ]. The nanoreactor concept can be also con-
veniently exploited to afford the controlled decomposition of tailored single–source 
to yield crystalline nanocomposites, for instance through decomposition processes 
triggered by light. An example in this framework is reported by our group [ 314 ]. 
The gold-containing titanium peroxo-complex AuCl 4 (NH 4 ) 7 [T i2 (O 2 ) 2 (Hcit)
(cit)] 2  · 12H 2 O is a crystalline molecular single-source precursor of the composite 
Au/TiO 2  [ 315 ]. Upon thermal treatment at 700 °C it decomposes to generate the 
crystalline composite; the decomposition can also be induced by UV irradiation. In 
the mentioned work, the single- source precursor was suspended in an inverse 
miniemulsion and subjected to photodecomposition. As expected by this pathway, 
a fi ne dispersion of crystalline gold nanoparticles dispersed on amorphous titania 
was obtained. The products were used as catalyst in the gaseous phase oxidation of 
2-propanol, also comparing them with similar products obtained in bulk suspension. 
Interestingly, samples prepared in miniemulsion showed a strong increase in both 
conversion and selectivity. 

 All these examples have shown as, in the confi ned space produced inside the 
droplets, unconventional crystallization pathways can occur, leading to the crystal-
lization already at room temperature. For instance, in the case of miniemulsion, 
Landfester and coworkers [ 15 ,  152 ,  169 ,  275 ,  277 ,  278 ,  283 ] have already pointed 
out interesting effects of the confi ned space on the fate and structural evolution of 
the contained inorganic systems. It was pointed out as physical properties of liquids 
in nanodroplets can be substantially different from those of the bulk phase and 
therefore the morphosynthetical control of the crystalline  habitus  of the formed 
structures was highlighted. 

 Also, the confi ned space can alter the fate of the chemical systems. As a working 
example, in the case of ZnO synthesis in inverse miniemulsion [ 307 ], the confi ne-
ment of the precursor formulation in a the droplet was proven to be a key issue in 
determining the formation of wurtzite instead of the expected (in the adopted pH 
range) zinc hydroxide. In fact, in basic media (in our case the pH of the fi nal 
miniemulsion was determined to be 13.4), Zn II  ions form the amphoteric hydroxide 
species, ZnO x (OH) g (H 2 O) z  in a colloidal state, which forms as amorphous or crys-
talline species. This species spontaneously evolves to crystalline wurtzite ZnO not 
only under the action of heating or irradiation, through a dehydration process, but 
also upon prolonged storing and aging in its mother liquor, which in this case was 
pursued by their confi nement.   
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1.4     Conclusions 

 In this chapter, four of the most employed wet-chemistry and colloid-based routes 
affording the controlled crystallization of different inorganic nanostructures at low 
or even room temperature, have been reviewed and discussed. In particular, the 
focus of the contribution was on synthetic approaches based on mild conditions and/
or low temperatures. In most of the presented examples, the crystallization of the 
inorganic nanostructures was pursued at low (T < 200 °C) or room temperature. 
Though not comprehensive, the chapter aimed at providing a broad overview on the 
potential and advantages of these low temperature approaches to controlled shaped 
inorganic nanostructures.     
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