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Abstract

This chapter summarizes the synthesis of various types of nanoparticles as well
as surface modifications of nanomaterials using hydrothermal and solvothermal
methods. First, the definition, history, instrumentation, and mechanism of hydro-
thermal and solvothermal methods as well as the important parameters affecting
the nucleation and crystal growth of nanomaterials are briefly introduced. Then,
the specific hydrothermal and solvothermal methods used to grow oxides;
Groups II-VI, III-V, and IV; transitional metals; and metal-organic framework
nanoparticles are summarized. Finally, the hydrothermal and solvothermal strat-
egies used for the surface modification of nanomaterials are discussed.
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BDC Terephthalic acid

CTAB  Cetyltrimethylammonium bromide
HKF Helgeson-Kirkham-Flowers
HMDS Hexamethyldisiloxane
MOF Metal-organic framework
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NP Nanoparticle

PFTE  Polytetrafluoroethylene
PVP Polyvinylpyrrolidone

SEM Scanning electron microscope
SAED  Selected-area electron diffraction
TEM Transmission electron microscope

XRD X-ray diffraction

Introduction
Definition of Hydrothermal/Solvothermal Process

The term “hydrothermal/solvothermal process” is defined as performing chemical
reactions in solvents contained in sealed vessels in which the temperature of
solvents can be brought to around their critical points via heating concurrently
with autogenous pressures [1]. The process is referred to as “hydrothermal” when
water is used as the solvent. In some cases, this term is also used to describe
processes conducted at ambient conditions. For the sake of clarification, the
approach involving water as the solvent in the hydrothermal process is specifically
referred to in this chapter; the term “solvothermal process” is used when organics
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are used as solvents. The following terms are commonly used when describing
solvothermal/hydrothermal processes:

» Precursors: reactants in forms of solutions, gels, and/or suspensions

e Mineralizers: inorganic or organic additives with high concentrations
(e.g., 10 M) to control the pH of solutions

» Additives: organics or inorganics in relatively low concentrations, added to
promote particle dispersion or to control crystal morphology

A Brief History of the Hydrothermal/Solvothermal Technique

The emergence and development of the solvothermal/hydrothermal process is
closely linked to the development of nanomaterials. The first report about the
hydrothermal process could be traced back to the middle of the nineteenth century,
when it was employed to prepare submicrometer- to nanometer-sized quartz parti-
cles [2]. However, the research and application of the hydrothermal process in
material synthesis lagged from 1840s to the early 1990s because techniques to
characterize nanoscale products were not available and, to some extent, because
knowledge of hydrothermal solution chemistry was insufficient to successfully
realize the control of crystal growth [3]. Hydrothermal techniques revived in
1990s along with the revolution in nanoscale materials and the emergence of
high-resolution microscopes from 1980s [4]. Simultaneously, great progress was
achieved in understanding chemical and physical properties of hydrothermal sys-
tems, which led to development of the solvothermal process, in which organics
were introduced as solvents in manufacturing well-controlled nanomaterials [5-8].
In the twenty-first century, the hydrothermal/solvothermal process has gained great
successes in manufacturing nanomaterials with crystallinity, crystal phase,
morphology, and size control, due to its outstanding advantages, including low
process temperature, performance of reactions in liquid environments, low energy
consumption, and environmental benignity [9, 10-18].

Instruments Used in Hydrothermal/Solvothermal Processes

Most hydrothermal/solvothermal reactions proceed in a sealed reactor, known as an
autoclave, a pressure vessel, or a high-pressure bomb. In most cases, hydrothermal/
solvothermal reactors are metal autoclaves with Teflon or alloy linings or
containing an extra can, beaker, or tube made of Teflon, platinum, gold, or silver
to protect the autoclave body from the highly corrosive solvent, which is held at
high temperature and pressure. In some cases, a Bourdon gauge is fixed to the
autoclaves to directly monitor the pressure, and the autoclaves are equipped with
stirring accessories to minimize the concentration gradient inside them. In addition,
an ideal hydrothermal/solvothermal autoclave should be easy to assembly/disas-
sembly, as well as be leak-proof and possess sufficient running life within the
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Fig. 1 A general-purpose hydrothermal autoclave. The hydrothermal reactions occur inside the
Teflon container (Reproduced with permission from Byrappa and Adschiri [3]. Copyright 2007,
Elsevier)

Table 1 The most commonly used reactors for hydrothermal/solvothermal processes®

Type Temperature (°C) Pressure (bar)
Quartz tube 250 6

Cone closure 750 to ~1,150 4,000 to ~13,000
Welded closure 400 3,000

Modified Bridgman autoclave 500 3,700

Piston cylinder 1,000 40,000

Opposed diamond anvil >2,000 500,000

“Note: Partially adopted from Byrappa and Yoshimura [1]. The work conditions might vary and
depend on materials and reaction solutions

experimental temperature and pressure range. Figure 1 shows the most popular
general-purpose autoclave used in laboratories. The reactors commonly used in
hydrothermal/solvothermal processes are listed with their initially designed oper-
ating temperatures and pressures in Table 1. The working conditions of autoclaves
vary for different materials, including glass, quartz, and high-strength alloys.
Temperature, pressure, and corrosive resistance of reactor materials are the most
important parameters for the reactor selection. For safety, pressures generated in a
sealed vessel should always be estimated and controlled below the strength of
autoclave materials.

Fundamental Mechanisms of Crystal Growth via the Hydrothermal/
Solvothermal Process

Material synthesis through hydrothermal/solvothermal methods is a crystallization
process directly from solutions that usually involve two steps: crystal nucleation
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and subsequent growth. By controlling processing variables, such as temperature,
pH, reactant concentrations, and additives, the final products could be fabricated
with desired particle sizes and morphologies. The phenomena underlying the size
and morphology control through tuning the process variables are the overall
nucleation and growth rates, which depend on supersaturation [19]. The term
supersaturation is defined as the ratio of the actual concentration to the saturation
concentration of the species in the solution [20]. Although the presence of myriad
species in the hydrothermal/solvothermal solution makes it difficult to determine
the exact reaction equilibria, several thermodynamic models have been established
to calculate the solubility of the species that exist in hydrothermal/solvothermal
systems, especially in aqueous solutions [3, 21-26]. For instance, Shock and
coworkers proposed a revised Helgeson-Kirkham-Flowers (HKF) model [8], and
the solubilities of hundreds of inorganic compounds in aqueous solution have been
calculated over wide ranges of conditions (25-1,000 °C, 0.1-500 MPa) based on the
HKF model [5-8]. Other researchers subsequently proposed further revised HKF
models to calculate the solubility more precisely [27-30]. From the revised HKF
model, the equilibrium constant K of species in solution could be calculated as
follows (Eq. 1) [30]:
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where p” is a density ratio of water (density at actual conditions/density at reference

conditions (25 °C and 0.1 MPa)); a is a constant, 6.385 x 107> K '; ¢ is the

dielectric constant of water; w is the parameter determined by reaction system; the

subscript “r” refers to the reference state; and f is a reaction-dependent constant.
The reaction-dependent constant is determined as follows (Eq. 2):
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where ACg,TMpr is the heat capacity. 1;, 45, and A3 are 97.66 K, 2 x 1074 Kil, and

—3.317 x 10> T mol ™", respectively. It is obvious from the above equations that the
solubility of species in solution strongly depends on the properties of the solvents,
including their density and dielectric constant (the dielectric constant is discussed
further in section “The Effect of Other Factors”).

Nucleation occurs when the solubility of the solute exceeds its limit in the
solution (i.e., when the solution becomes supersaturated). The reaction is irrevers-
ible; the solute precipitates into clusters of crystals that can grow to macroscopic
size [31]. Following nucleation, the crystals grow sequentially or concurrently via a
series of processes involving the incorporation of growth units, which have the
same composition as crystal entities but possess the same or different structures,
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Fig. 2 Schematic representation of crystal growth mechanism under the hydrothermal/
solvothermal environment

from the bulk solution into the existing crystal entities and causing increased sizes.
These different processes can be roughly categorized into four steps: transport of
units through solution, attachment of units to the surface, movement of units on the
surface, and attachment of units to growth sites. The schematic representation of
widely recognized mechanisms of crystal growth via hydrothermal/solvothermal
methods is shown in Fig. 2. However, there are a lot of debates on the crystal growth
mechanisms under hydrothermal/solvothermal conditions, including identifying the
growth unit attached to the surface of crystal entities and controlling steps in the
crystal growth process. For instance, Schoeman proposed that the growth unit of a
zeolite crystal was probably an anionic silicate species, most likely a monomer [32].
Other researchers have proposed that it is also possible that nanoparticles (NPs)
are also growth units of zeolite crystal under hydrothermal conditions [33, 34].
To contribute to crystal growth, each growth unit would require its own sequence of
governing steps.

As an abundant, low-toxic liquid with a high dielectric constant, water is the
most widely used solvent in the hydrothermal/solvothermal process, and hydro-
thermal chemistry has been widely investigated. The critical temperature and
pressure of water are 374 °C and 22.1 MPa, respectively. The properties of water
vary with the temperature and pressure, especially above the critical point. For
instance, as shown in Fig. 3, the dielectric constant of water is 78 at room
temperature, which is favorable for the dissolution of polar salts. With increasing
temperature and decreasing pressure, the dielectric constant of water decreases to
~10 in the critical region and above the critical point drops dramatically to between
2 and 10 [35]. According to Eq. 1, the dramatic change in the dielectric constant
results in a remarkably reduced solubility of solute species, leading to high super-
saturation in the solution, and thus facilitates the nucleation growth of crystals.
From another aspect, the low dielectric constant allows the dissolution of organic
species in the supercritical water, where they act as additives to control the crystal
nucleation and growth. Similar trends could also be observed for solvothermal
solution systems.

Nonaqueous organics have also been widely utilized as solvents in the solvothermal
fabrication process, which is analogous to the hydrothermal process. The organic
solvents commonly used in solvothermal processes include methanol [36],
1,4-butanediol [37], toluene [38], and amines [39]. Their physicochemical properties
are summarized in Table 2. As an alternative to the hydrothermal process,
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Fig. 3 The static dielectric
constant of water as function
of temperature with various
pressures (Reproduced with
permission from Uematsu and
Franck [35]. Copyright 1981,
American Institute of
Physics)

Table 2 Properties of commonly used hydrothermal/solvothermal solvents

Critical Critical pressure
Solvent Formula temperature (°C) (MPa) References
water H,O 374 22.1 [35]
Ethylenediamine | H,NCH,CH,NH, |319.9 62.1 [40]
Methanol CH;0H 239.2 8.1 [41]
Ethanol CH;CH,OH 241.1 6.1 [41]
Toluene C,Hg 320.6 4.2 [42]
Ethanolamine HOCH,CH,NH, 398.25 8 [43]

the solvothermal process can make the reactions occur at relatively low temperatures
and pressures, and most importantly, the solvothermal process can handle precursors
that are sensitive to water [44]. In addition, the products derived from the solvothermal
process are free from foreign anions [45, 46], and morphology [47] or crystal phase
control [48] is easily realized.

The Effect of Other Factors

Several other factors can significantly affect the crystal nucleation and growth of
nanomaterials during hydro-/solvothermal syntheses, such as additives [49], pre-
cursors [50, 51], reaction time [52], and filling factor (the ratio of the volume filled
with solution to the total reactor volume) [53].

The evolution of hydrothermal/solvothermal technique has been briefly summa-
rized in Table 3.
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Table 3 The brief summary of hydrothermal/solvothermal technique

J. Lietal

Representative

Time Research highlights Typical equipment references
1845-1950 | Mineral synthesis (especially Morey autoclaves, flat [54-58]
quartz with large size and high closures, welded closure
yields), natural conditions
mimic
1950-1980 | Phase diagrams of aqueous Autoclaves with improved [59-69]
systems with high-temperature sealing: Tuttle-Roy, welded
and pressure, novel, and closures, modified Bridgman
advanced materials
1980-1990 | Material sciences, advanced General autoclaves with [9, 70-81]
ceramic powders, physical Teflon or alloy linings
chemistry of hydrothermal
solutions
>1990 Engineering of hydrothermal Diverse reactors designed for | [22, 82—103]

process, emergence of
solvothermal

specific requirements, such as
batch reactors, flow reactors

Synthesis of Nanomaterials via Hydrothermal and Solvothermal
Methods

Nanostructured materials with controllable size, shape, crystallinity, and tunable
surface functionalities have attracted extensive research attention due to their
unique optical, electronic, magnetic, mechanical, and chemical properties, which
are derived mainly from the quantum confinement effect and large surface-to-
volume ratios. The hydrothermal and solvothermal synthetic methods are consid-
ered to be among the most promising approaches to preparing nanomaterials. These
methods possess many advantages, such as producing a large amount of
nanomaterials at a relatively low cost and yielding highly crystalline nanocrystals
(NCs) with well-controlled dimensions. Hydrothermal and solvothermal methods
can be combined with microwaves and magnetic fields for semicontinuous synthe-
sis of materials having much improved reproducibility and high quality. In this
section, the hydrothermal and solvothermal methods employed to prepare oxides;
Group II-VI, II-V, and IV NPs; metal-organic frameworks (MOFs); and
transitional-metal NPs will be described and summarized.

Metal Oxides Nanoparticles

Nanostructured metal oxides are attractive materials that, because of their unique
properties, are widely applied in catalytic, ceramic, electrical, optical, and other
fields. The properties of metal oxides directly determine their practical applications.
Compared with the hydrothermal process, the solvothermal process could produce
metal oxides that are smaller and have a narrower size distribution, and they could
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be produced at a lower temperature [44]. Extensive work has been reported in the
preparation of numerous nanostructured metal oxides, such as Al,O3, CuO, Fe,03,
NiO, ZrO,, TiO,, BaTiOs;, and SrTiOs, through both hydrothermal and
solvothermal processes [19, 104—112]. Common metal oxides obtained through
those processes are summarized in Tables 4 and 5. TiO, is selected as a represen-
tative binary metal oxide to demonstrate the effect of the hydrothermal/
solvothermal process on the properties of metal oxides. These properties include
the crystallinity, crystal phase, morphology, and particle size, which crucially
determine the further applications of final metal oxides.

Extensive studies have been made to prepare nanostructured TiO, through
hydrothermal/solvothermal processes. Formation of TiO, goes through two steps
regardless of the solvents used: (1) the formation of titanium hydroxides via a
hydrolysis reaction and (2) the formation of titania via a dehydration/condensation
reaction. The hydrolysis and condensation reactions might take place in series in a
highly diluted solution. However, it is quite difficult to separate these two reactions
in a concentrated solution. The condensation reaction inevitably occurs with exces-
sive OH™ groups [126], leading to the formation of clusters, polymers, or NCs of
titania. These clusters are the embryos of titania crystals that can further grow into
large particles during the subsequent heat treatment [112]. The properties of the
final titania products can be tuned via adjusting the processing parameters.

The presence of a mineralizer is one of these important parameters. HNO3 has
been reported to be a better mineralizer in the hydrothermal process to obtain
monodispersed NPs with homogeneous composition than NaOH, KOH, HCI,
HCOOH, or H,SO, [127]. The mineralizer concentration also greatly affects the
phase and morphology of hydrothermal titania products. Under hydrothermal
conditions, the phase and morphology of titania will transfer from rutile nanorods
to anatase NPs, brookite nanoflowers, dititanate nanosheets, and trititanate
nanoribbons sequentially, as the pH is varied from highly acidic (6 M HCl) to
highly alkaline (10 M NaOH) [128] or KOH [129], with tetrabutyl titanate or TiCl,
being used as the precursor.

When titania powders are the precursors and NaOH is the mineralizer, only sodium
titanate nanotubes could be produced; increasing the concentration of NaOH can
further enhance the nanotube to unreacted titania particle ratio [130, 131]. Interest-
ingly, after ion-exchange treatment of the sodium titanate nanotubes, the H-titanate
nanotubes are transformed to anatase NPs with rhombic shape when the pH > 1 and
turned into rutile nanorods with two pyramidal ends when the pH < 0.5 [131].

Another crucial factor is solvent. Water is the solvent in the hydrothermal
process and usually incorporates into the resultant titania product. However,
the hydroxyl contents from a water-based ambient condition could be elimi-
nated by replacing the water with organic solvents [132]. In addition, it could
be easy to control phase and morphology by merely adjusting the ratio of Ti
precursors and organic solvents. For instance, a low TiCly/acetone (AC) ratio
(<1/15) led to anatase TiO, NCs, and a high TiCl4/AC ratio (>1/10) resulted
in rutile TiO, nanofibers when TiCl, was the precursor and AC was the solvent
used in a solvothermal process (Fig. 4) [133]. The employment of organic
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Fig. 4 Transmission electron microscope (TEM) images of TiO, obtained in the solvothermal
process with various TiCly/acetone (AC) ratios and operating temperatures. The TiCl,/AC used
was 1/90 (a), 1/30 (b, d), 1/15 (¢), 1/10 (e, g), and 1/7 (f). The operating temperature used is 110 °C
(a, b, c, e, f), and 140 °C (d, g). The graphs in the column on the right indicate the particle size
distribution obtained from the TEM images shown on the left (Reproduced with permission from
Wau et al. [133]. Copyright 2007, American Chemical Society)

solvents is also beneficial if the intent is to dope anions into the titania phase
[134, 135].

Additives that act as structure-directing agents during the crystal growth are also
crucial factors in the hydro-/solvothermal process. For instance, anatase TiO, NPs
can be transformed from an irregular spherical shape to a rod-like shape in a
solvothermal process if acetic acid is introduced to the solution. The anisotropic
growth of the titania crystal was attributed to the attachment of acetic acid to the
crystal plane [136]. Depending on the precursors and solvents used, the additives
could change the phase and morphology of final titania products. For instance, in
the ethanol/TiCly solvothermal system, rutile nanofibers or nanorods were observed
with f= 1, where fis defined as the volume ratio between ethanol and acetic acid. A
mixed anatase-rutile phase was obtained when 0.33 < f < 10, and pure anatase NPs
were produced in the rest of the f region [137]. The morphology evolved from the
submicrometer aggregates to microspheres and eventually to submicrometer aggre-
gates by decreasing the f [137].

Some additives can also function as a solvent, especially in a multiple-solvent
system. For instance, anatase nanotubes, nanosheets, nanorods, and nanowires
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could be obtained in a solvothermal solution containing aqueous NaOH ethanol
[138], aqueous NaOH-ethylene glycol, or polyethylene glycol [139, 140]. This
makes it difficult to distinguish additives from solvents and to further identify the
role of additives, solvents, and mineralizers and thus leads to an ambiguous crystal
growth mechanism.

Group II-VI Nanoparticles

Group II-VI semiconducting nanomaterials have potential applications in the
optoelectronic and energy industries. These nanomaterials include ZnS, ZnSe,
ZnTe, CdS, CdSe, CdTe, HgS, HgSe, and HgTe as well as their doped and ternary
compounds. Nanospheres of ZnS composed of 4 nm hexagonal NCs can be
solvothermally synthesized in ethylene glycol using a single precursor, Zn
(NCS),(CsHsN),, and an 80 % filling factor [141]. The nanospheres grow larger
with increasing reaction temperature, reaching a size of 200, 350, and 450 nm in a
12 h reaction period at 160 °C, 180 °C, and 200 °C, respectively. Polycrystalline
Mn-doped ZnS nanospheres can be synthesized in oleic acid using ZnCl,, MnCl,,
and sulfur powders as the precursors at 180 °C for 60 h. These large (100 nm)
nanospheres are actually aggregates of many tiny (10 nm) crystalline ZnS NPs [142].
Besides spheres (0-D), nanoplatelets (2-D) and nanorods (1-D) of ZnS can also be
prepared hydrothermally or solvothermally [143, 144].

Cubic ZnSe and ZnTe NPs (NPs) can be synthesized via a solvothermal method
that uses precursors that are less toxic than those used in the traditional chemical
vapor deposition method [143]. The sources for Zn can be Zn(CH;COO),, ZnSOy,, or
Zn powders, and the precursors for Se and Te are elemental Se and Te powders or
Na,SeO; and Na,TeO5;. Common solvents for the synthesis include ethylenediamine,
ammonia, triethylamine, and hydrazine, and the pH usually maintains at 9-10. For
example, crystalline ZnSe NCs can be synthesized by heating Zn and Se powders in a
1:1 ratio in a 90 % filled Teflon-lined autoclave at 120 °C for 6 h [145]. These
nanomaterials consist of a mixture of NPs, short nanorods, and nanocubes with broad
size distributions. ZnSe nanorods with more controllable morphology can be
obtained by solvothermal reaction of ZnSO4 and Se in triethylamine with the
presence of the reducing agent KBH,. The width of the nanorods is mostly between
30 and 70 nm [146]. ZnSe nanorods can be synthesized by heating Zn and Te
powders in a 1.1:1 ratio in a 70 % filled Teflon-lined autoclave at 170 °C for
16 h. The nanorods are very uniform with a typical width of ~50 nm [147].

Highly uniform CdS spheres can be obtained using an ethylene glycol
solvothermal method. Cd(NOs3), and thiourea are used as precursors, and polyvinyl-
pyrrolidone (PVP) is employed as a capping agent [148]. A stainless steel autoclave
lined with polytetrafluoroethylene (PTFE) is used as the reactor, and the filling
factor is 70 %. The CdS NPs grow from 150 to 450 nm if the reaction time is
increased from 5 to 75 min at 140 °C [148]. The NP size also increases with
increasing Cd** concentrations. For example, the particle size increases from
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Fig. 5 X-ray diffraction and selected-area electron diffraction (SAED) (leff) and transmission
electron microscope image (right) of the thioglycolic acid-stabilized CdTe nanocrystals (Repro-
duce with permission from Zhang et al. [145]. Copyright 2003, John Wiley and Sons)

100 to ~400 nm when the total concentration of Cd* ions is increased from 0.02 to
0.2 M while maintaining the temperature, time, and concentration of capping agents
at 140 °C, 8 h, and 0.2 M, respectively [148]. In contrast, the NP size reduces with
increasing PVP concentration, from 310 to 210 nm, when PVP increases from 0.05
to 0.5 M. These PVP molecules might function as nucleation sites during crystal
growth. Higher PVP concentrations mean more available nucleation sites, which
mitigate particle growth and result in smaller particles [148]. This method can also
be applied to other sulfides, such as HgS, Ag,S, and Bi,S;3 [148]. Thioglycolic acid
and dithiol glycol can also be used as S sources for the synthesis of CdS NPs via
hydrothermal or solvothermal methods [149, 150].

Highly crystalline cubic zinc-blende CdTe has been obtained by the hydrother-
mal reaction of CdCl, and NaHTe in the presence of stabilizing agents such as
thioglycolic acid, 3-mercaptopropionic acid, or 1-thioglycerol and at temperatures
ranging between 100 °C and 180 °C (Fig. 5) [145, 147]. The rate of crystal growth is
faster at higher temperature, as confirmed by both powder X-ray diffraction (XRD)
and the red shift of the absorption spectra. Longer reaction time results in a larger
crystal size and a larger red shift in their photoluminescence spectra due to the
Ostwald ripening effect. In contrast, higher reactant concentration favors nucleation
and produces smaller crystals.

Although mercury chalcogenides possess some unique properties and can be
applied to sensors, photoelectronic devices, and transducers, but because the tox-
icity of mercury is high, research on these materials is very rare compared with the
research on other [I-VI compounds [151]. Traditional wet chemistry methods can
also be utilized to grow II-VI NPs with well-controlled shapes and sizes [143, 151],
but hydrothermal and solvothermal methods have the advantage of one-pot synthe-
sis without the need of post-synthetic annealing to crystallize the NPs and thus
provide greater potential for scale-up.
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Group llI-V Nanoparticles

Group III-V nitrides, arsenides, and phosphides are very important direct band-gap
semiconductors that have broad applications in optoelectronic devices such as light-
emitting diodes, lasers, photodetectors, and optical amplifiers. The most important
III-V compound is GaN, which has been commercially used in the LED bright-
display panels.

The breakthrough in solvothermal synthesis of GaN was first reported by Xie
et al. [152]. Polycrystalline GaN with a mixture of hexagonal and rock salt phases
can be produced by a benzene solvothermal reaction of GaCl; and LizN at 280 °C
for 6-12 hin a silver-lined stainless steel autoclave with a filling factor of 75 %. The
chemical reaction is shown in Eq. 6:

GaCl; + LisN — GaN + 3LiCl 3)

The LiCl salt is a by-product and can be removed by ethanol rinsing. The total
yield is up to 80 %, and GaN shows an average diameter of 32 nm. However, no
quantum effect is observed because the size is much larger than its Bohr exciton
radius (11 nm). This novel benzene solvent method can be carried out at much
lower temperature than that required in traditional methods. For example, hexag-
onal GaN is synthesized at around 900 °C by traditional gas-phase reaction between
Ga metal and ammonia gas.

GaCl; and NaNj; can also be used to synthesize GaN NPs in tetrahydrofuran
(220 °C) or toluene (260 °C) via a solvothermal method [153]. It is a time-
consuming reaction (2-4 days), and extreme caution should be exercised during
the reaction because the metal azides are thermally unstable and shock sensitive.
The product is a mixture of NPs and nanorods. The NPs have wide diameter
distribution, from 20 nm to several hundred nanometers. The reaction mechanism
is shown in Eqs. 4 and 5:

GaClz + 3NaN3; — Ga(N3); + 3NaCl 4)
Ga(N3); — GaN + 4N, Q)

GaN NPs having a diameter of several hundreds of nanometers can also be
synthesized using anhydrous ammonia as a solvent (Table 5) [154]. The anhydrous
ammonia is condensed into a quartz tube containing the reactants, and the tube is
flame sealed. The pressure in the quartz tube is balanced with water held in an
exterior pressure vessel at a pressure of about 10,000 psi. The temperature gradient
along the tube is 10 °C/cm. Metal Ga, Gal,, or Gal; can be used as Ga sources.
Additives such as NHyI, NH4CI, or NH4Br are required to generate GaN with Ga as
the source. Temperature is critical in the synthesis of GaN when this
ammoniathermal method is used. No GaN can be obtained below 250 °C. When
the growth temperature is below 300 °C, only cubic phase and amorphous GaN NPs
can be produced, and they are only deposited on the bottom of the tube reactor. In
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contrast, above 440 °C, most products are composed of hexagonal GaN, and they
are deposited on the middle wall of the tube. As-synthesized cubic GaN can be
transformed to hexagonal GaN by annealing above 440 °C. Gal, or Gal; can also be
used as the Ga source. The detailed experimental conditions are listed in Table 6.
Gal, will disproportionate into Ga and Gal; immediately in ammonia.

Gallium imide-iodide (Ga-NH-I) can be prepared by reaction of GI3 with KNH,
in ammonia. When it is used as a precursor, only cubic GaN NCs can be obtained.
However, this experiment is highly non-reproducible, probably due to an uncon-
trollable introduction of impurities like Si grease or poly(dimethylsiloxane) in the
imide synthesis reaction [154].

GaN NPs with a very narrow size distribution (the average diameter is ~4 nm)
can be synthesized via a toluene solvothermal method at 240 °C if Ga cupferron [Ga
(CgHsN,0,)5] (a metal-organic complex) is used as the Ga source and hexamethyl-
disilazane (HMDS) [(CH3);SiNHSi(CHj3)3] is used as the nitriding reagent [155]
with a filling factor of 30 %. The diameter increases from 4 to 12 nm with
decreasing Ga cupferron/HMDS by five times. It is believed that the Ga cupferron
is first decomposed into Ga,O; NPs, which then react with the HMDS at high
temperature to form GaN NPs as shown in the following equation (Eq. 6):.

GaO, 5 + (CH;),SiNHSi(CHs); — GaN + (CH;);SiOSi(CH;z); + 1/2H,0 (6)

With the presence of the capping reagent cetyltrimethylammonium bromide
(CTAB), the diameter can be further reduced to 2.5 nm with a narrower size
distribution (from 1 to 5 nm). If the Ga cupferron is replaced with GaCls as
shown in Eq. 7, the Ga NPs become larger with a wider size distribution (from
5 to 15 nm):

GaCl; + (CH3),SiNHSi(CH3); — GaN + 2Si(CH3),Cl 4 HCI )

Metal-ion-doped GaN NPs can be synthesized using a similar method with
slightly different precursors. For example, ferromagnetic Mn-doped GaN with
potential applications in spintronics can be synthesized by using (Ga;_,Mn,)
(C6HsN203)3(1—x)+2x as the precursor [156]. 3 % Mn-doped GaN NCs can be
obtained by the reaction of (Gago7Mng 3)(C¢HsN205)297 with HMDS in toluene
in a 30 % filled Swagelok autoclave at 350 °C for 20 h. Average diameter of
as-synthesized NPs is about 4 nm with a size distribution between 2 and 8 nm.
Apparently, the introduction of dopants can significantly affect the crystallinity of
the NPs, and post-synthetic annealing is required to obtain crystalline NPs as
confirmed by powder XRD. However, the size increases to 18 nm after being
annealed at 500 °C in NH; gas for 3 days. It seems that the amount of Mn doping
does not affect the size of the NPs because 3 % and 5 % Mn-doped GaN NPs have
the same size (4 nm) under the same synthetic conditions. The size of NPs increases
to 6 nm when GaCl;, MnCl,, and HMDS are used as the reactants. The same
method can also be used to synthesize 10 nm 5 %—10 % in-doped GaN NPs with
(Gay_«Iny) (C¢HsN,0,); as the precursor [157].
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Other metal nitrides, such as NbN, ZrN, HfN, and Ta3;Ns, can also be prepared
through a similar strategy. Using TaCls, ZrCly, HfCl,, and NbCls as the metal
precursor and LiNH, as the nitriding reagent, crystalline NPs of Ta;Ns, ZrN, HfN,
and NbN of variable sizes can be prepared through a benzene solvothermal reaction
at 550 °C for 24 h [158]. However, only amorphous NPs are observed below
450 °C. The methods for the synthesis of other nitrides, phosphides, and arsenides
are similar to the abovementioned ones (see Table 7).

Group IV Nanoparticles

The most important Group IV NPs include those containing carbon, silicon, and
germanium. Carbon-based NPs include carbonaceous and composite carbonaceous
NPs (i.e., carbon modified with magnetic, optical, catalytic, or other materials).

Carbonaceous and composite carbonaceous nanomaterials have broad applica-
tions in environmental remediation, catalysis, bioimaging, and drug delivery and in
the manufacture of lithium ion batteries, fuel cells, and sensors [164]. The focus is
on low temperature hydrothermal methods used to synthesize carbonaceous NPs
(high-temperature hydrothermal methods, which can be used to synthesize
advanced carbon structures such as carbon nanotubes, activated carbon, carbon
thin films, and graphite, but they are not the focus of this chapter.).

The hydrothermal precursors for carbon NPs can be sugar, glucose, cyclodex-
trins, fructose, sucrose, cellulose, and starch, all of which are biocompatible and
relatively cheap [165]. The morphology of carbon NPs tends to be spherical.
Reaction temperature is critical in formation of carbon spheres. No carbon spheres
are obtained below 140 °C. In contrast, with 0.5 M glucose as the C source and a
160 °C reaction temperature, carbon spheres of 200, 500, 800, 1,100, and 1,500 nm
in diameter can be produced after a reaction time of 2, 4, 6, 8, and 10 h, respec-
tively. The growth of these NPs consists of dehydration, condensation, polymeri-
zation, and aromatization processes. The presence of metal ions and metal oxides
such as Fe’* and Fe,O; can significantly catalyze the process of carbonization of
carbon precursors. The reaction temperatures usually range from 150 °C to 350 °C,
and the reaction time is between 4 and 24 h. Depending on the precursors, the sizes
of the NPs vary from 100 nm to several micrometers.

Porous carbon NPs can be prepared on mesoporous or nonporous silica tem-
plates. After the NPs are deposited on the templates, the templates are selectively
etched away (Fig. 6). Surface wettability plays an extremely important role. If the
surface of the templates cannot be wetted by the precursor, no porous carbon NPs
can be obtained [166, 167]. In addition, when the triblock copolymer Pluronic F127
is used as a template and phenolic resol is used as a carbon source, more-uniform
mesoporous carbon NPs can be produced. The reaction can be tuned by varying the
reagent concentration to produce NPs whose sizes range from 20 to 140 nm. For
example, carbon NPs of 140 nm and 20 nm can be synthesized through a hydro-
thermal reaction at 130 °C in a solution of phenol and water in ratios of 1:200 and
1:450, respectively [168]. Although this method is elegant, the cost is too high for
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Fig. 6 Schematic representation of the hydrothermal carbonization process using silica templates
with different polarities, resulting in the formation of various carbon morphologies (Reproduced
with permission from Titirici et al. [166]. Copyright 2007, John Wiley and Sons)

practical large-scale applications. Similarly, this one-pot hydrothermal method can
be extended to the synthesis of composite carbonaceous NPs by simply mixing the
metal precursors or metal oxide NPs (e.g., Ag, Pd, Se, Fe;04, SnO,) with a carbon
source [167]. Alternatively, such composite materials can be prepared via a post-
synthetic treatment of as-synthesized hydrothermal carbonaceous NPs.

Silicon and germanium are highly important semiconductors due to their broad
applications in the electronic and optoelectronic industries. Solvothermal and
hydrothermal methods to grow Si and Ge NPs are extremely challenging and
often require very high temperature to initiate crystallization. Ge NPs with poor
crystallinity can be synthesized by decomposition of tetraethylgermanium in
organic solvents or superfluidic solvents such as CO, with and without surfactants
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at high temperature. The surfactants have three functions: (1) forming inverse
micelles to guide nucleation and crystal growth (size control), (2) morphology
control of the Ge NPs (shape control) by selective adsorption on certain crystal
planes, and (3) stabilizing nanoscale particles (stability control) by reducing the
surface energy of NPs through surface adsorption on those NPs. Ge nanocubes of
100 nm edge length can be synthesized using a hexane solvothermal method with a
surfactant additive, heptaethylene glycol monododecyl ether (C,E;) [169]. Equi-
molar amount of GeCl, and phenyl-GeClj; is used as the Ge precursors, and metallic
Na dispersed in toluene is employed as the reducing reagent. The mixture is heated
at 280 °C for 3 days in a Parr 4750 reactor without stirring or shaking. The filling
factor is about 65 %. NaCl, a by-product, can be removed by vigorous rinsing with
ethanol, water, and hexane. The as-synthesized Ge nanocubes are highly crystalline
with a diamond cubic structure (a = 5.655 A), as confirmed by both powder XRD
and high-resolution TEM. These 100 nm nanocubes are composed of multiple
smaller nanocubes, which are connected to each other through the surface-adsorbed
surfactant molecules. When the surfactant is changed to pentaethylene glycol ether
(C12ES), a mixture of spherical, triangular, and hexagonal Ge NPs is produced with
diameters ranging from 15 to 70 nm (Fig. 7) [170]. The shape of Ge NPs can be
tuned by controlling surfactant amount. For example, only Ge spheres with diam-
eters between 6 and 35 nm are yielded if the amount of surfactant is reduced by
three times (1.8 ml to 0.6 ml). The yield of Ge NPs is mainly affected by the
reaction time. Extending the reaction time from 4 to 12 h enhances the yield from
35 % to 54 %. However, the size and crystallinity of these NPs are independent of
the reaction time, probably due to the presence of the capping surfactant molecules.
Other Group IV NPs, such as Si, can also be synthesized using such a solvothermal
method [171].

Transition Metal Nanoparticles

Metallic NPs possess many unique optical, electronic, and magnetic properties that
can be applied to catalysts, sensors, and memory devices. Although wet chemistry
methods (with reducing agents and capping surfactants) can be used for controlla-
ble synthesis of metal NPs, hydrothermal and solvothermal methods provide better
control of morphology and crystallinity. Usually, the NPs are deposited or loaded
onto a support material to increase their reactivity and recyclability.

Extremely small (1.7 nm) Pt particles have been synthesized using an ethylene
glycol solvothermal method at basic conditions [172]. The ethylene glycol func-
tions both as the solvent and as a reducing agent; H,PtCls.6H,O serves as the Pt
precursor. The mixture was heated to 433 K for 3 h [172].

The ethylene glycol solvothermal method can also be utilized to grow Ag NPs
[173]. In a typical procedure, AgNOj is added into a double-walled digestion vessel
that has an inner Teflon liner and an outer high-strength shell. Then, appropriate
amounts of toluene, ethylene glycol, and dodecylthiol (thiol) are added into the
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Fig. 7 Diagram showing the fabrication method to obtain Ge nanocubes (left); Right: (a)
transmission electron microscope (TEM) images of the Ge nanocrystals; (b) selected-area electron
diffraction pattern of Ge nanocrystals; (¢) high-resolution TEM image of spherical and (d)
triangular Ge nanocrystals. (Reproduced with permission from Wang et al. [170]. Copyright
2005, Institute of Physics)

vessel in that order. The solvothermal reaction is carried out at 160 °C to 170 °C
for 3 h in a microwave digestion system. The Ag NPs have a very regular
spherical shape and an average diameter of ~10 nm. The thiol functions as a
complexing reagent, and the ethylene glycol is a mild reducing agent. Decreasing
the ethylene glycol/thiol ratio from 3 to 1.5 can dramatically change the mor-
phology of the Ag NPs from spherical to rectangular with a slightly reduced
diameter (6—10 nm).

Pt NPs can also be synthesized using a dimethylformamide (DMF)
solvothermal method in a sealed PTFE-lined reactor vessel [174]. The metal
precursor is platinum (II), 2,4-pentanedionate (Pt(acac),), and DMF works as a
mild reducing agent and solvent. The reaction mixture is heated in a furnace to
200 °C for 24 h. The same DMF solvothermal method can also be employed to
grow Ag and Au NPs. Besides ethylene glycol and DMF, other reducing agents
(e.g., NaBH4, N,H,, NH,OH, and ethanol) can also be used to grow transition
metal NPs.
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Table 8 Metal content and Rietveld analysis of Pt,Ni; , alloy nanoparticles, reproduced with
permission from [174]. Copyright 2012, American Chemical Society

Analyzed metal

content XRD-derived values

Reactant wt% |wt% |Pt/Ni |Lattice Ni Pt mole |Phase | Average

Pt/Ni molar | Pt Ni molar | parameter | mole fraction |wt % | crystallite

ratio ratio (A) fraction size (nm)

0.5 23 11.8 |0.6 3.7939 0.33 0.77 37 3.8
3.7368 0.47 0.53 63 6.1

1 25 8.5 0.9 3.8292 0.24 0.76 40 6.7
3.7529 0.43 0.57 60 6.7

1.5 27 4.8 1.7 3.8556 0.17 0.83 32 4.0
3.7840 0.35 0.65 68 7.4

2 27 3.8 2.1 3.8636 0.15 0.85 61 3.1
3.7976 0.32 0.68 39 5.9

3 29 2.7 32 3.8427 0.20 0.80 100 5.5

Bimetallic-alloy NPs can also be synthesized using the aforementioned method
(Table 8) [174]. The only difference is that two metal precursors are added
simultaneously. For instance, the DMF solvothermal method can be used to gener-
ate platinum-nickel alloy NCs. The metal precursors for Pt and Ni are platinum
(IT) 2,4-pentanedionate and nickel (II) 2,4-pentanedionate, respectively. In a typical
reaction, the Pt and Ni acetylacetonates are dissolved in DMF to yield concentra-
tions of 30 mM Pt(acac), and 10 mM Ni(acac),. The reaction mixture is heated in a
furnace to 200 °C for 24 h. The reaction is incomplete below 200 °C due to the slow
decomposition of Ni(acac), at that temperature. As-synthesized Pt;Ni NPs are
highly crystalline and have diameters ranging from 11 to 13 nm. Variations in the
ratio of the two precursors result in the synthesis of PtNi bimetallic-alloy NPs
having various compositions and slight differences in diameter, as shown in
Table 8. The same strategy can be used to prepare other bimetallic-alloy NPs
(e.g., Pt-Co and Pt-Fe).

Metal-Organic Framework Nanoparticles

In the past two decades, MOFs have attracted enormous research attention due to
their potential applications for hydrogen storage [172], gas separation [173], catal-
ysis [175], bioimaging [176], drug delivery [177, 178], sensors [179], and proton
exchange membranes [180]. MOFs constitute a class of hybrid nanoporous crys-
talline materials consisting of metals and bridging organic linkers with pore sizes
ranging from 0.4 to 6 nm [177]. MOFs are commonly synthesized through hydro-
thermal and solvothermal methods. Compared with the synthesis of Group II-VI
and III-V NPs, the pressure and temperature used for MOF NP synthesis are much
milder to avoid decomposition of organic ligands. Herein, only the synthetic
methods for MOF NPs for biomedical applications are extensively discussed,
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Fig. 8 Scanning electron microscope (SEM) images of (a) Fez(p3-O)Cl(H,0),(BDC);
nanoparticles, (b) Fe;(pu3;-O)CI(H,0),(BDC); nanoparticles incorporated with 17.4 mol % NH,-
BDC, (c) nanoparticles shown in image (a) loaded with 1,3,5,7-tetramethyl-4,4-difluoro-8-
bromomethyl-4-bora-3a,4a-diaza-s-indacene dye molecules and (d) nanoparticles shown in
image (a) loaded with c,c,t-[PtCl,(NH3),(OEt)(O,CCH,CH,CO,H)] anticancer prodrug
(Reproduced with permission from Taylor-Pashow et al. [181]. Copyright 2009, American Chem-
ical Society)

mainly because such NPs are highly desirable. For other applications, thin film (gas
separation) or bulk form (gas storage) shows superior performance:

(a) Crystal growth without a surfactant template

MOF NCs can be grown via a simple, straightforward solvothermal method.
For instance, Fe(IIl) MOF NCs with a framework formula of Fe;-(u3-O)Cl
(H,0),(BDC)3; (MIL 101; BDC = terephthalic acid) can be synthesized by
simply microwave heating a solution of equal-molar FeCl; and BDC in DMF
at 150 °C (Fig. 8) [181]. The microwave heating produces smaller particles
with high reproducibility. The synthesized NPs are octahedral and have an
average diameter of ~200 nm. The NPs are highly crystalline as confirmed by
powder XRD, and the Langmuir surface area ranges from 3,700 to 4,535 m?/g
[181]. The MOF NPs can be functionalized with dye molecules for cell
imaging or anticancer prodrugs for cancer therapies. However, these
functionalized NPg are chemically unstable in a physiological environment.
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(b)
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That limitation can be overcome by post-synthetic coating of the MOF NPs
with a layer of silica [181].
Crystal growth with surfactant template

Surfactant additives used in solvothermal and hydrothermal methods can
form micelles, which functions as templates to guide the growth of NPs with
controlled size, shape, and crystallinity. For example, highly paramagnetic Gd
(IIT) MOF NPs can be synthesized via a surfactant-assisted hydrothermal
method with or without microwave heating. To synthesize [Gd,(bhc)(H,O)g]
MOF NPs (bhc = mellitic acid), CTAB/1-hexanol/n-heptane microemulsions
are first added with an aqueous mellitic acid methylammonium salt and an
aqueous GdCl; solution. Then they are loaded into a Teflon-lined Parr reactor
and heated to 120 °C for 18 h to yield the NPs [182]. The MOF NPs have to be
purified by repeated centrifugation at high speed and re-dispersion in an ethanol
solution to completely remove surfactant impurities. As-synthesized MOF NPs
are highly crystalline with a block shape (25 x 50 x 100 nm), and the yield is
very high (84.4 %).

Hydrothermal growth is beneficial for obtaining highly crystalline NPs
compared to the traditional wet chemistry growth. When the reaction is carried
out at room temperature, only amorphous Gd MOF NPs can be obtained
because the nucleation rate is too rapid and dominates the NP growth. Instead,
using a 400 W microwave to heat the Teflon reactor to 60 °C produces final NPs
that possess a nanorod shape with lengths up to several micrometers and widths
ranging from 100 to 300 nm. The MOF NPs obtained under microwave heating
have a formula of [Gd,(bhc)(H,0)g](H,0), instead of [Gd,(bhc)(H,0)s]. When
the temperature is increased to 120 °C under 400 W microwave heating, the
NPs are octahedral with larger diameters (1-2 pm). The synthesized Gd(III)
MOFs can be applied to magnetic resonance imaging [182]. Similar hydrother-
mal methods can be employed to obtain Mn(II), Eu(Ill), and Tb(III) MOF
nanomaterials [183, 184]. The microwave heating, reaction temperature, and
water-to-surfactant ratio have significant impacts on the morphology of these
synthesized MOF NPs. Lower temperature and a larger water-to-surfactant
ratio lead to the growth of nanorods, whereas higher temperature and micro-
wave heating result in shorter nanorods or octahedral NPs.

Surface Treatment of Nanoparticles Using Hydrothermal
and Solvothermal Methods and its Effect on Their
Physicochemical Properties

Inorganic NPs have potential applications in various fields, including electronics,
energy storage, catalysts, hybrid materials, and biomedical applications [185-188]
due to their unique “quantum size effect” [189]. However, the practical application
of inorganic NPs is hindered by the severe aggregation resulting from their high
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surface area [190] and poor dispersion in organic solvents owing to the hydroxyl
groups on their surfaces [191]. These issues could be addressed by modifying the
surfaces of the NPs. Among the various methods that are available for modifying
the surface of NPs, the hydrothermal and solvothermal processes are among
the most promising techniques to improve the dispersibility and compatibility
between inorganic NPs and organic solvents [192—-195]. For instance, —NH, and
—CHO groups can be successfully grafted onto the surface of AIOOH NPs through
in situ surface modification via a hydrothermal process [188] that makes the
hydrophilic surface of AIOOH NPs hydrophobic, resulting in modified AIOOH
NPs that disperse well in solvents [188]. In the presence of caprylic acid and
n-butylamine, ZnO/TiO, hybrid NPs show reduced agglomeration and enhanced
dispersibility [192]. Successful surface modifications of other inorganic NPs via a
hydrothermal process, including Fe;O4 [194] and BaTiO3 [196], have also been
reported.

Conclusion

Hydrothermal and solvothermal techniques have been widely adopted as classic
methods for the fabrication of inorganic and metal-organic nanomaterial, including
oxides; Group III-V, II-1V, and VI elements; MOFs; and transitional metals. These
techniques could be utilized to synthesize organic NPs, provided that the organic
chemicals will not be decomposed at such high temperatures and pressures. How-
ever, methods to synthesize organic NPs are still under development and are limited
by the stability of organic compounds. Additionally, organic NPs can be readily
synthesized via a traditional wet chemistry method with or without the assistance of
surfactants. Due to the unlimited combinations of metal ions and bridging organic
ligands for MOF compounds, it would be worth exploring the MOF NP synthesis
via hydrothermal and solvothermal methods. Such research could yield very inter-
esting discoveries in the coming decades.
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