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Featured Application: This review on hydrothermal particle synthesis is mainly oriented to new
researchers or research groups that are attracted by the promising future of this technology. This
review gives an interesting overview.

Abstract: The use of micro- and nanoparticles is gaining more and more importance because of
their wide range of uses and benefits based on their unique mechanical, physical, electrical, optical,
electronic, and magnetic properties. In recent decades, supercritical fluid technologies have strongly
emerged as an effective alternative to other numerous particle generation processes, mainly thanks
to the peculiar properties exhibited by supercritical fluids. Carbon dioxide and water have so far
been two of the most commonly used fluids for particle generation, the former being the fluid
par excellence in this field, mainly, because it offers the possibility of precipitating thermolabile
particles. Nevertheless, the use of high-pressure and -temperature water opens an innovative and very
interesting field of study, especially with regards to the precipitation of particles that could hardly be
precipitated when CO2 is used, such as metal particles with a considerable value in the market. This
review describes an innovative method to obtain micro- and nanoparticles: hydrothermal synthesis
by means of near and supercritical water. It also describes the differences between this method
and other conventional procedures, the most currently active research centers, the types of particles
synthesized, the techniques to evaluate the products obtained, the main operating parameters, the
types of reactors, and amongst them, the most significant and the most frequently used, the scaling-up
studies under progress, and the milestones to be reached in the coming years.

Keywords: hydrothermal synthesis; supercritical fluids technology; particle synthesis; subcritical
and supercritical water; micro- and nanoparticles; scale-up

1. Introduction

The fluids at high pressure and temperature that are most frequently used for the industrial
processes are carbon dioxide (CO2) and water (H2O), mostly because they can be acquired easily
and economically. These fluids, like any other fluid, are characterized by a specific critical pressure
and temperature and when those conditions are exceeded, they reach supercritical state. When the
supercritical state is reached, liquids exhibit properties that are between those of a liquid and a gas
(their diffusivity is near that of a gas and their solvent capacity is similar to that of a liquid, among
others) [1]. These characteristics fit ideally with those required for several industrial processes. With
regards to CO2 and H2O, some examples of the main high-pressure and -temperature applications that
have been developed so far are the following:
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For CO2

• Impregnation of matrices with antioxidant particles [2,3].
• Fabrication of biodegradable polymeric [4].
• Precipitation of antioxidants from natural extracts using CO2 as solvent and antisolvent [5,6].
• Precipitation of metallic nanoparticles [7].
• Extraction and fractionation of substances of interest using CO2 as solvent [8].

For H2O

• Wet oxidation and oxidation with supercritical water [9,10].
• Hydrothermal liquefaction [11].
• Gasification with supercritical water [12].
• Cooling down nuclear reactors [13].
• Precipitation of micro- and nanoparticles [14,15].

As can be seen extensively in the literature [5–7,14,15], high-pressure and -temperature fluids
turned into a significant tool to synthesize and precipitate micro- and nanoparticles of great interest
and that may have variations in morphology and size that may determine the potential in the
implementation of these technologies.

CO2 is the most frequently used fluid to produce reduced-size particles (nano and micro), mainly
because of its relatively low critical pressure and temperature (73.8 bar and 31.1 ◦C, respectively),
which makes of this an economically feasible procedure when compared to others that use other fluids.
It also offers the possibility of precipitating thermolabile particles. Consequently, and based on the
promising qualities showed by CO2, this procedure was the subject of many and thorough studies
where different technologies that use CO2 as the solvent, antisolvent, or reagent were developed, as
can be seen in the review by Kankala et al. [4].

Like carbon dioxide, water also opens an interesting field of study, particularly on the precipitation
of particles which may encounter certain difficulties when CO2 is used. For instance: metal particles
of a considerable value in the market. The excellent properties of water, for the production of nano-
and microparticles, as its thermophysical properties (see Section 2), made it the focus of attraction and
interest for new research groups, who probably find this synthesized review on the hydrothermal
synthesis of particles very useful, since it has a wide field of study that encompasses the entire range
production scenarios, from a small scale (initial investigation phases) to a pilot plant scale. Furthermore,
this review describes essential sections for new research groups, such as the differences between
this method and other conventional procedures, the most currently active research centers, the types
of particles synthesized, the techniques to evaluate the products obtained, and the main operating
parameters and deals extensively with what is still to be investigated as well as prospective trends in
the near future.

Hydrothermal synthesis is a branch in hydrothermal technology that is currently opening new
perspectives, as can be seen in Figure 1. It links all the relevant technologies such as biotechnology,
nanotechnology, and advanced materials technologies [16].

A clearly growing demand for nanotechnology and advanced material technologies boosted the
interest on hydrothermal synthesis processes over the last 15 years. Carrying out an intensive search
in the SCOPUS database, filtering and classifying later, it was possible to construct Figure 2. As can
be seen from Figure 2, despite the 1997 and 2008 economic recessions, a growing number of research
articles were published from the year 1987 until the year 2020. According to refined data, China
represents 32.07% of the total number of articles published, followed by USA (5.2%), Japan (4.9%), and
India (3.9%).
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The gradual growth of publications on hydrothermal synthesis is due mainly to the fact that solvent
used like reaction medium, distilled or millipore water in the majority of cases, is an easy-to-obtain
solvent; it is environmentally friendly, harmless for human beings, non-flammable, and totally
recyclable [13]. Another relevant feature is the reproducibility of the process and its capacity to
generate pure particles with narrow size variations and a substantial variability of morphologies. As
can be seen in Section 3.2, the industrial applications of the synthesized particles are numerous and
include catalysis, energy storage, biomedicine, etc.

The term “hydrothermal” has geological origin. It was used for the first time by the British
Geologist Sir Roderick Murchison (1792–1871) to describe the changes that water at high temperature
and under high pressure caused on the Earth’s crust, which leads to the formation of several rocks
and minerals [17]. Hydrothermal or hydrothermal synthesis can be classified under the solvothermal
synthesis category, that comprises any process by which particles are generated in the presence of
a solvent while temperature is above ambient temperature and at pressure above 1 atm. Therefore,
the hydrothermal reactions for the formation of particles are solvothermal reactions where water is
used as a solvent. Authors such as Professors F. Cansell and Cyril Aymonier, from the Institute of
Chemistry and the Condensed Matter (Bordeaux) and M. Poliakoff from the University of Nottingham
(UK), completed numerous studies on the precipitation of nanoparticles using fluids such as acetone,
hexane, or even a supercritical mixture in water; seeking a greater crystallization of the particles at
lower temperatures, because the critical parameters of the mixtures are usually lower than those of
pure water [18,19].
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For a better understanding and control of the hydrothermal process, it is necessary to be familiar
with water properties according to temperature and pressure. Water supercritical point is of particular
relevance, i.e., the point where water turns from subcritical into supercritical water; that is to say
221 bar and 374 ◦C.

Figure 3 shows the phases diagram for pure water. Along the vaporization curve, as pressure and
temperature increase, intermolecular interactions in the fluid decrease due to thermal expansion. On
the other hand, the effect of compression prevails on the vapor phase against thermal expansion and
intermolecular interactions increase. This makes the properties of the fluid and the vapor get closer
until the critical point is reached, where water turns into supercritical state.
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2. Water Properties

Water properties when conditions are below water’s critical point have been thoroughly studied,
but those properties which water acquires when approaching its critical point are the ones to provide
water with optimum capacity for particle precipitation purposes. It is, therefore, necessary to
understand the basic principles of the different water properties such as: density, viscosity, specific
heat, thermal conductivity, and dielectric constant when conditions are near water’s critical point.

2.1. Density

Figure 4 represents pure water’s density diagram as function of temperature under different
pressure levels according to the data provided by the NIST (National Institute of Standards and
Technology). It can be seen that when near the critical point, the density strongly varies with pressure,
since as water approaches its critical point, its compressibility becomes infinite.

In the regions near its critical point, water density drops drastically, which affects salt solubility
and in turn leads to oversaturation and nucleation of the particles.
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to the data provided by the National Institute of Standards and Technology (NIST; www.nist.gov;
10 June 2020)).

2.2. Viscosity

Figure 5 represents the viscosity diagram of pure water as a function of temperature under
different pressure levels based on the data provided by the NIST. It can be seen that, similarly to what
happens to density, pressure has a greater influence on viscosity than temperature when water is near
its critical point.
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At the critical point, viscosity drops one order of magnitude with respect to liquid water, and
therefore, there is an increment in its diffusion coefficient and ionic mobility values, which in turn
increments its reaction rate.

2.3. Specific Heat

Figure 6 represents the calorific value diagram of pure water as a function of temperature under
different pressure levels based on the data provided by the NIST. It can be seen how the calorific value
of water varies within a wide range of pressure and temperature levels and reaches it maximum point
when near its critical point because of the significant thermal expansion of water at phase transition.
Due to the considerable increment in the specific heat of water as it approaches the critical point, there is
an enormous demand for energy to go beyond such critical point. This makes hydrothermal synthesis,
as well as the rest of the hydrothermal procedures, a technology with a substantial financial toll.
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2.4. Thermal Conductivity

Figure 7 represents the conductivity diagram of pure water as a function of temperature under
different pressure levels. It can be seen that water conductivity, at constant pressure, increases as the
temperature goes up until near the critical point, where a rapid drop occurs.

Low thermal conductivity near the critical point may pose a serious problem when working
with large volume reactors. Temperature gradients would be very likely generated, and undesired
compounds would appear together with a great distribution of particle sizes.

www.nist.gov
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2.5. Dielectric Constant and Ionic Product

Water’s dielectric constant as well as its ionic product determine its behavior as a solvent for the
ionic dissociation of salts. Water’s dielectric and dissociation constant diagrams show how its dielectric
constant decreases and its dissociation constant increases as temperature and density increase [20].
This causes water above its critical point to behave more like a non-polar solvent than a polar solvent,
considerably affecting hydrolysis of the metal salt, and generating an oversaturation and nucleation of
particles (see in more detail in Section 3).

The fact that, under these conditions, water turns into a non-polar solvent opens a promising field
of study based on the generation of hybrid metal-organic particles which could be mainly applied to
medical purposes.

In order to sum up and as a quick guide of the changes that water properties show as conditions vary,
Table 1 shows the specific values of water physicochemical properties depending on the hydrothermal
operating conditions applied to the precipitation of micro- and nanoparticles.

Table 1. Water Properties under Different Pressure (P) and Temperature (T) levels.

Properties

Environmental
Conditions (25 ◦C

and 1 bar)

Subcritical
Conditions (325 ◦C

and 200 bar)

Supercritical Conditions

(525 ◦C and
250 bar)

650 ◦C and
250 bar)

Density (kg/m3) 997.1 679.8 83.5 64.8
Viscosity (µPa·s) 890.1 80.5 31.6 36.4

Specific heat (J/g·K) 4.2 6.0 3.5 2.0
Dielectric constant 78.4 18 2.5 2.5

Thermal conductivity
(W/m·K) 0.6 0.5 0.01 0.1

It has been clearly established the critical point of water as the point at which water turns into
a supercritical state or vice-versa, and it is of the utmost importance for hydrothermal synthesis
processes. Nevertheless, it is also important to point out that these data correspond to pure water and
that, generally, concentrated solutions are used for hydrothermal synthesis, which would make the
critical point shift to a greater or lesser extent [17].

www.nist.gov


Appl. Sci. 2020, 10, 5508 8 of 28

3. Micro- and Nanoparticles Generating Procedure in Sub- and Supercritical Water

The usage of micro- and nanoparticles in chemical, pharmaceutical, or material industries is
clearly booming, due to their mechanical, chemical, physical, electrical, optical, and thermal properties,
provided by their high surface volume ratio and its peculiar shapes and structures in space [21]. The
exclusive properties of micro- and nanoparticles make them widely usable for different technologies
associated to ceramic, catalysis, data storage, biomedicine, pharmacy, energy, etc.

Generally, the different particles are obtained by physical or chemical processes [22], including
several techniques in each case, as the examples shown below:

Physical Processes

• Thermal evaporation [23]
• Gas clusters preparation [24]
• Ion implantation [25]
• Chemical vapor deposition [26]
• Grinding or mechanical-chemical activation [27].

Chemical Processes

• Radiolytic and photochemical reduction [28]
• Microwave irradiation [29]
• Solvothermal synthesis [30]
• Sol–gel process [31].

When compared to other conventional methods, the process to generate micro- and nanoparticles
is favored when the precipitation is generated by means of near or supercritical water. This is due to
the above-mentioned water properties, which provide a greater control of the nucleation, a greater
reaction rate and an improved control of the particles shapes. Furthermore, they can be carried out by
means of relatively simple and low-volume equipment [21].

The reactions that take place in hydrothermal synthesis are still to be thoroughly determined
and studied. This is mainly due to lack of data on intermediate compounds. It is true that a large
number of particle types implies some difficulties to develop the appropriate software application
that may generate reliable predictive models, since each particle type may have its own intermediate
compounds and crystallization rate.

Failing to count on such predictive models, the influence of temperature, pressure, precursor, and
time on the crystallization kinetics of the different compounds should be empirically determined. By
getting to know how these variables work, we should learn how to control particle formation, their
purity, formation time, and operating conditions [16].

The best approach in recent years to this problem was based on four simple steps [16]:

1. Calculating the thermodynamic equilibrium as a function of the process variables.
2. Generating the equilibrium diagrams to map the phases of interest of the process variables.
3. Designing hydrothermal experiments to test and validate the diagrams previously calculated.
4. Using the process variables to control the reactions and the crystallization kinetics.

In this way, a bidimensional phase diagram would be obtained by varying the media pH while
the precursors concentration, temperature and pressure would remain constant. This would allow to
determine the type of particle that would be generated and its purity depending on the pH value [32].
The diagrams can also be three-dimensional, that is, relating three of the variables mentioned, such as
pH, temperature, and purity.

Going deeper in this subject, Professor Adschiri et al. [16] already completed some studies on the
line of reactions. They hold that two types of reactions take place during the simple oxides forming
process. The former is hydrolysis (Equation (1)) and the latter is dehydration (Equation (2)). First, the
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metal salt is hydrolyzed into metal hydroxide. Then it is immediately precipitated as metal oxide by
dehydration due to its low solubility in water under hydrothermal conditions.

M(NO3)2 (s) + xH2O (l) → M(OH)x (s) + xHNO3 (l) (1)

M(OH)x (s) → MOx/2 (s) +
x
2

H2O (l) (2)

Metal oxides’ low solubility is due to water’s density drop and dielectric constant variations of
water when near the critical point (see Table 1).

Below some examples of very active authors in recent years with regards to hydrothermal synthesis
are named, the centers they work for, and some of their most recent papers. The types of generated
particles and their more characteristic morphology of particle will also be mentioned.

3.1. Research Centers

Many authors all over the world completed extensive studies on the precipitation of crystalline
micro- and nanoparticles using different reactor types. Table 2 shows some of the most prolific authors
with regards to hydrothermal synthesis in the last few years, the organizations they work for, and
some of their studies.

Table 2. Some of the most prolific authors associated to hydrothermal synthesis in the last few years
and the organizations they work for.

Principal Investigators Research Centers Articles

United States

Zubieta, John A. Syracuse University, Syracuse [33,34]

Whittingham, M. Stanley Binghamton University State University of New York,
Binghamton. [35,36]

Komarneni, Sridhar University Park, The Pennsylvania State [37]
Kolis, Joseph W. Clemson University, Clemson [38,39]

China

Yang, Guoyu Beijing Institute of Technology, Beijing [40,41]
Hu, Changwen Beijing Institute of Technology, Beijing [42,43]

Zeng, Wen Chongqing University, Chongqing [44,45]
Feng, Shouhua Jilin University, Changchun [46,47]
Cui, Xiaobing Jilin University, Changchun [48,49]

Shi, Zhan Jilin University, Changchun [50,51]

India

Byrappa, Kullaiah K. University of Mysore, Vijnana Bhavan, Mysore [52,53]
Natarajan, Srinivasan Indian Institute of Science, Bengaluru [54,55]

Pandurangan, Arumugam Anna University, Chennai [56,57]
Patil, Pramod Shankarrao Shivaji University, Kolhapur [58,59]

Japan

Yanagisawa, Kazumichi Kochi University, Kochi [60,61]
Adschiri, Tadafumi Tohoku University, Institute for Materials Research, Sendai [62,63]

Yoshimura, Masahiro Tokyo Institute of Technology, Tokyo [64,65]
Takami, Seiichi Nagoya University, Nagoya [66,67]

Yin, Shu Tohoku University, Sendai [68,69]

Hakuta, Yukiya National Institute of Advanced Industrial Science and
Technology, Tokyo [70,71]

Hirano, Masanori Aichi Institute of Technology, Toyota [72,73]

Iran

Salavati-Niasari, Masoud University of Kashan, Kashan [74]
Haghighi, Mohammad Sahand University of Technology, Sahand [75]
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Table 2. Cont.

Principal Investigators Research Centers Articles

Europe

Stock, Norbert Christian-Albrechts-Universität zu Kiel, Kiel, Germany [76]
Klingeler, Rüdiger Universität Heidelberg, Heidelberg, Germany [77,78]

Darr, Jawwad Arshad University College of London, London, United Kingdom [79,80]
Walton, Richard I. The University of Warwick, Coventry, United Kingdom [81,82]

Lester, Edward Henry Nottingham University, United Kingdom [83,84]
Brummerstedt Iversen, Bo Aarhus Universitet, Aarhus, Denmark [85,86]

Cyril Aymonier The Institute of Condensed Matter Chemistry of Bordeaux,
CNRS and Bordeaux University, France [87,88]

Russia

Ivanov, Vladimir K. Kurnakov Institute of General and Inorganic Chemistry,
Russian Academy of Sciences, Moscow [89,90]

Taiwan

Chen, Shenming National Taipei University of Technology, Taipei, Taiwan [91]

Australia

Wang, Guoxiou Xiu University of Technology Sydney, Sydney [92,93]

Amongst all the above mentioned author, Professors Arai and Adschiri from the University of
Tohoku (Japan) stand out as pioneers in this field, mainly for their numerous and innovative studies
on the precipitation of nanoparticles in continuous reactors that allow an improved control of the
experimental conditions and, therefore, the production of particles of smaller and constant size [94]. In
this same field of continuous particle precipitation, Professor J. Darr from University College of London
and Professors M. Poliakoff and E. Lester from the University of Nottingham (United Kingdom) also
stand out. As will be further detailed in Section 5.3 below, the University of Nottingham is leading a
project for the scaling up of hydrothermal synthesis processes.

The researcher L. Kashinath and Professor K. Byrappa from the University of Mysore (India)
carried out an interesting study on a microwave-assisted hydrothermal method aiming to set up a
new way to study the synthesis, interaction, kinetics, and mechanisms of the hybrid nano-compound
formed by zinc oxide on graphene oxide sheets (ZnO-GO) [95].

Although all the above-mentioned authors also published remarkable studies on hydrothermal
synthesis of particles, we cannot avoid mentioning Professor Stanley Whittingham from Binghamton
University, who focused his research on hydrothermal synthesis processes for the development of
lithium-ion batteries. He actually received the 2019 Chemistry Nobel Prize for his findings. Professor
Stanley Whittingham and its collaborators discovered that when lithium ions were held between
titanium sulphide plates electricity was generated.

3.2. Types of Particles Generated and Their Applications

Some of the most relevant groups of particles generated by means of hydrothermal synthesis can
be seen below [17]:

• Simple oxides such as, for instance, CoO2, ZnO, CeO2, TiO2, ZnO, ZrO2, CuO, Al2O3, In2O3,
Co3O4, etc. Simple oxide particles comprise one of the largest inorganic compound groups.

• Multiple oxide particles (La2CuO4, etc.) comprise one of the most important groups with regards
to the number of studies and synthesized particles.

• Particles with elements from II to VI: CdS, PbS, ZnS, CuS, NiS2, Bi2S3, CdSe, Bi2Te3, CoSb3,
PbTe, etc.

• Phosphates, silicates, borates, and carbonate particles (Zr(PO4)3, LiFePO4, Li3Nd2(BO3)3, Li2SiO3,
etc.) were and still are of great interest because of their ceramic, optical, piezoelectric, ionic,
luminescent, and magnetic properties.
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• Fluoride particles with transition metals are particles with great physical, ionic, and magnetic
properties ((TiOF4)2, AlF3, etc.).

• Fluorine particles, phosphates and fluorine, and carbonates (M+M(PO4)F, M3Ln2(CO3)4F) are
often materials with high chemical and thermal stability. They also show great magnetic and
electrical properties.

• Tungsten particles either simple or multiple (M(WO4)2) exhibit great luminescent and
electrical properties.

• Molybdenum particles (MxMoO4) are closely related to Tungsten and present important optical,
magnetic, and electrical properties.

• Metal particles such as Ag or Co.
• Metal oxide particles hybridized with organic compounds. Organic and inorganic hybrid

nanoparticles are thought to be the most promising type of materials because exhibit a
combination of properties between organic and inorganic polymers (high mechanical resistance,
high conductivity, and high electricity resistance) [94]. Figure 8 shows the formation process. At
first, and after increasing the temperature from the environmental conditions to the near the critical
point, the hydrolysis and dehydration of the metal salt occurs (Mn+), as shown in Equations (1)
and (2) of the Section 3. Once the supercritical conditions are reached, organic surface modifiers
may form a homogeneous phase with supercritical water. After nucleation has taken place and
supercritical conditions have been reached, the dissolved tensioactive compounds are adsorbed
into the nucleus (hydrophilic metal oxides). Under these conditions an extremely strong bond
is formed on the surface, and the stabilization of the nanoparticles leads to size reduction. At
the end of the process, when room temperature is reached again, the organic phase can be easily
separated from the water [96].
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Figure 8. Strategy for the synthesis of metal oxide nanoparticles in a supercritical hydrothermal process
assisted by organic ligands.

All the particles described above have or promise to have a great future in many fields of study.
The following are particularly prominent:

• Materials: ceramic, for biomedical devices (synthetic bone, joints, or teeth), cutting tools (surgical
equipment, etc.), nylon synthesis, etc.
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• Electronics: dielectric amplifiers, computer memory components, transformers, electronic ceramic
components, capacitors, and other electronic components.

• Medical applications: particularly as cancer treatment drug carriers.
• Catalysis: Fischer–Tropsch reaction, ambience catalysts, etc.
• Power: solar panel screen and cell coating, lithium-ion batteries, etc.

Once the main types of particles that can be generated by hydrothermal procedures are determined,
it is important to observe the kind of morphologies that were produced and their evaluation methods.

3.3. Particle Morphology, Types, and Analysis Techniques

The morphology is extremely important with regards to particle functionality. For instance, the
different morphologies that were observed in the generation of LiFePO4 particles are enormously
interesting for the design of new electric batteries that affect the diffusivity of ion lithium and, therefore,
their functionality [97]. It was found that by varying the operating conditions, flat, hexagonal, spherical,
porous spheres, prisms, or tetrahedrons can be obtained, as can be seen in Figure 9.
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Figure 9. Different crystalline morphologies observed by scanning electron microscopy (SEM) during
the hydrothermal synthesis of LiFePO4 particles under different experimental conditions: (A) flat plates
(B) prisms, (C) porous spheres, (D) tetrahedron, and (E) spheres.

Apart from the specific morphologies of LiFePO4 particles, the particles that were generated by
hydrothermal synthesis comprise a wide variety of morphologic types, such as tubes, spheres, dots,
mushroom shaped, etc. [94].

The products obtained are evaluated through different techniques. From all the techniques, the
following stand out for their more generalized use:

• X-ray Diffractometer (XRD) for product characterization. This is a non-destructive technique
that allows the analysis of all kinds of samples (fluid, powder, or crystal) and is based on the
comparison with known diffraction patterns that are unique to each molecule.

• High Resolution Transmission Electron Microscopy (HRTEM) to analyze the internal structure of
the materials at nanometric scale using Fourier transform images.

• Scanning Electron Microscopy (SEM) to analyze particle sizes and morphologies. It is based on
the principles of optical microscopy, but the beam of light is replaced by a beam of electrons and,
therefore, only the particles surfaces can be analyzed. It is also used to determine composition
(Energy Dispersive X-rays Spectroscopy mode).
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• Field Emission Scanning Electron Microscopy (FE-SEM) to evaluate particle size and morphology.
Like SEM it can only obtain information from the sample surface, although with a higher resolution.

• Fourier-Transform Infrared (FTIR) Spectroscopy to determine the presence of chemical bonds on
the nanoparticles’ surfaces.

4. Operating Parameters

Particle generation procedures comprise a large number of variables that can be set up to optimize
production with regards to their functionality. Such variables have an impact on two essential
parameters. On the one hand, crystallization rate and, on the other hand, precursors and generated
products solubility. With regards to crystallization rate, Professor Tadafumi Adschiri proved that
the rate-determining step in the recrystallization global kinetics is the superficial reaction rate, since
diffusivity at conditions near the critical point is very high [16]. With regards to solubility, high values
are required for the precursors, while low values are required for the products. Therefore, variations
in operating variables should focus on improving the surface reaction rate and the solubility of the
reagents and precursors. The variables are as follows:

• Surface modifier: organic molecules such as formic acid, octanoic acid, or hexane, which by
forming ligands with metals have an impact on the growth of metal and specifically change the
morphology of the particles, generally by reducing their size.

• Operating temperature: Temperature is a variable with an impact on conversion and particle
size. Generally, an increment in temperature makes the conversions grow, but also particle size
increases since both reaction and crystallization rates are also augmented. There is, therefore, an
optimum temperature level that lets us obtain a large number of particles of the desired size.

• Reactor heating rate: In general, a rapid heating rate results in a greater number of crystals cores
in a shorter time. This is due to a greater solubility of the precursors in the reaction medium.
However, low heating rates, generally result in a gradual generation of crystals cores, which favors
a greater distribution of particle sizes. Depending on the kinetics of each specific nanoparticle, a
high heating rate may be a limiting factor, i.e., it may control the process when the kinetics are
fast, but it would not affect the process when the kinetics are slow. The heating rate is usually
reduced by using microreactors or different heating systems. Both aspects will be explained in
more detail in Section 5.1.

• pH: pH is an essential factor to consider in hydrothermal synthesis of particles. Acids and basis are
normally used to alter pH depending on the solubility of the specific precursors to be used. The pH
value can affect the appearance of impurities, as can be observed in the article by Yi-Jie et al. [98],
or even be an influent parameter in the modulation of the particles morphology, as can be seen in
the article by Xiongjian et al. [99]. That is, depending on the particle to be synthesized, there is a
specific optimum pH.

• Residence time: When working under subcritical conditions, reactions are slow. Therefore, the
required residence times may be as long as several hours. When working under supercritical
conditions the reactions are extremely rapid, and, therefore, residence time is reduced to minutes
or even seconds. Exceeding optimum residence time may lead to particle size increments.

• Precursor concentration: Generally, when the concentration of the reagent is low, the sizes of
the particles obtained are more regular. However, if the precursor’s concentration is really
high, a larger number of particles will be produced, although with more irregular sizes since
agglutinations may lead to greater size particles.

• Pressure: Pressure, a priori, has no direct effect on particle forming rate. It may, though, affect
thermophysical properties, such as solubility, density, etc. It is, therefore, important to work under
pressure levels that allow water to remain in its liquid phase or supercritical state at the required
operating temperatures.
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It is important to specify, therefore, that no optimum value or range of values can be specified
for each one of the above explained parameters, since their optimum value will depend on the final
particle to be obtained as well as on the precursors used. It must be kept in mind that in some cases,
the same particle can be generated while using different reagents.

5. Hydrothermal Reactors

Generation of micro- and nanoparticles by hydrothermal synthesis under such severe conditions
requires the use of reactors that can stand high tension and the highly corrosive properties of water
under such conditions. For that reason, the materials used to manufacture them are: 300 series stainless
steel; superalloys such as Hastelloy, Inconel, and those based mainly on cobalt; and titanium and
its alloys [16]. Apart from the construction material, some of these reactors may be fitted with a
corrosion protective coating that could be made of gold, silver, platinum, copper, nickel, or quartz
among other materials. For the design of the reactors exposed below, there is a very important factor
to take into account when working with subcritical water, since the reaction rates are lower than those
achieved when operating with supercritical water, because the rate constants decrease drastically in
the subcritical zone [100]. Particles can be generated by batch or continuous reactors, each involving
different features and advantages depending on the type of study to be carried out (see Table 3).

Table 3. Main differences between batch reactors and continuous flow reactors.

Features Batch Reactors Continuous Flow Reactors

Research stage Initial Advanced
Operability Easy handing Difficult handing

Reaction time Minutes and even hours Seconds or a few minutes
Heating time Long (minutes) Short to very short (seconds)
Particles size In the order of a few microns In the order of nanometers

Process control Minor operation range Major operation range

5.1. Batch Reactors

Batch reactors are widely used to produce nanoparticles, mainly because they are often the initial
basis of an investigation and are also particularly easy to operate. They normally feature longer
reaction times (minutes or even hours) than continuous reactors and have a lower heating rate, since
continuous reactors are heated practically instantaneously (the reagents are mixed when the desired
temperature is reached).

The most commonly used batch reactors for the hydrothermal processing of advanced
nanomaterials are as follows [16]: general purpose autoclaves, Morey type and flat plate seal,
stirred reactors, cold-cone seal Tuttlee Roy type, TZM autoclaves, piston cylinder apparatus, belt
apparatus, opposed anvil, and opposed diamond anvil. Each one of these reactors has its own
characteristics. Batch reactors with a volume between 25 and 1000 mL and the possibility of sample
extraction are a frequent and interesting choice, since they allow to obtain multiple data for phase
diagrams that cast some insight on the development of the process. Small batch reactors (microreactors)
with a volume between 5 and 10 mL are also very interesting and often used, since they prevent any
temperature gradients from appearing inside the reactor and allow the implementation of high heating
rates to reach the required conditions in just a few seconds. Thus, the data obtained are closer to those
obtained with continuous reactors. Professors Arita and Achiri were pioneering supporters of these
microreactors and suggested that microreactors with a volume between 5 and 8 mL should be used to
avoid slow heating rates and the subsequent temperature gradients [21]. The generation of some of the
particles with these reactors, under both subcritical and supercritical conditions, can be seen in Table 4.
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Table 4. Particles Generated by Hydrothermal Synthesis in Batch Reactors.

Reactor Volume (mL) Precursors T (◦C) and P (bar) Reaction Time Product Applications References

5 ZrOCl2, KOH. Surface modifiers: PHA
or PPA T = 300 and 400; P = 300 10 min

ZrO2

Highly employed in ceramic materials,
biomedical devices and cutting tools, magnetic
material products, artificial bone production,

artificial joints, artificial teeth, and other pieces
of instrument elaboration of watches.

[67]

5 Zr(OET)4 or Zr(OH)4 T= 200–500; P = 380 10 min [101]

5 Zr(OH)4. Surface modifiers: oleic acids,
dodecanoic and 12-aminododecanoic. T = 400; P =380 10 min [102]

8.5

Bohemian powder and monocarboxylic
acids to favor crystallization and rod

formation (hexanoic, octanoic, decanoic,
tetradecanoic, and octadecanoic acids).

T = 200–400; P = 300 10 min

ALOOH
Electronics, pharmacy, catalysis, energy storage,

and medical applications.

[103]

8.5

Bohemite powder and monocarboxylic
acids to favor crystallization and rod

formation (hexanoic, octanoic, decanoic,
tetradecanoic, and octadecanoic acids).

U.d U.d [104]

5 (Al(NO3). Reagents modifiers: hexanal
and N-Hexilamina T = 300; P = 300 10 min [105]

5 TiO2 and Ba(OH)2 T = 400; P = 300 10 min BaTiO3

Non-linear elements, dielectric amplifiers,
memory components of electronic computers

and groundwater detection devices. In addition,
it can also be used to create static electricity in
transformers, electronic ceramics, capacitors,

and other electronic components.

[106]

5 Ce(OH)4.Surface modifiers: polyvinyl
alcohol (PVA) or polyacrylic acid (PAA) T = 400; P = 300 10 min

CeO2 Removal of heavy metals from water.

[107]

10

Ce (OH)4 and monocarboxylic acids to
improve crystallization (hexanoic,

octanoic, decanoic, tetradecanoic, and
octadecanoic acids).

T = 400; P = 380 30 min [108]

5 Co(CH3COO)2·4H2O and formic acid as
a reducing agent

T = 340, 350, 360, 380,
400 and 420; P = 221 10 min Co (Metallic)

They are widely used in cement, magnetic
fluids, magnetic materials, and batteries, among

other uses.
[109]

5
CoSO4 (99%), Al2SO4 (55%), and NaOH.

Surface modifiers: hexanoic acid and
1-hexylamine

T = 400; P = 380 10 min CoAl2O4

They have the potential to be used as pigments
in special fields, including UV stabilization of

plastics, transparent inks, coating on
luminescent materials, etc.

[110]
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Table 4. Cont.

Reactor Volume (mL) Precursors T (◦C) and P (bar) Reaction Time Product Applications References

5 Co(CH3COO)2·4H2O Reducing agent:
formic acid and methanol

T = 350, 365, 375, 400,
425 and 450; P = 221 U.d CoO2

Excellent catalyst for the Fischer-Tropsch
reaction. Cobalt nanoparticles have also been
used in computer storage devices, due to their

high coercivity.

[62]

5
(FeSO4); Modifiers: n-decanoic acid

(C9H19COOH) or n-decylamine
(C10H21NH2).

T = 200; P = 10 10 min Fe2O3 or
Fe3O4

They are employed in Biology and medicine.
Especially in drug carriers to treat cancer. [111]

5 Metal Salt; Modifiers: oleic acid;
Reducing agent: formic acid. T = 400 10 min FePt Information storage: it is the most promising

candidate for high density storage. [112]

5
GdNO3; Modifiers: acid

3,4dihydroxybenzenepropanoic (DHCA)
and KOH.

T = 350 10 min Gd(OH)3
Catalyst: useful in the biomedical field and in

neutron capture therapy. [113]

5 (I(NO3)3 6H2O), (NH4 VO3). Modifiers:
oleic acid and oleilamina T = 300, 350 and 400 10 min GdVO4

They have interesting luminescent and
magnetic properties. It can be easily doped with

rare earths for different applications such as
up-converter or laser.

[114]

5 Sn(OH)2, In(OH)3. Reducing agent:
ethanol, formic acid.

T = 410–450;
P = 230–400 10–60 min

indium
oxide doped

whit Tin
(ITO)

They are often used as a coating material for
display panels, solar cells, and transparent

electrodes used in liquid crystal displays (LCD).
[115]

5 HfCl4 and KOH. Modifiers: DHCA. U.d 10 min HfO2

Manufacture of lenses, reflectors, optical
waveguides, optical adhesives, and

anti-reflective films.
[116]

5

Al(NO3), Y(NO3), and KOH. Modifiers:
alquilamina (for example, oleilamina,

decilamina, dodecilamina, or
hexadecilamina).

T = 420; 10 min YAG Excellent candidate as host material in solid
state lasers [117]

10 1.2-phenylenediamine and benzoic acid T = 100–400; P = 1–574 U.d
2-

phenylben
zimidazole

They can act as ligands to the transition metals
for the modeling of biological systems.

Moreover, they can be used to treat parasitic
diseases.

[118]

U.d = Unavailable data.
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As already mentioned, generally, batch hydrothermal reactions do not quickly reach a
supersaturation of the medium due to slow heating rates, which results in the generation of micrometric
sized particles [119]. Therefore, heating systems are to be considered as a major factor. The small
size of these reactors allows them to be heated by different methods, such as heating blankets [104],
microwaves [120], sand baths [121], oil baths [122], etc. Min et al. [123] showed the influence of different
heating rates on the particles. Our research group also managed to demonstrate the influence of reactor
cooling rates on the crystallinity, morphology, and growth orientation of the microparticles of LiFePO4

obtained by hydrothermal synthesis therefore opening up an interesting field of study in these small
reactors [121].

As mentioned above, batch reactors are often used at the initial stages of most research studies,
and therefore, most of the authors mentioned in Section 3.1 used them at some point.

5.2. Laboratory Scale Continuous Flow Reactors and Pilot Plants

The studies that were carried out using continuous flow reactors, mainly tubular reactors, are
particularly relevant, since they are just one step away from the production of particles at a prospective
industrial scale. The main peculiarity of this type of reactors is an improved control on the process,
which allows a rapid and continuous synthesis of the particles with relatively minor particle size
variations. The main difficulty lies with the mixing of the metal salt and the water, which makes it the
main object of current studies. The method used to mix the water with the salt solution is a crucial
factor towards the viability of the process, since a rapid generation of homogeneous and functional
particles depends largely on this mixing process. Many authors described innovative mixing methods.

In 2006, Professors M. Poliakoff and E. Lester developed a new, optimized reactor mixing system
known as the “nozzle reactor”, the design of which is based on light absorption imaging (LAI)
and computational fluid dynamics (CFD) and the mixing mechanics of which were proven to be
excellent [124]. In this case, the two streams do not meet in a mixing point to later on enter the reactor,
but, as can be seen in Figure 10, it is inside the reactor where the two streams, the previously heated up
to supercritical conditions water stream and the metal salt stream, are mixed by means of a nozzle
diffuser. Thus, both streams turn into a very effective mixture with a high Reynolds number because of
their different densities.
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Figure 10. Schematic diagram of the mixture inside the reactor.

Professors Arai and Adschiri were pioneers in producing metal oxides, using a T-shaped mixing
system in a continuous reactor, as shown in Figure 11 [125]. The solution of metal salt in supercritical
water can be achieved by means of three different settings, just like the Figure shows.
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Other researchers like S. Hong and coworkers (2013) developed reactors where a T-shaped mixing
system with different configuration angles was applied. In relation to T-mixers, other researchers
reported the use of swirling micromixers (X-shape mixer) with satisfactory results [126].

More recently, a research team from University College London (UCL) developed a highly scalable
coaxial or confined jet mixer, which presents several advantages, including that the mixture at ambient
temperature being fed with supercritical water takes place almost instantly [127].

As can be seen, mixing hydrodynamics in continuous reactors was the subject of numerous studies,
although there is still much ground to be covered, not only in relation to the reactors’ hydrodynamics,
but also to other aspects that will be further developed in Section 7. It should also be mentioned that,
for more information on continuous flow reactors, the especially extensive and rather comprehensive
review by Darr et al. [119], entitled “Continuous Hydrothermal Synthesis of Inorganic Nanoparticles:
Applications and Future Directions”, should be referred to.

5.3. Industrial Scale Reactors

To our knowledge, the number of large-scale industrial plants at a global scale is still rather limited.
Because of their peculiarities, two plants stand out among them.

The first one is a plant that was developed by Hanwha Corporation by the end of 2010, in Japan,
for the production of LiFePO4. This was the first commercial plant for the continuous supercritical
hydrothermal synthesis of LiFePO4. It has a current production capacity of around 1000 tons per year
and generates particles of great purity and high functionality [128]. Unfortunately, since Hanwha
Corporation is a private enterprise, it is not easy to gain access to any data related to their plant.

The other plant that should be mentioned is the one developed through the SHYMAN project
(Sustainable Hydrothermal Manufacturing of Nanomaterials), which is run by Nottingham University
with the support received from 17 sponsors across Europe. In 2016, SHYMAN was awarded a European
Commission grant worth €10 M, out of which €2 M were intended to build a hydrothermal plant with
a production capacity of 100 tons per year. Currently, this plant is located at Promethean Particles
company (Nottingham), and it has a production capacity of 1000 tons per year. One of its main
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peculiarities is its capacity to produce a wide range of different materials, and for this reason, it is
considered the largest multi-material nanoparticle-producing plant worldwide [129].

The plant was developed based on the research work carried out at the University of Nottingham,
where the reactor configuration was developed, initially at bench (g/h) and subsequently pilot scale
(kg/day), prior to the start of the project. In order to validate the plant and its procedures, a selection
of commercial products from different fields were selected as follows: bone materials (such as
Hydroxapatite), metal nanoparticles (such as Pt, Ag, Au), medical diagnostics, printed electronics
materials (such as ITO), functional lubricants (such as sulphides), ceramic and catalysts nanoadditives
for polymers (such as TiO2 and SiO2), doped luminescent ceramics (such as YAG:Ce), superhydrophobic
materials (such as CeO2 and SiO2), and functional polymer additives (e.g., UV-resistant materials like
ZnO or flame retardants).

6. Hydrothermal Technology Hybridization

Improving reaction rate and searching for new particles are some of the essential research objectives
in this field. They were the ground for numerous studies mainly based on the hybridization of this
technology with electrochemistry, mechanochemistry, ultrasounds, and microwaves among others.
Below, the most relevant hybrid methods are briefly described.

6.1. Electromechanically Assisted Hydrothermal Synthesis

This technology combines the hydrothermal method with electrochemical treatments and involves
the deposit of polycrystalline oxide films on metal electrode substrates [130]. Employing high
temperature during hydrothermal processes may deteriorate particles and also demand an extremely
high-power consumption. Thus, this method allows to generate thin films under relatively middle
temperatures, generally not over 200 ◦C [65], which allows to cut down on production costs. Figure 12
shows a typical reactor for this method.
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6.2. Mechanochemically Assisted Hydrothermal Synthesis

This method is based on the previous grinding of the precursors followed by a hydrothermal
treatment [131,132]. Some of its advantages are its low operating temperatures and a short reaction
time when compared to a conventional hydrothermal method. It is intended to produce more regularly
shaped and highly crystalline particles than conventional mechanochemical methods.
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6.3. Ultrasound-Assisted Hydrothermal Synthesis

This method hybridizes hydrothermal synthesis with ultrasounds to increase reaction kinetics
up to two orders or magnitude. Generally, this is achieved by integrating an ultrasound transducer
into an autoclave [133], which generates a sonochemical environment that causes chemical changes in
the molecules (breaks chemical bonds, causes an excited state, and accelerates electron transfers in
chemical reactions), improves crystallization kinetics, and enhances mass transport [130].

6.4. Microwave-Assisted Hydrothermal Synthesis

Microwave-assisted hydrothermal synthesis is a hybrid technology that exhibits unique uniform
and rapid heating when compared to conventional hydrothermal methods [120]. The main advantage
of this method is its high heating rate that means an increment in crystallization kinetics of 1 or 2
orders of magnitude [130]. According to the literature, this is the most frequently used method at
present [134].

7. Landmarks to be Reached

The main difficulties against the consolidation of hydrothermal technology as the method to
be used for particle generation were, on the one hand, its high operational costs because of its high
temperature requirements and, on the other hand, the need to use equipment that is highly resistant
to corrosion, since water under hydrothermal conditions is highly corrosive. Considering that the
development of new materials for the construction of more resistant and economic reactors is beyond
the scope of this review, we will focus on the need to develop new techniques and methods to cut
down on hydrothermal synthesis operational costs:

• Mixing method. In continuous reactors, the method to mix the water with the salt solution is
a crucial factor for the viability of the process, as already explained in Section 5.2. This factor
determines how rapidly the particles are generated, their homogeneity, and their functionality. It
is, therefore, a key factor with regards to process viability and cost effectiveness.

• Hybridization. The hybridization of hydrothermal processes with other industrial processes has
been recently explored with the main focus on the reduction of power demand. Professors M.
Poliakoff and E. Lester have recently studied the possibility of combining the oxidation processes
that take place in supercritical water with hydrothermal synthesis processes, so that the particles
can be generated thanks to the large amount of heat that is released from the oxidation reactions
under these conditions [135]. This is a very attractive field of study, since many other interesting
hybridizations may be conceived.

• Heating and cooling rates. These parameters are scarcely studied, particularly continuous reactors,
and their effects on the crystallization and purity of the generated particles confirmed their
significance [123]. Since there are closely related to reactor sizing, at least with regards to the
heating and cooling stages, they represent a substantial factor in terms of cost efficiency and,
subsequently, viability of the process.

• Natural resources. The incorporation of natural resources into the process seems to be gaining
a lot of momentum at present. Researchers from Mysore University are currently generating
particles using natural plant extracts as surface modifiers and stabilizers. They have coined the
term bio-hydrothermal synthesis to describe a new process of this nature [53]. It seems that this
research path for synthesizing processes presents a promising future and a large number of articles
are expected to focus on it.

• Scaling. Industrial scaling is also a crucial aspect to be studied, particularly since larger productions
might enhance cost efficiency. As can be seen throughout this review, this matter is still in its
early stages.

• General. If these processes viability is to be improved, in addition to what has already been
mentioned, it would also be necessary to develop, on the one hand, new typologies, morphologies,
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and particle uses and, on the other hand, to study and develop new reactor typologies with
improved hydrodynamics.

• Product purification. Perhaps this is the key point towards the viability of this technology, since
the products obtained are in suspension in the water and must be separated from that water.
For a future consolidation of this technology, an optimal and economical method to separate the
particles from the water is still to be devised.

As can be seen, numerous fields of study have been recently opened and remain so. Such
issues are to be fully overcome if this technology is to continue developing, improving, and
growing (consolidating).

8. Conclusions

Some industries such as the pharmaceutical, chemical, or material-related industries, among
others, need the development of technologies such as the hydrothermal synthesis to obtain a stable
production of highly pure crystalline nanoparticles of multiple sizes and shapes.

Hydrothermal synthesis is a definitely thriving, extensive, and heterogeneous field that is
constantly evolving and also a promising technology for its high reproducibility and for its capacity to
generate pure particles with a narrow variation in size, while highly variable in morphology.

Numerous authors from different parts of the world envisioned a promising future for this
technology. They produced extensive studies which mainly focused on the following aspects:
reactor development; typologies, morphologies, and usage of particles; particle evaluation methods;
operational parameters effect; and hybridization with other technologies, all of which was aimed at
either increasing the reaction kinetics or reducing the economic demands of the process. Among all
the effects that specific operational parameters have on hydrothermal processes, the authors not only
focused on the most common ones, such as pH, pressure, precursor concentration, or temperature, but
also other parameters such as reactor heating rates or the addition of many different types of precursors
and/or surface modifiers were studied. The main focus was placed on the production of particles that
meet morphology, characteristics, and purity requirements.

Regarding the reactors used, most studies were carried out in batch reactors at bench scale, since
they are more easily available and/or can be constructed and operated with less trouble. However,
several of the studies were carried out in continuous flow at bench and pilot plant scales, and some big
projects to scale-up the technology are under progress.

There is still a long road ahead and many landmarks to be reached in the development of this
technology. Some of such marks to be mentioned among others are its industrial scaling; a deeper
and more thorough study of its reaction kinetics; the development of new and improved flow models
to enhance hydrodynamics and to avoid nanoparticle precipitation into the reactors; the design and
implementation of an optimized reactor heating method; and, of course, increasing the number and
variety of synthesized particles. The studies of the addiction of natural compounds in the process are
particularly interesting, as well as the different options to hybridize this technology (electromechanically,
mechanochemically, ultrasound or microwave assisted) as the desirable approach to confront and
resolve some of the aforementioned challenges.
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