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ABSTRACT 

The hydro(solvo)thermal approaches due to their simplicity and relatively low cost 

have attracted great attention to novel advanced materials processing with 

controlled particle sizes and well-defined morphologies, including the desirable 

obtaining of diverse metastable phases. Furthermore, in this case, such advanced 

materials obtained by this strategy generally have a high crystallinity structure as 

the main characteristic, which is interesting for a wide range of technological 

applications of high performance. This critical review presents the recent progress 

and challenges in conventional and unconventional hydro(solvo)thermal synthesis 

of novel advanced materials with desirable functionality and outstanding 

physicochemical properties designed using such methods. Finally, in this 

perspective, we believe that this detailed knowledge of the effect of processing 

parameters and as they will affect the prepared materials structure-composition-

morphology is a key step to providing new chemical insights for the rational 

advanced materials design. 
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HIGHLIGHTS 

➢ Strategies focused on solution-based synthesis provide precise control of desired 

physical parameters. 

➢ Chemical reactions in conventional and unconventional hydro(solvo)thermal 

processes involve the interaction between neutral and ionic species in solution and 

one or more solid phases. 

➢ When designing advanced materials, controlling aspects such as size, shape, state 

of agglomeration, solubility, porosity and other characteristics are of great 

interest. 

 

INTRODUCTION 

It is known that the physicochemical properties of the advanced materials are 

altered by changes in the physical parameters like particle size, morphology, composition, 

structure, and imperfections (at short-, medium- and long-range) [1,2,11,3–10]. These 

parameters are, in turn, strongly dependent on processing conditions,  which can lead to 

obtaining advanced materials with more or less defects depending on its desired 

application [12–15]. Currently, strategies focused on solution-based synthesis have 

attracted great attention over everything in processing of a wide variety of advanced 

materials, since such strategies provide precise control of the desired physical parameters 

[1,16–22]. Among these solution-based methods, the hydrothermal synthesis stands out 

for its popularity related simple, effective and low cost preparation of a huge variety of 

advanced materials (organic, inorganic or hybrid) with controlled particle sizes and well-

defined morphologies [2,16,17,23–43]. Such advanced structures, are usually obtained 

through heterogeneous reactions above 100 °C and 1 bar in aqueous medium, or applying 

different solvents (in this last case, this process can also be conveniently called 

solvothermal) [17,37,44–46]. Therefore, in this review, we will apply the term 

hydro(solvo)thermal more often.  

In addition, this hydro(solvo)thermal strategy is, of course, nature-inspired and 

considered appropriate for producing metastable materials in large quantities [47–49]. 

Under these hydro(solvo)thermal conditions, the conventional and unconventional 

chemical reactions involve the interaction between neutral and ionic species in solution 

and one or more solid phases. Through chemical, mass, and electroneutrality balances, 



for all species involved, reaches the equilibrium between solid phases [50–52]. Thus, a 

hydro(solvo)thermal synthesis occurs through the interplay of minerals solubility in a 

solution heated under high pressure. In such manner, that the solvent will be heated  to 

the boiling point temperatures, by an increase in autogenous heating pressures (i.e., the 

pressure generated during autoclave heating) [47,53]. This way, it explores how the 

parameters of experimental synthesis (e.g., temperature, pressure, solvent, nature of the 

precursors, reaction time, and so on) affect the formation of crystalline particles leading 

to highly adjustable properties of a given target material [54–58]. In relation to the 

materials prepared by this strategy, we highlight the superiority in applications such as 

superionic conductors [28,59,60], chemical and gas sensors [29,61–65], electronically 

conductive solids [30,66–68], complex ceramic oxide and fluorides [31,32,69–74], 

magnetic materials [33,75–78], optoelectronic devices [34,79–82], and so on.  

Furthermore, it is known that the kinetics of hydro(solvo)thermal reactions 

undergo significant changes when associating technologies such as electrochemistry, 

microwave, sonochemistry, and others [70,81,83–94]. Among these, microwave-assisted 

hydro(solvo)thermal synthesis is one of the main unconventional methods widely 

employed to produce advanced materials [16,89,95–113]. Microwave enhanced heating 

is, of course, based on more efficient dielectric heating of specific solvent, which is 

responsible to absorb-convert energy into heat [114–118]. The uniqueness of the 

dielectric heating mechanism causes the specific (thermal) effects of microwaves not 

being possible to reach by conventional heating. Undoubtedly, the use of microwave-

assisted heating contributes to an increase in crystallization kinetics, in orders of 

magnitude, thereby improving material productivity and favoring the obtainment of more 

complex structures [86,119–125]. Also, is well established that the use of microwave 

energy substantially impacts the physicochemical properties of these advanced materials 

[126–128]. This feature can also offer many benefits by making it cost-effective, and 

reducing reaction time and energy in processing when microwaves are used, thus making 

it an interesting strategy to obtain of novel designed advanced materials with unique 

physicochemical properties [129–141].  

 

Unconventional hydro(solvo)thermal approaches  

 



For hydro(solvo)thermal process, thermal equilibrium must be reached 

throughout the reaction [142,143]. In the conventional process, heating is carried out with 

convection currents, which create a thermal gradient over time [144,145]. A significant 

contribution is made by conductivity of the reactor material as well [146,147]. 

Current research has explored the benefits related to the potential use of 

microwave irradiation for the synthesis of advanced materials with the specific purpose 

of improving heating efficiency and accelerating processing of such materials [116–

118,143–189]. In particular, microwave heating systems generally use frequencies in the 

range of 900 MHz to 2.45 GHz [143,188,189]. Studies aimed at optimizing the heating 

process with the use of microwaves began in the 1970s [189]. Later in 1986, Giguere and 

Majerich reported rapid rates for certain organic reactions conducted in microwave 

reactors [148], establishing a relationship between the heating process and the dielectric 

properties [149,150]. In chemistry, this exploitation of microwaves is referred to as 

microwave-assisted synthesis [116,117,151–169]. Recent studies have been dedicated to 

understanding the nature of the phenomena surrounding microwaves such as the induced 

acceleration of the chemical reaction rate [118,170]. This feature has increased the 

popular utility of other methods among various synthetic methods [171,172]. 

Heating can occur through conduction and the species (particles or carriers) in 

the material must be free to move and promote the induction of a current. However, if 

charged species present a certain resistance to movement, which can occur due to 

geometric factors, these charges will move until an opposing force counterbalance them. 

This results in the establishment of a dielectric polarization. Thus, we observe that the 

effects of microwave heating result in both conduction and dielectric polarization 

[102,170,173–178,190–192].  

We observed that the heating became more uniform and faster, thereby 

increasing the thermal/kinetic effects in the case of microwave coupling in chemical 

processes as a heating strategy, when compared to conventional heating. Consequently, 

this decreases the processing time and provides energy savings [103,183,184,193]. As a 

result, this strategy based on microwave-assisted synthesis leads to a significant increase 

in reaction kinetics by at least two orders of magnitude [185]. It should be considered that 

accelerated microwave heating depends on various physicochemical parameters of the 

species involved (i.e., liquids and solids) that make up the reaction medium, the nature of 

electromagnetic radiation, as well as the instrumental design [118,143,186,187,189]. 



It is well known that the ability of a material to convert the energy contained in 

microwave radiation into heat depends on its dielectric properties [116,174,184]. Thus, 

from this perspective, heating will only occur if the dipoles have sufficient time to realign 

with the oscillating electric field (high frequency) and the speed of realignment (low 

frequency); otherwise, either no heating occurs or the magnitude of heating will be weak 

[194–197]. In addition, it is known that an increase in temperature affects the viscosity of 

water and, consequently, Brownian movement increases the mobility of water molecules 

[198,199]. This affects the orientation of the dipoles [179–182]. 

At low frequencies, water dipoles have sufficient time to align with the applied 

field and the dielectric constant assumes maximum values. At high frequencies (near 

infrared and visible range), water dipoles do not follow rapid changes in the applied 

external field, which causes the relaxation and polarization effects to be reduced. 

However, in the intermediate region (microwave frequencies), the dielectric constant 

decreases sufficiently to promote orientation/relaxation phenomena [117,145,151,170]. 

When the critical frequency assumes a small value, the interaction of the parameter is 

known as tangent loss. This parameter defines the ability of a material (in most cases, a 

solvent) to convert microwave energy into thermal energy. According to the loss tangent 

values, solvents or materials can, in principle, be classified as strong (tan δ > 0.5), 

moderate (tan δ ≈ 0.1-0.5), and weak (tan δ < 0.1) absorbents [117]. For practical 

purposes, achieving efficient microwave heating (2.45 GHz) requires the presence of a 

solvent or material classified as a strong absorber (tan δ > 0.5) [117].  

Therefore, the nature of microwave heating is related to the characteristics of 

electromagnetic radiation (input power and frequency), physicochemical properties 

associated with the reaction medium that contain the species responsible for effectively 

promoting heating (dielectric permittivity, dielectric constant, electrolyte concentration, 

temperature, viscosity, relaxation time, penetration depth, etc.), and phenomena related 

to microwave-matter interaction (absorption, transmission, and reflection) [116–

118,143–189,194,198–203]. 

Therefore, microwave-assisted hydro(solvo)thermal synthesis offers significant 

advantages compared to traditional methods, including the following: (i) a rapid heating 

rate for the desired reaction temperature, (ii) uniform distribution of temperature, (iii) 

improved crystallization kinetics, as well as, (iv) extremely short reaction times 



[89,95,96,106,123,162–168,204–206]. In addition, it is widely recognized that rapid 

microwave heating can suppress the formation of by products [197].  

 

NUCLEATION AND GROWTH STAGES 

In the last few decades, an enormous library of nanocrystals has been designed 

using the colloidal approach, which is essentially a phase separation process primarily 

associated with nucleation and crystal growth stages [116,153–161,207]. In general, it is 

well known that colloidal systems are distorted solid structures primarily responsible for 

the nucleation step [208,209]. From this perspective, nucleation as a solute precursor 

occurs in systems that present their suspended solid phase with a high degree of 

dispersion, which contributes to the growth stage of nanoparticles [58,210–213].  

To elaborate further on these preliminary stages, La Mer introduced the first 

approach to a nucleation system in colloidal suspensions [214,215]. According to La Mer, 

the process occurs in three stages: (i) pre-nucleation, (ii) nucleation, and (iii) crystal 

growth [216], as shown in Figure 1(a). Pre-nucleation usually occurs because of the 

absence of precipitates in an unsaturated solution. However, the application of 

precipitating agents leads to an increase in the concentration of the precursor species. 

Hence, it is well known that the nucleation rate is sensitive to the concentration of 

dissolved species and the nucleation process usually has a slower speed than the 

generation of precursors [217–219]. The nucleation phase then begins spontaneously 

upon reaching the minimum supersaturation concentration (Figure 1(a)). These 

precursors further interact among themselves to form clusters and when the cluster growth 

reaches a critical stage, it results in a thermodynamically irreversible condition leading to 

crystal formation, the growth, of which can be further controlled with the help of 

stabilizers [140,220–222]. Further, it is well known that the crystal nucleation can, in 

principle, be homogeneous or heterogeneous [223]. If the nucleation and growth stages 

occur simultaneously, the polydispersity (crystal size distribution) of the particle size will 

increase [224]. Particularly, the classical nucleation theory stipulates the balance existing 

between the volume and the surface energy in the formation of the nuclei of the new 

phase, the density fluctuations resulting from the stochastic process are due to random 

collisions of the dissolved constituents, which is, of course, originated from a particular 

association of monomers in a stage of pseudo-equilibrium [208,225–228]. Therefore, the 



contributions of factors directly related to the interaction between ions on the surface 

(counter ions, surfactants, and so on) are responsible for minimizing energy in specific 

crystallographic planes [222,229,230]. 

During the heterogeneous nucleation process, which is of interest in this review, 

the variation in Gibbs energy (owing to the critical radius of the crystal) occurs because 

of the interaction of the nucleus/clusters in the solution acting as monomers during 

nucleation and crystal growth [139,223,231,232]. Hence, these clusters play a critical role 

in reaching a specific geometric arrangement, which creates a minimization of the surface 

energy [233]. In this way, the crystal stability depends on the size of the critical radius; 

usually, those with smaller dimensions tend to be unstable and therefore are more likely 

to dissolve in solution and recrystallize about larger nuclei that are relatively more stable. 

This physical mechanism is known as Ostwald Ripening (OR) [234–237]. 

In the case of the OR mechanism, the growth of the particles occurs through 

dissolved ions propagating into regions of lower solute concentration (see Figure 1(c)). 

This diffusion controls the process of crystal growth, which ends when the solubility 

value reaches a thermodynamic equilibrium. As a result, this mechanism typically 

produces nanoparticles with regular shapes and a more homogeneous particle distribution 

[236–238]. Usually, crystal growth under equilibrium conditions is related to the 

coarsening process also known as OR, which can be described as diffusion or reaction-

rate-limited growth to larger nanoparticles at the expense of smaller ones [222,239–241]. 

Although, from a kinetic perspective, both the size and morphology of the 

nanocrystals can be precisely controlled using an optimal and suitable combination of 

various solvents and stabilizers. The process, by which nanocrystals mutually interact 

with each other to generate larger structures via particle-particle or particle-solvent 

interactions is referred to as nanocrystal-based self-assembly. Recent research also 

suggests the oriented attachment (OA) of monomers mechanism could be a plausible 

fundamental process that helps to explain the initial growth process after nucleation 

events that occur when there is a significant concentration of both monomers and clusters 

[222,242–249]. Another outstanding crystal growth process is the OA mechanism, which 

involves the spontaneous self-organization and coalescence of adjacent particles by 

eliminating a common boundary that shares a standard crystallographic orientation with 

a flat interface (see Figure 1(d and e)) [222]. Hence, the driving force that induces the 

growth mechanism of OA is not specific, but likely due to a decrease in the free energies 



of the surface and grain boundaries [242,248,250]. However, it is known that the 

reduction in surface energy eliminates some crystalline facets of high energy. In this way, 

nanocrystals collide and form loosely bound compounds, which can reorganize and form 

irreversible attachments along preferred crystallographic orientations [155,244,251–254]. 

By suppressing the growth of the crystal faces with specific addition of an additive (e.g., 

anions, amines, carboxylic acids, surfactants, etc.), the shape and size of the nanoparticles 

can be controlled. This effect occurs because of the selectivity of adsorption on a specific 

face, leading to structures with high symmetry [129,243,255,256]. The localized nature 

of this OA mechanism, often in the early stages of nucleation, leads to the formation of 

irregular and anisotropic nanocrystals (e.g., nanorods, nanodumbells, nanowires) 

[257,258]. 
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Figure 1. (A) LaMer diagram - Separation of the crystal nucleation and growth process. 

[259]. (B) Schematic illustration of structural dimensionality of materials with expected 

properties [260]. (C) Polarized light microscopy images of NaClO3 crystals in 

equilibrium with a saturated solution showing the OR process [261]. (D) A single crystal 

in the form of an anatase chain that has grown hydrothermally by the OA mechanism. (E) 

Scheme of growth of nanocrystals controlled by a guided fixation mechanism [243]; (F) 

Schematic diagram showing the coalescence mechanisms [262,263]. (G) Main 

characterization techniques used for the study of crystal nucleation and growth [219] 

 

Grain growth can also occur through the coalescence of crystals with a similar 

crystallographic orientation. This process is called the coalescence mechanism, where the 

driving force reduces the surface area or contours (see Figure 1(f)). Among the modes of 

mass transport observed during coalescence, surface diffusion stands out [264,265]. Thus, 

the mechanism begins with contact between the particles. This mechanism begins with 

contact between the particles, which leads to their reorientation. As the system behaves 

as a single body, the growth rate slows, resulting in an oblong, ovoid, or dumbbell shape 

[263,265–269]. This naturally enables the formation of complex defects, most likely due 

to rapid reorientation of the clusters among a significant number of newly formed bonds 

that block the rotational movement of such particles. One other notable characteristic of 

disordered structures is that they may also alter the crystal nucleation and growth 

processes [1,2,11]. Hence, from this perspective, the control of these crystal features is 

achieved by suppressing the growth of the crystal face by selectively adsorbing an 

additive to a specific face [255,270–275]. In addition, the suppression of the aggregation 

of nuclei can also be controlled by adding a dispersant/thickener or by controlling the pH 

of the solution. During synthesis, the chemical potential of the ions dispersed in a solvent 

affects the solubility of the precursors [276]. 

However, it is not only size that is important for nanoscale material properties. 

The shape, state of agglomeration, solubility, porosity, and other characteristics are of 

great interest for designing desirable advanced materials [9,12,277–286]. Figure 1(b) 

shows the different dimensions of the materials obtained from the application of this 

strategy. In general, it is well known that the zero-dimensional (0D) materials have a large 

surface area and hence provide high reaction rates [260]. One-dimensional (1D) 

materials, such as nanotubes, nanowires, and nanobands exhibit a reduction in the 



electron-hole recombination rate and a high transfer rate of the interfacial charge carrier 

[260,287–290]. These characteristic features make such nanomaterials useful for many 

photocatalytic reactions [260]. Additionally, two-dimensional (2D) materials allow the 

manufacture of flat surfaces, which results in excellent adhesion to substrates and high 

smoothness [260]. In contrast, the main characteristic of three-dimensional (3D) materials 

are interconnections, facilitating carge mobility [260]. By changing parameters such as 

chemical factors (solvent, pH, reagents, and limiting agents), thermodynamic factors 

(temperature and pressure), and associated technologies, the synthesis of advanced 

materials can be controlled [4,291,292]. 

 

INSIGHTS INTO PROCESS PARAMETERS HYDRO(SOLVO)THERMAL FOR 

CONTROLLED GROWTH OF ADVANCED MATERIALS  

 

With growing industrial demand for novel advanced materials, both 

conventional and unconventional hydro(solvo)thermal approaches have received 

considerable of attention in recent years [47–85,87–141,204]. This is likely because these 

strategies enable facile scalable preparation of a wide variety of advanced materials with 

a high level of purity. In particular, materials obtained using hydro(solvo)thermal method 

may posses a wide particle size distribution; however, it is well known that adjustment of 

the synthesis conditions can, in principle, lead to the preparation of single crystals with a 

uniform size distribution [293–306]. Many studies have focused on the optimisation of 

conventional and unconventional hydro(solvo)thermal processing parameters, 

particularly because of the low cost as well as flexibility of such synthetic approaches 

[47–85,87–141,204]. Thus, in this section, we discuss the main effects of changes in the 

chemical synthesis parameters on the physical characteristics of diverse advanced 

materials prepared using these strategies. 

The first step in preparing a target material using this synthesis strategy is to 

determine the initial concentrations of the precursors based on the stoichiometric 

relationship. Knowing the phase diagram of the target system, in principle, it is possible 

to determine the initial conditions for performing experiments under hydro(solvo)thermal 

conditions. These chemically intuitive aspects are key to obtaining better results in the 

use of hydrothermal reactions. In addition, controlling thermodynamic factors (pressure 



and temperature) facilitates diffusion by reducing viscosity [307], thereby promoting the 

solubility of the reagents [308] and affecting the growth of the crystal. After obtaining 

and confirming the initial results, the chemical parameters of the process are optimized 

for the synthesis of the target advanced material. 

Following the order of synthetic stages, we start our discussion with an analysis 

of the effects of concentration variation as well as the nature of the precursors and solvents 

used. Controlling the solubility and interaction conditions of the intermediate compounds 

formed during the process is extremely important [291,309,310]. Therefore, these 

parameters play a fundamental role in modulating reaction kinetics because of their 

interaction with the mobility of suspended particles and the proportion of effective shocks 

[311]. In the literature, we found studies in which the solvent concentration was tuned to 

obtain different morphologies of the same compounds [291,312–317]. The objective of 

such tuning is to change the precipitation equilibrium constant, thus affecting the 

adsorption of ions on the crystal surface and consequently inducing growth anisotropy 

[310,318]. It has been shown that the longer the crystal nucleation, the better is the 

crystallinity [291,310]. 

Chen et al. [310] demonstrated a change in morphology by replacing ions 

(chlorine, nitric oxide and bromine) in iron fluoride crystals, which affected the growth 

rate of the crystal planes. Thus, the properties of the ions used in the synthesis affect the 

reaction kinetics, making it slower or faster, influencing the control of crystal growth. 

The same strategy was used in the synthesis of CsPbX3 (X =Cl -, Br - and I -) to obtain 

ultralong nanowires [319]. Both aqueous and non-aqueous solvents can, in principle, be 

used to synthesise these types of advanced materials with precise control of their physical 

characteristics [291,312–317]. In addition, the interaction between the solvent and the 

surface impacts on the interfacial tension. The decrease in tension leads to a transition 

from a smooth to rough interface and accelerates surface growth [320]. Inhibitory agents, 

known as adsorbed additives, are used to prevent deposition and inhibit crystal growth on 

a specific face [321]. Also, the use of mixed solvents provides control over crystal growth, 

leading to the formation of different morphologies [292]. The adaptation of crystal facets 

has been widely recognised as an innovative strategy to adjust the chemical and physical 

properties of advanced materials [143,146,256]. For example, the addition of an additive 

can control the shape and size of the nano- and microparticles through selective 



adsorption on a given face [255], which can also cause a decrease in particle size, from 

submicrometric to nanometric [322].  

When choosing a solvent for the conventional or unconventional hydro(solvo-

)thermal synthesis, its pH must be considered because of its impact on the solubility of 

the precursor and, consequently, on the crystallisation rate [17]. Hence, pH plays an 

important role in obtaining different morphologies. Different morphologies were obtained 

under different pH conditions (alkaline or acidic) [323–328]. For instance, in the case of 

titanium dioxide (TiO2) in the anatase phase, alkaline conditions lead to the formation of 

cubic or hexagonal structures. In contrast, under acidic conditions, the crystal morphology 

is almost exclusively truncated tetragonal bipyramidal [323]. He et al. [326] reported the 

hydrothermal preparation of boehmite (γ-AlOOH) nanocrystals at different pH values in 

the presence of different anions. According to these authors, γ-AlOOH nanorods were 

obtained in the presence of nitrate or chloride under acidic conditions (at pH ~4.0). In 

contrast, in the presence of sulfate (at pH ~4.0), γ-AlOOH nanowires were formed. At pH 

~10.5, the authors observed the growth of γ-AlOOH nanoplates for all the studied anions. 

In addition, it has been suggested that, in some cases, the effect of medium pH can be less 

pronounced with an increase in the temperature of the hydrothermal treatment [324]. 

It is well known that the chemical potential of ions dispersed in a solvent is 

inversely proportional to the dielectric constant of the medium [276]. This relationship 

directly affects the solubility of the precursors or intermediate compounds during 

chemical synthesis. To improve the solubility of synthetic compounds, mineralising 

agents are commonly added to the system. These agents form soluble mobile complexes 

that allow for the presence of ions with the necessary valence for the reaction 

[129,329],[329]. In turn, the increase in the thermal stability of the reagents affects the 

mass transfer and solubility. Consequently, it alters the kinetics of the reactions involved 

and helps stabilise the denser structures [292,330,331]. 

In this context, the kinetics, solubility, stability, chemical composition, and the 

state of formal oxidation of transition metals usually change with temperature [332–334]. 

Hence, diverse advanced materials can be formed over a wide temperature range 

[292,335,336]. Tuning temperature and time in the hydro(solvo-)thermal process allows 

improving the solubility of the reagents and thus enables greater control of the size and 

crystallinity of the obtained material [307,333,337–343]. Hence, these characteristics 

contribute to obtaining advanced materials with more or fewer defects, directly impacting 



their applications of interest [13–15]. In addition, different hydro-(solvo-)thermal 

techniques can, in principle, be used to modify the chemical reactivity, impacting the 

reaction kinetics. However, the most important characteristic is the change in water 

properties (density and dielectric constant), which are directly dependent on temperature 

and pressure [344–347]. Among these technologies, the most studied one is the use of 

microwaves, which increases the energy efficiency of the synthesis process [348–351]. 

After a general explanation of the main parameters that are adjusted during the 

optimisation of a synthetic protocol based on conventional and unconventional 

hydro(solvo)thermal methods, we discuss some highly complex structures that can be 

easily obtained using these approaches. As a general feature, we observed that these 

complex structures can be obtained using very similar hydro(solvo)thermal strategies. In 

this review, we highlight the following systems: (i) hollow spheres and porous structures; 

(ii) one-dimensional (1D) materials (such as tubes, wires, and rods); (iii) two-dimensional 

(2D) materials; and (iv) heterostructured materials (such as decorated, Janus-like, core–

shell, and yolk–shell). The choice of these structures is based on their promising 

properties for many applications, especially in the catalytic field. 

 

Hollow sphere and porous structures 

Hollow spheres and porous structures are of great interest for catalysis [352–

355]. These complex structures have a crystalline nature with a high surface area and are 

suitable for the diffusion of electrolytes, as electrochemical catalysts, and in energy 

storage [356–358]. These structures in the form of composites can also prolong the 

chemical stability during electrochemical reactions. 

Strategies used to obtain hollow structures fall into three categories: hard 

templating, soft templating, and self-templating [359,360]. Hard templating synthesis is 

usually based on three successive steps: (i) hard-template preparation in a specific format, 

(ii) coating/depositing (selective) of the target material on the template, and (iii) selective 

mould removal to obtain hollow and open structures, usually by calcination, dissolution, 

or chemical corrosion. At the same time, it is known that soft-template synthesis is 

thermodynamically metastable with high deformability owing to its liquid/gaseous form. 

Because of this, in particular, the soft-template strategy strongly depends on the 

experimental conditions used (e.g., pH, temperature, solvent, ionic strength, etc.). Lastly, 



self-templating synthesis generally depends on specific formulations and conditions and 

is classified into three sub-categories according to the nature of the target material: (i) 

inorganic and metallic particles, (ii) polymer particles, and (iii) small organic particles 

[359,360]. Table 1 presents a variety of morphologies obtained from spherical materials 

and hollow structures prepared by conventional and unconventional hydro(solvo)thermal 

synthesis. 

Table 1 Spherical morphologies and hollow structures via hydro(solvo)thermal synthesis. 

 
Chemical factors Thermodynamic factors Design Ref. 

Cu(NO3)2.3H2O + N,N-

dimethylformamide (DMF) 

two-step experiment: 

(i) (i) 140-150 °C for 22-40 h 

(ii) 180 °C for 8-42 h. 

 

 
 

[361] 

[Cu2+] + DMF + H2O 180 °C for 15 h 

  

[362] 

Gd(NO3)3 + Eu(NO3)3 + 

CO(NH2)2 
120ºC for 8 h 

 

  

[363] 

CdCl2·H2O + deionized 

water + solution 

Na2S2O3·5H2O + EDTA 

140 °C for 20 min in a 

microwave hydrothermal 

synthesis system. 

 

  

[364] 

NiSO4·6H2O + CoCl2·6H2O 

+ deionized water + hard 

and soft template 

180° for 20h   [365] 



  

SnCl4·5H2O + urea+Eu2O3 

+ HNO3  

microwave-solvothermal 

route with the microwave 

power of 200 W, 400 W and 

600 W and post-annealed at 

1000°C. 

 

[366] 

PEG-6000 surfactant + 

deionized water + 

Ni(NO3)2·6H2O + 

CO(NH2)2 

Teflon-lined autoclave and 

treated at 160  C for specific 

30 min under the 

temperature-controlled mode 

in a MDS-8 microwave 

hydrothermal system 
 

[367] 

Praseodymium oxide + 

nitric acid+ NaF + ammonia 

+ deionized water 

Placed in a microwave oven 

(650 W, 2.45 GHz) with a 

refluxing apparatus. The 

suspension was heated by 

microwave irradiation for 20 

min at 70% of the maximum 

power under refluxing. 

 

[368] 

CuSO4·5H2O + D-glucose + 

distilled water +  

the mixed solution was 

placed and heated in the 

microwave hydrothermal 

oven to 180 ºC for 20 min, 

frequency of 2.45 GHz and 

can operate at a power level 

of 300, 600, or 1200 W.  

[369] 

 

According to their pore size, these materials can be classified into three classes: 

microporous (<2 nm), mesoporous (2 to 50 nm), and macroporous (>50 nm). Porous 

materials have high surface area and high chemical and thermal stabilities [370]. Different 

strategies can be used to obtain porous materials, dependending on the properties required 

by a particular application of the material. In the literature, strategic methods to obtain 

porous structures follow two main approaches: (i) introducing macroporous templates in 

the reaction, or (ii) combining supplementary chemical and physical methods [370,371]. 



For example, one of the strategies, which is considered a basic technology, is to synthesise 

a compound with the desired precursor using surfactants/porous substrates. The second 

step can be calcination/heating or washing with acidic/basic reagents to remove some of 

the compounds,  thereby generating a porous structure. In this context, 

hydro(solvo)thermal strategies enable the direct (single-step) synthesis of diverse porous 

materials, which is attractive in terms of cost. This method targets the chemistry of the 

metal alkoxides and alkyls to generate a porous hierarchy without the use of external 

templates [371]. Table 2 summarises some strategies based on conventional and 

unconventional hydro(solvo)thermal methods to obtain diverse porous materials.  

Table 2. Examples of the formation of porous structures using the hydrothermal method 

followed or not by complementary steps. 

 

Chemical factors 
Thermodynamic 

factors 

Complementary 

Steps 
Design Ref. 

Na2WO4·2H2O + 

deionized water + acetic 

acid + HCl 

120 °C for different time 

(4 h, 8 h, and 12 h). 

Dried in vacuum at 70 

°C for 6 h 

 

 

 
(4 h) 

[372] 

pluronic P127 + distilled 

water  + HCl + 1-butanol 

+ TEOS 

100°C for 24 h 

Calcined at 550°C for 

5 h in air to remove 

polymer surfactant 

templates. 

 

 
 

[373] 

Ni(NO3)2·6H2O + urea + 

absolute ethanol 
180 °C for 12 h 

Calcined at 500 °C for 

2 h 

Flower-shaped 

microspheres 

morphology 

 

[374] 

Zn(CH3COO)2·2H2O + 

Co(CH3COO)2·4H2O + 
180 °C for 10 h 

Thermal annealing 

treatment at 350 °C for 

4 h in air. 

 [375] 



urea + distilled water + 

glycerin 

 
 

SnCl4 + D−(+) glucose 

+ distilled water  

Microwave-assisted 

hydrothermal reaction 

(CEM Discover S-

Glass). The setting 

temperature, pressure 

limit, and reaction 

time are preset to 

150°C, 180 psi, and 30 

min, respectively. 

Annealed in a 

furnace at 500 °C 

(rate of 2 °C min−1) 

at air conditions for 

1 h. 

 

[376] 

KAl(SO4)2·12H2O + 

CO(NH2)2 + distilled 

water 

Teflon lined autoclave 

and was microwave-

treated at 180 °C for 40 

min or hydrothermally 

treated at 180 °C for 

3h, 300W. 

calcining in air at 

600 °C for 2 h  

 

[377] 

mPEG-PLA + Na2ATP 

+ deionized water + 

anhydrous CaCl2  + 

NaOH 

sealed and heated in a 

microwave oven to a 

temperature of 120, 

140, 160 or 180 °C and 

maintained at this 

temperature for 30 

min. 

Dried by freeze 

drying. 

 

[378] 

 

One-dimensional (1D) materials 

Wires, rods, tubes, and other related 1D structures show great technological 

potential as (bio)sensors, catalysts, optoelectronics, etc [379–382]. This can be explained 

by the preferential exposure of low-energy crystal facets, long segments of flat crystal 

planes, and fewer defects [380,383,384]. In addition, these 1D materials have anisotropic 

structure, which them with a quantum confinement effect, efficient electron transport, and 

optical excitations [385].  

The formation of 1D nanostructures is strongly related to the crystallisation 

process. Thus, the aggregation of nuclei through homogeneous nucleation initiates the 

formation of building blocks that can serve as seeds for the growth and formation of 1D 

structures. Materials with polar surfaces preferentially grow to 1D structures 

[12,101,193,386]. Synthetic strategies for obtaining 1D nanostructures can be classified 



by the form of growth. Symmetry can be controlled in several ways, such as the 

introduction of a liquid–solid interface and the addition of models with 1D morphology 

to induce growth. In this sense, controlling the amount of reagent or even the addition of 

a coating causes the growth rates of the facets to be kinetically controlled, and finally we 

can also mention the self-assembly of 0D structures [387]. Thus, wet synthesis has 

intrinsic advantages, such as the use of a wide range of solvents, precursors, stabilising 

agents, and anionic/cationic surfactants [388–390]. Examples of hydro(solvo)thermal 

growth for diverse 1D materials are summarised in Table 3. 

 

Table 3. Examples of morphologies in tubes, wires, and rods via thermal hydro (solvo) 

synthesis. 

 

Chemical factors Thermodynamic factor Design Ref. 

KMnO4 + NH4Cl + 

distilled water 
140 °C for 24 h 

 

  

[391] 

MnSO4.H2O + distilled 

water + PVP + 

NaClO3 

160 °C for 10 h 

 

   

[392] 

TiO2 NFs + glucose + 

deionized water 
180 °C for 4 h 

   

[393] 

V2O5 + distilled water 

+ polyethylene glycol 

220 °C and 260 °C for 

different times 
 [394] 



  
220 °C and 3 days  

TiO2 + KOH  

heated in a microwave 

oven with a maximum 

power of 1200 W, at a 

pressure of 22 bars for 

15 min.  

 

[395] 

poly(ethylene 

glycol) + AgNO3 + 

HAuCl4 

MW synthesis system 

maintaining a 

temperature of 100 °C 

for 1 h with a maximum 

pressure of 280 psi.  
 

[396] 

Zn(NO3)26H2O + 

(CH3OO)2Mn4H2O, 

CS(NH2)2 + 

ethylenediamine 

Stirred for 10 min, 

transferred into a teflon 

container and placed into 

the microwave reactor. 

Time:  15 – 20 min 

Pressure: 15 – 25 bar 

Temperature: 220 – 

240ºC  
 

[397] 

Na(SbO)C4H4O6 + 

Se + ethylene glycol  

Microwave oven 

equipped with a 

condenser to carry out 

the reaction under 

refluxing. The 

microwave frequency 

was 2.45 GHz and the 

power was set at 280 W. 

The microwave 

irradiation time was 3 h. 

 

[398] 



ZnO + NaOH 

TiO2 + ethanol 

Microwave-oven for 5 

minutes. 

Annealed at different 

temperatures such as 

500°C, 600°C, 700°C 

and 800°C  
 

[399] 

 

Two-dimensional (2D) materials 

 

2D materials are currently the most studied systems, owing to their superior 

mechanical, electrical, magnetic, and optical properties [400–405]. In addition, these 

materials have an almost flat structure and are organised in extremely thin layers. The 

growth of a few or single 2D layered materials, called van der Waals layered crystals, can 

occur through three types of hybrid nanostructures obtained using (i) controlled growth 

of other 2D models [406–409], (ii) assembly of 2D nanomaterials in 1D and 3D [410–

416], or (iii) formation of heterostructures by stacking different types of 2D materials 

[417–421].  

For instance, Feng et al. [422] reported the large-scale preparation of Co3O4 

nanosheets with a thickness of sub-3 nm in the cubic Fd-3m space group using a non-

surfactant and substrate-free hydrothermal method. These authors explored the effect of 

hydrothermal growth temperature on reaction yield and morphology. In 2015, Dunne et 

al. [423] implemented the first continuous hydrothermal flow synthesis of MoS2 

nanosheets. In addition, the number of MoS2 layers nanosheets could be controlled under 

hydrothermal conditions from the varying the reaction time as well as the used organic 

reducing agent [424]. Ongoing efforts have been focused in scalable production of a huge 

variety of 2D layered materials for high-quality materials growth with well-controlled 

nanoscale properties [13]. In this scenario, we believe that the conventional and 

unconventional hydro(solvo)thermal strategies may play a more prominent role in 

relation to preparing novel 2D materials. From the examples presented in Table 4, we can 

see the conditions for obtaining these systems. Based on these conditions, we can see that 

the hydro(solvo)thermal growth of 2D layered materials is usually performed at low 

relativetly temperature. 

 



Table 4. Summary of the formation of 2D layered structures using the conventional and 

unconventional hydro(solvo)thermal strategies. 

 

Chemical factors 
Thermodynamic 

factor 
Design Ref. 

Indium nitrate + thiourea + 

isopropyl alcohol + deionized 

water + nickel foam sheet 

180 ºC for 24 h 

 

 
 

[425] 

Cobalt chloride hexahydrate + 

urea + deionized water + 

ethylene glycol 

150 °C for 5 min 

 

 
 

[426] 

Precursor: Ammonium 

molybdate tetrahydrate + 

absolute ethanol 

180 ºC for 20 h. 

 

 
 

[427] 

Ethylenediamine +red 

phosphorus 

 

165 ºC for 24 h 

 

 
 

[428] 



Bi(NO3)3.5H2O + acetic acid +  

KBr +deionized water 

 

120ºC for 24h 

 

 

 
[429] 

BiOBr + ethanol + 

Co(OAc)2.4H2O + thiourea 
180 ºC for 12h 

 

Iron chloride hexahydrate + 2-

amino terephthalic acid + 

DMF/ethanol/water (v:v:v = 

14:1:1) 

125 ºC for 12 h 

 

 
 

[430] 

Poly(allylamine 

hydrochloride) + CaCl2 + 

Na2HPO4 

Microwave–

hydrothermal 

reactor maintained 

at 180 °C for 0.5 h. 

 

[431] 

CuO + CuCl2.2H2O + 

deionized water + NH4OH  

Microwave-

hydrothermal 

system (2.45 

GHz/800 W) and 

kept at 100 °C for 

30 seconds and for 

15min under 

autogenous 

pressure. 
 

[207]  



SnCl2·2H2O + distilled water 

+ citric acid +  

Microwave 

Accelerated 

Reaction System at 

90°C, 120°C and 

160°C for 30 min, 

and at 120°C for 10 

and 60 min, 

respectively. 

 

Annealed at 700°C 

in air for 2h 

 

 

[432] 

ITO substrate  + L-Cysteine + 

NaWO4·2H2O + 

(NH4)6Mo7O24·4H2O 

heated up to 220°C 

for 1.5 h in a 

microwave reaction 

system 

 

[433] 

 

Heterostructured materials: decorated, Janus like, core-shell, and yolk-shell 

 

Current research has been moving towards the new configuration development 

of heterostructured materials with increasingly complex structures to maximize their 

properties. Thus, the heterostructured materials by definition are usually based on the 

combination of two or more components to form composite structures, which can also be 

classified into decorated (or open-shell), core-shell, yolk-shell and Janus-like structures 

according to their configurations exhibit superior physical properties [434–448]. 

The purpose of obtaining advanced materials into new configurations led to the 

development of strategies to surface decorated is to give unique functionality to this novel 

material. In general, these decorated materials have an open-shell structure, which can be 

understood as an intermediary for obtaining a core-shell structures. In this way, a 

chemical group capable of undergoing successive reactions is added to the surface, 

leading to a heterostructure. Examples of the conventional and unconventional 

hydro(solvo)thermal growth of decorated materials are summarised in Table 5. 



Table 5. Summary of the formation of decorated structures using the 

hydro(solvo)thermal. 

Synthesis 

Scheme Design Ref. 
Chemical factors 

Thermodynamic 

factor 

Urchin-like m-LaVO4 

microspheres 

 

La(NO3)3+ Na3VO4 + EDTA 

+ distilled water 

200 °C for 12 h 

 
 

 
 

 

 
 

 

[449] 
Deposition of Ag 

nanoparticles on urchin-like 

m-LaVO4 microspheres 

 

AgNO3 + ammonia solution  

+ etanol + urchin-like m-

LaVO4 powder 

 

110 °C for 1 h 

Ti3C2Tx MXene 

 

Removing the Al atomic 

layer from Ti3AlC2 MAX in 

the HF solution, resulting 

black Ti3C2Tx MXene 

powders. 

 

 

 

 
 

 

 
 

  

[450] 
FeNi/Ti3C2Tx MXene 

composites 

 

Ti3C2Tx MXene  + deionized 

water + FeSO4•7H2O + 

NiCl2•6H2O + NaOH + 

N2H4•H2O 

60 °C for 4 h 

CdS nanorods 

 

Cd(DDTC)2 + ethanediamine 

 

180 °C for 12 h 
 

 

 

 

 
 

  

[451] 

Pure ZnIn2S4 microspheres 

 

zinc acetate dehydrate + 

indium nitrate hydrate + L-

cysteine + distilled water 

 

180 °C for 12 h 

1D CdS@ZnIn2S4 helical 

architecture 

 

zinc acetate dehydrate + 

indium nitrate hydrate + L-

180 °C for 12 h 

https://www-sciencedirect.ez48.periodicos.capes.gov.br/topics/materials-science/microspheres


cysteine + CdS NRs + 

distilled water 

The graphene oxide (GO) 

was prepared from natural 

graphite powder by a two-

step oxidation reaction of 

pre-oxidation followed by 

modified Hummer’s 

oxidation to reach complete 

oxidation of graphite. 

 

 

 

 
 

 

 
 

 

[452] 

BiVO4 and W-doped BiVO4 

nanoparticles 

 

Pure and W-doped BiVO4 

nanoparticles were 

synthesized by the modified 

metal organic decomposition 

method 

 

 

W-BiVO4/rGO 

nanocomposite 

 

6W-BiVO4 + deionized 

water + GO powder 

180 °C for 12 h 

MoS2 

 

Na2MoO4·2H2O + 

thioacetamide + deionized 

water + oxalic acid 

200 °C for 24 h 

 
 

 

 

 

 

 

 
 

[453] 

Pd-SnO2/MoS2 in two steps 

 

To obtain SnO2: 

SnCl4·5H2O + NaOH + 

deionized water 

 

120º C for 12 h 

SnO2 + hydrazine hydrate + 

PdCl2 + MoS2 
180 °C for 16 h 

TiO2 + NaOH 

microwave 

irradiation 

(domestic micro-

oven, 2.45 MHz, 

maximum power 

of 700 W) at 140 

ºC for 3 h 

 
  

[454] 



 
  

GONRs 

 

Multiwalled carbon 

nanotubes + H2SO4 + 

H3PO4 

70 °C for 2 h 

 
 

 
 

 
 

 

[455] 

GONRs + Na2WO4·2H2O 

+ Bi(NO3)3·5H2O 

microwave 

irradiation (2.45 

GHz) at 160 °C 

for 30 min 

 

Calcinated at 400 

°C in air for 3 h 

Zn(Ac)2.2H2O + Na2O2 + 

deionizer water  

 

Ethylene glycol + AgNO3 

400 W for 5 min 

 
 

 
 

 

[456] 

Ni(NO3)2·6H2O + pristine 

GO + deionized water 

Microwave 

irradiation, the 

temperature was 

heated up to 

155°C in 10 min, 

and then the 

reaction was 

completed in 15 

min (700 W). 

 

 

       
 

 

[457] 

 



Core-shell structures have been intensively studied in the last decades, mainly 

due to its great technological potential [344,458,459]. Particularly, the first studies 

involving this core-shell system date back to the early 1990s. However, currently this 

field of research is highly diverse leading to obtained the different configurations, 

including multi-shells, yolk/shell and among others [460–463]. In this case, it is well 

known that the formation of the core is due to the precursor, prioritizing the function of 

the target nanoparticle. Hence, this process starts mainly with the formation of the core 

and later the shell layer [464,465]. Thus, the most commonly strategy used for the 

preparation of these materials with core-shell structure is based on a two or more step 

procedure [466,467]. However, continuous hydro(solvo)thermal synthesis eliminates the 

need for multi-stage processes and has been widely used for the growth of core-shell 

structures [468–473]. 

In this way, we can obtain several morphologies of crystals with core-shell 

structure, such as spherical, nanowires, nanotubes, nanobonds, nanowires and nanostars 

[474–477]. Its application occurs in several areas, such as catalysis, electronics, 

photonics, energy capture, drug administration, cell therapy, cancer treatment, 

biotechnology and environmental applications [478–484], depending on the chosen 

technique is possible to obtain different structural dimension. Examples of the 

conventional and unconventional hydro(solvo)thermal growth of decorated materials are 

summarised in Table 6. 

 

Table 6. Summary of the formation of core-shell structures using the 

hydro(solvo)thermal. 

 

Steps Chemical factors 
Thermodynamic 

factor 
Design Ref. 

Preparation of 

h-WNRAs 

Na2WO4·2H2O + deionized 

water + HCl solution + 

H2CO4 + Rb2SO4 

180 ° C for 5 h 

 

 

 

 
 

[485] 
Preparation of 

core/shell 

WTNRAs 

TiO2 + hydrochloric acid + 

deionized water + ethanol + 

tetrabutyl titanate + 

acetylacetone 

Annealed at 550 °C 

for 30 min 



Synthesis of 

Fe3O4 

nanoparticles 

FeCl3.6H2O + ethylene 

glycol + NaAc 
200 ºC for 16 h 

 

[486]. Production of 

flower-like 

core@shell 

structure 

Fe3O4@MoS2 

NCs 

(NH4)6Mo7O24.4H2O + 

CH4N2S + distilled water + 

Fe3O4 nanoparticles 

different 

temperatures (170, 

180 and 200 ºC) for 

12 h 

 

Synthesis of Ag 

NPs 

Ammonia + AgNO3 + 

deionized water +  

cetyltrimethyl ammonium 

bromide + glucose 

120 °C for 8 h 

 

 
 

[487] 

Synthesis of 

Ag@MSiO2 

NPs 

Ag NPs + water + ethanol + 

cetyltrimethyl ammonium 

bromide + ammonia + TEOS 

 

Synthesis of 

ZnCo2O4 

nanowires 

Zn(NO3)2.6H2O + 

Co(NO3)2.6H2O + urea + 

NH4F + deionized water 

100 °C for 8 h 

 

[488] Synthesis of 

ZnCo2O4@CoM

oO4 core-shell 

structures 

Ammonium molybdate + 

Co(NO3)2.6H2O + deionized 

water + precursor solution 

with ZnCo2O4 

120 °C for 6 h. 

 

annealed at 350 °C 

for 2 h 

 

Synthesis of 

magnetite 

nanoparticles 

(Fe3O4). 

Fe(NO3)3.9H2O + urea 

(CON2H4) +sodium citrate 

(C6H5O7Na3.2H2O) + 

distilled water + 

polyacrylamide (PAM) 

200 °C for 12 h 

 

[489] Synthesis of 

core–shell 

hybrid 

nanoparticles of 

Fe3O4@M (M = 

Ag or Au). 

Fe3O4@M core–shell 

nanoparticles + AgNO3 or 

HAuCl4.3H2O, for the 

synthesis of Fe3O4@Ag or 

Fe3O4@Au 

200 °C for 12 h 

Au@TiO2 

core–shell  

HAuCl4 + sodium citrate + 

ascorbic acid + TiF4 + 

deionized water 

microwave oven 

for 10 min, and 

maintained at 180 

°C with rapid 

stirring for 1h 

 

[490] 



Au/SnO2  

core–shell NPs 

HAuCl4 + tri-sodium 

citrate + sodium hydroxide 

+ sodium stannate 

microwave oven 

heated to 180°C 

for 5 min, and 

maintained with 

rapid stirring at 

the temperature 

for 1 h 

 

[491] 

Microwave-

assisted 

hydrothermal 

acid treatment 

p-toluenesulfonic acid  + 

GO@TiO2 core–shell solid 

spheres + 

transferred to a 

microwave oven 

(for 4 h at 160°C) 

 

[492] 

Synthesis of 

ZnO 

microrods/micr

oflowers 

 

Zn(NO3)2·6H2O + 

CO(NH2)2 + water 

microwave 

digestion system 

and heated at 

150 °C for 

40 min.   

 

 

[493] 
Preparation of 

ZnO/ZnFe2O4

/Fe core–shell 

composites 

 

 

synthesized by 

chemical vapor 

decomposition 

(CVD) 

CNT@NiMn2

O4 

nanocomposite 

KMnO4 + Ni(NO3)2·6H2O 

+ CO(NH2)2 + NH4F + 

deionized water 

heated at 160 °C 

for 1 h at power 

of 800 W 

 

[494] 

SnO2 core–

shell 

microspheres 

SnCl2·2H2O + carbon 

spheres (template) 

Microwave oven 

at a power of 400 

W for 90 min. 

The hydrothermal 

temperatures were 

120, 150 and 180 

°C  

[495] 

 

 

Yolk shell structures have a movable core within a hollow cavity covered by a 

porous outer layer [496]. It has characteristics such as low density, large surface area and 



excellent load capacity. These structures are applied in several areas, such as catalysis 

[497–500] nanoreactors [501,502], energy storage [503–507] and biomedicine [440,508–

513]. It is possible to obtain this structure through three methods. (i) Hard-templating that 

consists of coating the gem with a rigid material. (ii) Soft-templating, where the gem wall 

is formed by the self-assembly of the amphiphilic molecules. (iii) Self-modeling that does 

not use additional models. This method besides creating the empty cavity also involves 

the composition of the nanoparticle [440]. Notable examples of yolk shell structures 

prepared by hydo(solvo)thermal are presented in the Table 7. 

 

Table 7. Summary of the formation of yolk shell structures using the hydrothermal. 

Steps Chemical factors 
Thermodynamic 

factors 
Design Ref. 

MoO2 
MoCl5 + Ethanol 

 

180º C for 20 h 

 

 

 
 

[514] 

YS-MoS2 

MoO2 + n-hexanol + 

L-cystein 

 

180 ºC for 14 h 

 

Fe3O4 

FeCl3 + ethylene 

glycol + sodium 

acetate + trisodium 

citrate 

200 ºC for 8h 

 

 

[515] Fe3O4@SiO2 core–

shell 

Fe3O4 +etanol +water 

+ ammonia + TEOS 

8 h under stirring 

 

Fe3O4@TiO2 yolk–

shell 

Fe3O4@SiO2 coated by 

TiO2 

200 ºC for 24h 

 

MnCO3 particles 

MnCl2 + urea + 

C6H5Na3O7.2H2O + 

PAAs + deionized 

water 

190 ºC for 6h 

 

 
 

[516] 

MnO/C 

microsphere 

MnCO3 + 

ethanol/water (2:1) + 

resorcinol + 

formaldehyde + 

ammonia 

mechanical stirring 

and calcined under 

vacuum at 600 °C 

for 9 h 



CeVO4 

Ce(NO3)3.6H2O + 

NH4VO3 + citric acid 

+ distilled water 

150° C for 9h 

 

 
 

[517] 

α-Fe2O3 

Fe(NO3)3·9H2O + 

CH3COONa + 

CO(NH2)2 + ethylene 

glycol 

200 °C for 10 h 

 

 
 

[518] 

annealed at 400 °C 

for 3 h 

octahedron-shaped 

ZnFe2O4/SiO2 with 

yolk–shell structure 

Zn(NO3)2⋅6H2O + 

Fe(NO3)3⋅9H2O + urea 

+ ethylene glycol + 

SiO2 spheres with 

mesoporous shells. 

200 °C for 24 h 

 

 
 

[519] 

Synthesis of FeTi 

yolk–shell 

adsorbents 

 

Ti(OC4H9)4 + 

FeSO4·7H2O + 

HOCH2CH2OH  

microwave 

(MCR-3, 500 W) 

heated at 160 °C 

for 30 min 

 

[520] 

Synthesis of yolk-

shell CdS 

microcubes 

Cd-Fe PBA 

microcubes + water 

+ Na2S 

150 ºC for 120 

min under 

microwave-

irradiation with 

continuous 

magnetic stirring 

in a single mode 

microwave 

reactor  

[521] 



Synthesis of MIL-

53(Fe) 

Nanocrystal 

FeCl3·6H2O + 

H2BDC + DMF 

150 °C for 2 h in 

a single-mode 

microwave 

reactor 

 

[522] 

Synthesis of yolk-

shell porous 

microspheres of 

calcium 

phosphate 

Calcium l-lactate 

pentahydrate + 

deionized water +  

Adenosine 5’-

triphosphate 

disodium salt (ATP) 

+ NaOH 

Microwave oven 

to a temperature 

of 120, 140, or 

160 ºC and 

maintained at that 

temperature for 5, 

15, 30, 60, or 90 

min 

 

 

[523] 

 

 

Janus-like structures are particles that have different functionalities on their 

opposite sides. It can be composed of three distinct groups, (i) hard (inorganic), (ii) soft 

(organic or polymeric) and (iii) hybrids (organic/inorganic) [441]. These Janus-like 

nanoparticles have several shapes, from traditional conventional spheres to more 

elaborate structures, such as dumbbells [524–527], snowman [528–535], nameplate [536–

538], rod [539,540] or tadpole shapes [541]. Due to its peculiarity, the control and 

manipulation of these particles is achieved by manipulating various external factors 

(temperature, light, pH or ionic strength). The mass transport at the interface between the 

two phases of the particle controls the particle size, edge geometry and material porosity 

[441]. Some examples are shown in Table 7. 

 

 

Table 7. Summary of the formation of Janus structures using the hydro(solvo)thermal. 

 

Steps Chemical factors 
Thermodynamic 

factors 
Design Ref. 

Hydrophilic Fe3O4 

FeCl3.6H2O + 

ethylene glycol + 

NaAc + 

polyethylene glycol 

200 °C for 8–72 h [540] 



The matchstick 

shaped Janus rods 

PVP + n-pentanol + 

Fe3O4 + ethanol + 

water + sodium 

citrate dihydrate + 

ammonia hydroxide 

+ TEOS 

a simple wet-

chemical method 

 
 

Synthesis of 

P(methylmethacrylat

e - acrylic acid - 

Divinylbenzene) 

nanoparticles 

methylmethacrylate 

+ acrylic acid + 

Divinylbenzene + 

Potassium peroxy 

sulfate + deionized 

water 

soapfree emulsion 

polymerization 

 

heated from 

ambient 

temperature to 

100 ◦C 

 
 

[542] 

Synthesis of 

P(methylmethacrylat

e - acrylic acid - 

Divinylbenzene)/Fe3

O4 magnetic Janus 

nanoparticles 

P(MMA-AA-DVB) 

nanoparticles + 

FeCl3.6H2O + 

Trisodium citrate + 

Sodium acetate 

200 ◦C for 10 h. 

Fe3O4 particles 

Hexahydrated ferric 

chloride + sodium 

acetate + sodium 

polyacrylate + 

ethylene glycol 

220°C for 6 h 

 
 

[543] 

Fe3O4–Ag Janus 

composite particles 

sodium oleate + 

oleic acid + ethanol 

+ silver nitrate + 

Fe3O4 particles 

200 C for 1 h, 6 h, 

10 h, and 20 h 

Synthesis of Janus 

Au-Fe3O4 

Nanoparticles 

Hexane + Au 

nanoparticles + 

Iron(III) 

acetylacetonate + 

oleylamine + 

oleic acid 

Prestirred for 2 

min and then 

heated to 155 °C 

(for 15 min) by 

400 W of 

microwave 

radiation with 

stirring. The 

mixture was 

further heated to 

235 °C by 120 

W with stirring 

and aged at 235 

ºC for another 8 

min. 

 

[544] 

To prevent functional modification of the particles, it must immobilize. 

Therefore, an interface can used. In order to obtain this immobilization, a monolayer of 

symmetrical particles is usually adsorbed onto a flat solid surface and, subsequently, its 

outer upper part is modified [545–547]. In this way, Janus particles come from 



symmetrical particles. For desymetrization, chemical or physicochemical processes are 

used. Among these processes, we can highlight (i) top-selective modification, (ii) self-

assembly by templates, (iii) controlled phase separation phenomena and (iv) controlled 

surface nucleation. Among the various synthesis strategies, self-assembly, masking and 

phase separation stand out [545–547]. 

Obtaining Janus nanoparticles by self-assembly, as the name implies, is based 

on the self-assembly of block copolymers or the competitive adsorption of binders [280]. 

This method aims at the thermodynamic process of polymer mixtures. As is well-known, 

parameters like pH, temperature, and ionic strength (polyelectrolytes) are important for 

process control [545–547]. 

The masking process among the techniques is the most flexible as it is capable 

of modifying the nanocrystal’s surfaces with a huge variety of functional groups. As such, 

the mechanism of this technique can be described as the trapping of nanoparticles at the 

interface between two fluid phases, or depositing or adsorbing them on a solid surface 

[545–547]. Obtaining Janus-like nanoparticles through phase separation is normally used 

for inorganic materials, being recently applied to polymeric materials as well as to hybrid 

organic/inorganic materials. This technique stands out for the possibility of obtaining 

complex structures with advanced functionality [545–547]. 

 

Summary and Outlook 

 

This critical review provides an overview of the main advantages related to 

conventional and unconventional hydro(solvo)thermal approaches for novel advanced 

materials design. This versatile synthetic strategy has been industrially used since the 

nineteenth century, making it possible to obtain several crystals with a high level of purity 

that in turn cannot be achieved by other synthetic methods [548]. We can highlight that, 

although there are a lot of unknowns on the anisotropic crystal growth, the conventional 

and unconventional hydro(solvo)thermal approaches are relatively simples and low-costs 

and have displayed a prominent role in the development and discovery of new advanced 

materials with entirely new physical/chemical properties and unique multi-functionalities 

for many technological applications. In this direction, the continuous advances in this 

research field, in particular, have more recently led to the integration of machine-learning 



algorithms to predict hydro(solvo)thermal reaction outcomes leading to a success rate of 

about 89 percent [549]. Thus, we anticipate that these advances will contribute so that in 

the future we can select the better materials for a particular technology application of 

interest, as well as we will have the ability to predict the experimental conditions to obtain 

their desired structure-composition-morphology. Furthermore, we can also conclude that 

diverse highly complex structures can be directly synthesized from such strategies, which 

provide a feasible approach for creating a huge variety of advanced materials, as 

summarized in this review. 
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