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Abstract
At present, solvothermal fabrication method has widely been applied in the synthesis of spinel ferrite 
nanoparticles  (SFNs), which is mainly because of its great advantages such as precise control over 
size, shape distribution, and high crystallinity that do not require postannealing treatment. Among 
various SFNs, Fe3O4 nanoparticles have attracted tremendous attention because of their favorable 
physical and structural properties which are advantageous, especially in biomedical applications, 
among which the vast application of these materials as targeted drug delivery systems, hyperthermia, 
and imaging agents in cancer therapy can be mentioned. The main focus of this study is to present 
an introduction to solvothermal method and key synthesis parameters of SFNs through this synthesis 
route. Moreover, most recent progress on the potential applications of Fe3O4 nanoparticles as the 
most important compound among the spinel ferrites family members is discussed.
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Introduction
Spinel ferrite nanoparticles  (SFNs) have 
been in the forefront of nanoscience and 
nanotechnology in the recent years due 
to their outstanding properties such as 
nanometer size, large surface area‑to‑volume 
ratio, superparamagnetic behavior, and 
high saturation magnetization.[1‑5] The 
synthesis of SFNs has attracted a great deal 
of attention in a variety of research fields 
ranging from catalysis,[6‑8] drug delivery 
systems,[9,10] ferrofluids,[11] biomedical 
diagnosis and therapy,[12‑15] to energy 
storage and conversion.[16‑20]

The spinel structure of SFNs can be 
described by the formula MFe2O4, where 
M2+  and Fe3+ refer to tetrahedral and 
octahedral cation sites, respectively. 
The oxygen atoms are arranged in a 
face‑centered cubic  (FCC) lattice. Each 
unit cell contains eight formula units with 
O2−  anions at the 32 sites and Fe3+  and 
M2+  cations occupying the octahedral and 
tetrahedral sites, respectively.[21,22]

The magnetic properties of SFNs highly 
depend on microstructure such as particle 
size, distribution and morphology of 
crystallites, changes in the intrinsic divalent 
and trivalent cation distribution between the 
tetrahedral and octahedral sites, and control 
of domains.

The efficient use of SFNs depends on 
improving their design and controlling their 
microstructure. The effect of particle size 
on microstructure is evident. Therefore, 
understanding the effect of extrinsic 
factors (pH, temperature, and molecular 
concentration) on the particle size during 
production process is imperative.[23]

To date, several chemical and physical 
methods have been developed to produce 
SFNs such as co‑precipitation, sol‑gel, 
organic precursor decomposition, 
microwave‑driven solvothermal process, 
polymer matrix‑mediated synthesis, 
microemulsion, ionic liquid method, 
sonoelectrochemical, and solvothermal.[24‑32]

However, most of the adopted synthesis 
methods by which SFNs fabricated 
usually yielded hydrophobic nanoparticles 
stabilized by nondegradable surfactants 
that have a low magnetization. It is worth 
noting that low magnetization impedes 
SFN applications, especially in bio‑related 
fields, where water‑dispersible particles 
with high magnetization saturation  (Ms) 
are in demand. Therefore, much effort has 
focused on the development of hydrophilic 
SFNs with controllable sizes, fast 
magnetic response, and desirable surface 
properties.[31,33]

Solvothermal fabrication method  (SFM) 
refers to the synthesis through chemical 
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reactions in nonaqueous solution, and it can greatly increase 
the reactivity and solubility of reactants. By SFM, chemical 
reactions are carried out in sealed containers and solvents 
can be brought to temperatures well above or near their 
boiling points by the increase of autogenous pressures 
resulting from heating.[34,35] The SFM is A nontoxic and very 
simple solution process and allows for the precise control 
over the size, shape distribution, and high crystallinity of 
SFNs, which do not require postannealing treatment.[36‑39] 
These characteristics can be altered by changing certain 
experimental parameters, including reaction temperature, 
reaction time, solvent type, surfactant type, and reductant 
type. Relying on Teflon‑lined autoclaves as reactors, SFM 
has the capacity to become a scale‑up process.[40] Herein, we 
tend to introduce SFM by which SFNs are produced, and to 
the best of our knowledge, no reviews on the solvothermal 
fabrication of SFNs have recently been published.

Therefore, we have collected some important and original 
findings that are reported for synthesis of SFNs via 
solvothermal method. The SFM has some key synthesis 
parameters such as temperature, reaction time, solvent, 
capping agents, and reductant effects that in the first part 
are discussed. In the second part, we summarize the most 
relevant studies about fabrication and potential applications 
of magnetite  (Fe3O4) as the most important magnetic 
ferrites through solvothermal method.

The Mechanism for the Formation of Spinel 
Ferrite Nanoparticles via Solvothermal Route
The probable mechanism for the formation of SFNs can 
be divided into two stages: first, nucleation from the atoms 
formed by the reduction of metal salts, and second, the 
growth of nuclei into nanospheres through a process of 
atomic growth. These two stages of SFNs fabrication can 
be changed by controlling thermodynamic and kinetic 
parameters. Under thermodynamic control, minimization of 
total surface energy of SFNs is occurred.[41‑43]

In practical reaction conditions, decreasing in surface 
energy of SFNs is performed by adsorption of surfactants 
on SFNs. These surfactants may alter the surface energy of 
SFNs and prevent them from aggregation or agglomeration 
during the growth process. Moreover, using kinetic 
control approaches such as reaction temperature and 
reactant concentrations, the growth rate of atoms onto 
different particle size distribution and morphology could 
be manipulated. It is noteworthy that during synthesis of 
SFNs, the Ostwald ripening process plays an important 
role in the formation of nanospheres for all systems. 
According to the Ostwald ripening mechanism, crystalline 
particles grow into crystalline nuclei, which aggregate 
isotropically to form spherical SFNs in nonaqueous 
solution  (in the case of solvothermal method) and further 
to nanospherical crystallites. During the SFN growth, the 
smaller, the less crystalline particles will be dissolved 

gradually, while the larger, the more crystalline particles 
will grow bigger. Finally, the core can grow gradually to 
form a solid sphere. As the reaction continues, MFe2O4 
nanosphere will be formed at the end.[44,45]

Here, we summarize various key parameters that govern 
the morphologies of SFNs using solvothermal synthesis 
methods, namely  (1) reaction time and temperature, 
(2) solvent effects,  (3) capping agent effects, and 
(4) reductant effects.

Reaction time and temperature

Based on reaction temperature, SFM is classified into two 
groups: subcritical and supercritical synthesis reactions. 
When the temperature is in the range of 100°C–240°C, 
it is called subcritical synthesis reaction which is more 
applicable to industrial and laboratory operations. The 
SFM of SFNs is a typical subcritical synthesis. In the 
supercritical synthesis, the temperature could reach 1000°C 
and the pressure could reach 0.3 GPa.[46]

Due to increasing temperature, the viscosity of synthetic 
media decreases and the dynamism of dissolved ions 
and molecules will be increased under SFM conditions 
than at ambient temperature. Using the special properties 
of solvents such as water or organic solvents and other 
reactants under supercritical temperature and pressure, 
various syntheses with specific properties could be 
conducted, resulting in the production of vast crystalline 
materials with interesting structures.[47,48] In the case of 
SFNs, Penchal Reddy and Mohamed[45] reported that by 
increasing the reaction temperature to higher degrees, the 
average particle size and agglomerations’ degree of SFNs 
tend to increase. On the other hand, the value of Ms is 
related to the crystallite size of the nanoparticles, i.e.,  the 
larger the crystallite size, the higher value of Ms. As can 
be seen in Figure  1, the grain size and crystallinity of 
ferrite‑based particles increased significantly with increasing 

Figure 1: SEM images of CoFe2O4 solvothermal treated at temperatures 
(a) 160°C, (b) 180°C, (c) 200°C for 16 h and (d) dependence of saturation 
magnetization on sintering temperature. SEM  –  Scanning electron 
microscopy
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reaction temperature, and the particle size becomes well 
uniform at higher reaction temperatures. Moreover, the 
Ms data as shown in Figure 1d clearly indicate that as the 
reaction temperature increases, the magnetic moment is 
also increased, which is mainly because of an increase in 
the grain size and crystallinity of SFN samples. The effect 
of particle size on magnetic properties can be explained 
by the surface spin disorder in SFNs. Kodama et al.[49] 
reported that  multiple configuration for any orientation 
of the core magnetization is an important parameter that 
reduces the magnetic moment and it depends on magnetic 
ferrite's particle size.

The effect of reaction time is considered as an important 
parameter as well. At the beginning stages of SFN 
reactions, the concentration of metal atoms into the reaction 
medium increases beyond saturation concentration but no 
nuclei form. As the concentration reaches the nucleation 
concentration, nuclei form quickly and concentration of 
dissolved ions decreases below the nucleation concentration. 
Then, the reaction enters growth stage. At the initial stage 
of growth, SFNs often show poorly defined shapes. As the 
reaction time increases, the SFNs tend to evolve into a 
regular shape. Further increase of reaction time may lead to 
the reconstruction of SFNs and Ostwald ripening process. 
Consequently, morphology evolution frequently happens in 
SFM as reaction time increases, enabling the synthesis of 
SFNs with different particle size distribution and magnetic 
behavior simply by changing reaction time in many cases. 
In general, thermodynamically favored products are more 
likely obtained after long reaction time. The effect of 
reaction time on the formation process of MgFe2O4 through 
SFM is studied by Kang et  al.[44] Figure  2 shows the 
scanning electron microscopy  (SEM) images of samples 
at different reaction time  (10  min, 2  h, 8  h, and 11  h). It 
is found that after 10  min, the structure of MgFe2O4 is 
composed of many sheet‑like particles. As the reaction 
proceeded, uniform spheres are formed.

Solvent effects

Reaction medium has a significant effect on any 
hydrothermal or solvothermal system. Solvents in SFM 
exhibit unique properties, especially under supercritical 
conditions. The reaction equilibriums and reaction 
kinetics are directly related to interactions of solvents 
with reactants, intermediates, and products. In SFM, some 
solvents can play the role of structure modulators through 
their interactions with synthesized nanoparticles, and 
when surfactants are used in reaction medium, solvents 
can influence micelle structures. In addition, the organic 
solvent not only acts as a reaction medium but also can 
serve as a dissolver or partially dissolver of reactants 
to form solvent–reactant complex, which will affect the 
chemical reaction rate. The classification of organic solvent 
is usually based on solvent properties, such as molecular 
weight  (Mr), density  (d), melting point  (mp), boiling 
point  (bp), dielectric constant, and solvent polarity. Among 
these factors, solvent polarity, which is defined as the 
sum of the interaction of solvent and reactants including 
Coulomb force, induction force, dispersion force, H‑bond, 
and charge transport force, has the key role to describe 
the solvation property of solvent in SFM.[50] In the case of 
SFNs, different solvents such as water,[51,52] polyols,[31,53] and 
oleylamine (OAm)[54,55] and mixed solvents have often been 
employed as solvents because of their compatible properties 
with common reactants. Among them, polyols  (such as 
ethylene glycol  [EG] with strong reducing capability and a 
relatively high bp) have been also extensively investigated 
as both solvent and reducing agent to provide monodisperse 
SFNs.[56] Monodisperse magnetic nanoparticles  (MMNs) 
have been synthesized in organic solution, such as OAm, 
which has poor solubility in aqueous solution. In these 
approaches, the long hydrocarbon chains of the surfactants 
are indispensable to prevent agglomeration of MMNs. In 
the presence of hydrophobic solvents such as OAm, these 
MMNs often are coated with the hydrophobic long aliphatic 
surfactants, which restrict their biological applications.[57] 
To avoid the hydrophobicity of products, researchers have 
used water‑soluble EG as solvent due to the presence 
of hydroxyl groups featuring mild reducing properties. 
Moreover, EG can serve as a surfactant, which has the 
ability to prevent particles against agglomeration.[31,33]

Capping agent effects

Extensive efforts have been devoted by experimentalists to 
control the factors involved in morphological variations of 
SFNs to develop defined structure with specified physical 
and chemical properties.[58] It has been proved by many 
researchers[59‑63] that capping agents such as surfactants 
play a key role in controlling morphology of MMNs 
because of their soft‑template effect, their ability to modify 
the chemical kinetics, and simple maneuverability. It is 
observed that using different surfactants/capping agents can 
make important effect on the particle size of SFNs in SFM, 

Figure 2: SEM images of MgFe2O4 materials collected for different time 
intervals of (a) 10 min, (b) 2 h, (c) 8 h, and (d) 11 h. SEM – Scanning electron 
microscopy
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and many surfactants such as polyethylene glycol (PEG),[31] 
polyvinylpyrrolidone (PVP),[52,61] polyacrylic acid 
(PAA),[60] sodium dodecyl sulfate  (SDS),[53,57,63] and 
cetyltrimethylammonium bromide  (CTAB)[64] have been 
used as soft templates to synthesize magnetic nanoparticles. 
As discussed above, the growth of a nanostructure is due 
to Ostwald ripening process. This process is dominant at 
nanometer level. It is reported that the capping agents such 
as surfactants, as they directly modify the nanoparticle 
surface, can largely influence this process and hinder the 
excessive growth of nanoparticles in SFM. Moreover, 
the molecular weight of surfactants makes a remarkable 
contribution to the assembly behaviors of the nanoparticles. 
In bottom‑up synthesis methods, self‑assemblies of SFNs 
in ordered and intended structures are governed by the 
balance of forces due to van der Waals interaction, capillary 
interaction, surface tension, and hydrophobic interaction 
and H‑bonding effect.[64] Liu et  al. have used CTAB as 
a surfactant to synthesize Fe3O4 nanocrystals and found 
that the grain size of magnetite nanocrystals remarkably 
decreased due to the capping function of CTAB bimolecular 
layer. Moreover, the particle size distribution and 
dispersibility of the magnetite microspheres are improved 
with the increase of CTAB. To find the optimum surfactant 
concentration, they investigated the CTAB concentration 
increasing from 0.034 to 0.136 mol/L. Figure  3 shows 
transmission electron microscopic  (TEM) images of the 
SFN samples obtained in different CTAB concentrations. As 
can be seen in Figure 3a, the SFNs exhibit irregular shape, 
wide particle size distribution, and poor dispersibility in the 
absence of CTAB. By increasing the amount of CTAB to 
0.034 mol/L, there are small amounts of MMNs, but most 
particles still show poor morphology. Eventually, when 
the CTAB concentration was 0.102 mol/L, the produced 
microspheres exhibited apparent monodispersity with an 
average diameter of 230–250 nm.[64]

Using appropriate surfactants, it is possible to make a great 
control on different interactions that exist in SFM medium, 
and it seems that exploiting these mechanisms using 
suitable capping agents is an interesting and challenging 
aspect in the synthesis of SFNs.

Reductant effects

The next significant parameter to influence the morphology 
of SFNs through SFM is the reductant. Different reductants 

such as hydrazine hydrate, NaOH, KOH, NH4OH, and 
acetates to produce SFNs are used. Most of these reductants 
have strong reducing power that leads to fast reduction, 
and particle size and shape of SFNs are usually difficult 
to control.[58,62,63] The reduction kinetics is adjustable by 
changing their concentrations or reaction temperatures. To 
better control on the rate of reduction, a range of milder 
reductants have been used. Among these reductants, it is 
observed that acetates as electrostatic stabilizers are widely 
used as a reducing agent in the synthesis of SFNs.[65] It 
is proved by Nonkumwong et  al.[58] that the size, shape, 
and degree of agglomeration of MMNs  (MgFe2O4) highly 
depend on the type of reductants. Moreover, they have 
shown that using stronger reductants such as NaOH, KOH, 
and NH4OH leads to increase reaction rate, resulting in the 
occurrence of some undesired phase(s), but, in the presence 
of CH3COONa. 3H2O  (NaAc) as a reductant, pure phase 
of superparamagnetic MMNs  (MgFe2O4) with desired 
morphology is obtained. The TEM images of MgFe2O4 
nanoparticles that synthesized by various reductants are 
shown in Figure 4.

Case Study of Spinel Ferrite Nanoparticles
In the next section, we will focus on some studies that 
fabricated Fe3O4 through SFM as the most studied one 
which has favorable electric and magnetic properties. In 
addition, their results related to morphology, magnetic 
behaviors, and potential applications of magnetite are 
discussed.

Magnetite (Fe3O4)

Crystal structure of Fe3O4 follows a cubic inverse spinel 
pattern based on Fd‑3m space group with alternating 
octahedral and tetrahedral‑octahedral layers. In each 
unit cell of magnetite, the oxygen atoms form an FCC 
closed packing and both tetrahedral and octahedral sites 
are occupied by iron ions, in which Fe3+  ions occupied 

Figure  4: TEM images of MgFe2O4 particles synthesized at 180°C for 
12 h using (a) CH3COONa, (b) NH4OH, (c) KOH, and (d) NaOH as bases. 
TEM – Transmission electron microscope
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Figure  3: TEM images of the Fe3O4 particles obtained using different 
CTAB concentrations:  (a) 0 mol/L;  (b) 0.034 mol/L; (c) 0.068 mol/L; 
(d) 0.102 mol/L; and (e) 0.136 mol/L  (temperature = 200°C, time = 12 h). 
TEM  –  Transmission electron microscope; CTAB  –  Cetyltrimethyl 
ammonium bromide
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tetrahedral sites and octahedral positions are occupied by 
eight Fe2+  ions and eight Fe3+  ions.[66] After the Sugimoto 
group has prepared Fe3O4 nanoparticles with a narrow size 
distribution in the early 1980s,[67] various synthetic routes 
to fabricating MMNs have been applied.[68‑75] However, the 
water dispersal of SFNs that synthesized by these methods 
was weak, which leads to the limitation of their biomedical 
applications.[33] In 2005, Deng et al.[31] reported the chemical 
synthesis of single‑crystalline magnetic microspheres 
including magnetite via SFM. They have used iron chloride 
as a ferrite precursor, EG as a reaction medium, and NaAc 
and PEG as a reducing agent and surfactant, respectively. 
They found that by increasing the reaction time from 
8 to 72  h, with constant precursor concentration and 
temperature  (200°C), microsphere diameters are observed 
to be increased from 200 to 800  nm. The Ms value of 
single‑phase magnetite is reported about 81.9 emu/g. Two 
years later, Xiongs group synthesized magnetite nanocubes 
with relatively narrow size distribution around 50  nm 
in a water‑alcohol mixed solvent solution. They used 
ferrocene  (ɳ‑C2H5)2Fe as a precursor, PVP as a surfactant, 
mixture of distilled water and alcohol as solvent, and 
hydrogen peroxide as a reducing agent. Then, the precursor 
solution is transferred to the Teflon‑lined stainless 
autoclave and temperature was put at 230°C for 24  h. As 
can be seen in Figure 5, the SEM image [Figure 5a] shows 
that the as‑synthesized Fe3O4 has a sphere‑like shape with 
the average size of 68  ±  10  nm, but it is proved by TEM 
image  [Figure  5b] that morphology of the as‑synthesized 
Fe3O4 with the average size of 48 ± 8 nm is cube‑like.[52]

As discussed before, using different kinds of surfactants 
in SFM has attracted research interests, which are due to 
reducing the size of Fe3O4 nanocrystals and improving 
monodispersion of secondary aggregates. Ge et  al.[60] have 
synthesized magnetite particles with controllable diameter 
using PAA as surfactant. Similarly, nanoporous and MMNs 

with high surface area and oriented attachment structure 
have been successfully fabricated in the presence of PVP. 
The important role of PVP for the formation of MMNs 
and oriented attachment structure as a capping agent is 
widely studied. They have shown that in the presence of 
PVP, with increasing of heating temperature, nanoparticles 
slowly self‑assemble with each other to form the magnetite 
spherical‑aggregated particles. On the other hand, if no 
PVP is added into reaction solution, these nanoparticles are 
aggregated in random morphology, which results in irregular 
agglomerates.[61] In addition, some other surfactants such 
as sodium bis(2‑ethylhexyl) sulfosuccinate  (AOT),[51,63] 
SDS, and CTAB and in some cases the mixture of two 
surfactants are used as modifiers simultaneously. Zheng 
et  al.[51] fabricated ferromagnetic magnetite nanoparticles 
with a diameter of around 30  nm in the presence of AOT 
as a surfactant and hydrazine as reducing agent. However, 
the saturation magnetization of magnetite nanoparticles is 
reported 3.69 emu/g and this Ms is much smaller than those 
reported by other researches.[31,64] The authors are believed 
that the noncollinear structure is the reason for reduction of 
magnetic moment, which originates from the pinning of the 
surface spins and the surface‑coated surfactant.

Despite using a single surfactant as a capping or protective 
agent that discussed before, some other researchers reported 
the mixture of surfactants as more efficient modifiers for 
synthesis of magnetite through SFM. Yan et  al.[53] have 
shown modified SFM using the mixed surfactants of 
SDS and PEG. In addition, SDS or PEG is used alone to 
prepare the magnetite nanoparticles under similar reaction 
conditions. From Figure  6a and b, it can be seen that 
MMNs prepared with the mixture of SDS  (4.0 mmol) 
and PEG  (0.4  g, ∼7 mmol) are achieved. Furthermore, 
Figure  6c and d shows the TEM images of magnetite 

Figure 6: The SEM (a) and TEM (b) images of Fe3O4 nanoparticles prepared 
with the mixture of SDS (4.0 mmol) and PEG (0.4 g, ∼7 mmol and TEM 
(c and d) images of Fe3O4 nanoparticles synthesized with different 
protective agents under typical reaction conditions. (c) 4.0 mmol of SDS. 
(d) 0.4 g (∼7.0 mmol of repeating units) of PEG. SEM – Scanning electron 
microscopy, TEM – Transmission electron microscope; PEG – Polyethylene 
glycol
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Figure  5:  (a and b) SEM and TEM images of Fe3O4 nanoparticles; 
(c and d) TEM images of four nanoparticles  (Ө is the angle over which 
the copper grid is titled). SEM  –  Scanning electron microscopy; 
TEM – Transmission electron microscope
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nanoparticles obtained by SDS and PEG alone as protecting 
agents, respectively. The uniformity of as‑prepared SFNs 
that synthesized by SDS and PEG alone is much worse 
than the sample prepared using the mixture of both 
surfactants. The mean size of fabricated SFNs by mixture 
of SDS and PEG is around 80  nm. Table  1 summarizes 
solvothermal synthesis of magnetite nanoparticles with 
various fabrication conditions.

Potential applications of magnetite (Fe3O4)

In this section, we concentrated on potential applications 
of magnetite that synthesized by SFM. As discussed in the 
previous sections, by manipulating the key parameters of 
SFM, it is possible to synthesize functional nanoparticles 
with controllable size and shape because of their 
fundamental scientific significance and broad technological 
applications.

Biomedical applications

Magnetite  (Fe3O4) nanoparticles in the biomedical 
applications have attracted the attention of researchers 
around the world as potential materials for carriers of 
drug and gene delivery, DNA, biomolecules separation, 
hyperthermia, and contrast agents for magnetic resonance 
imaging  (MRI). For SFNs that want to be used in 
biomedical applications, water‑dispersible particles with 
controllable sizes, fast magnetic response, and favorable 
surface properties are in demand. In cancer therapy, the 
size of SFNs is limited by the primary immunogenic 
system. Particles with sizes more than 200  nm tend to 
be eliminated by reticuloendothelial system  (RES). On 
the other hand, particles with sizes smaller than 10  nm 
are rapidly excreted by the kidneys. Therefore, SFNs in the 
range of 10–100 nm have the longest circulation time.[76‑78]

Liu et  al.[33] synthesized high water‑dispersible MMNs 
by a modified SFM. The mean particle size of products 
can easily be tuned over a wide range of 80–410  nm by 
varying the concentration of ferrite chloride and trisodium 
citrate as a stabilizer. Moreover, these SFNs have shown 
a low cytotoxicity, a good biocompatibility, and a high 

capacity for efficient and suitable enrichment of trace 
peptides, which make them promising candidates for 
applications in various bio‑related fields, such as cell 
imaging and cell sorting. Another important aspect in the 
application of magnetite nanoparticles as a drug delivery 
agent is to accumulate the particles around the target 
tissue as a targeted drug delivery system and controlled 
release behavior.[79‑81] For instance, Kim et  al.[82] have 
fabricated porous magnetite particles by surfactant‑free 
SFM with noncontact heat‑assisted drug‑releasing property 
to assess its controlled release and hyperthermia potentials 
simultaneously. Porous magnetite is prepared using iron 
chloride, sodium acetate, and EG. The drug‑releasing 
ability of as‑synthesized magnetite particles is confirmed by 
evaluating their release of ibuprofen (IBU) as a model drug. 
Results have shown that the drug release of the IBU‑loaded 
magnetite particles was faster with heating assistance using 
alternating current magnetic field. Moreover, by applying 
a magnetic field with 6.7, 7.8, and 8.3  kA/m magnitudes 
at 120  kHz frequency to porous magnetite for 1800 S, an 
increase in temperature up to 30.1°C, 43.9°C, and 76.9°C 
is observed, respectively, which can be applied in both 
mild hyperthermia and thermo‑ablation cases.

Guo et  al.[83] synthesized mesoporous single‑crystal 
magnetite nanoparticles via SFM and assessed the loading 
and controlled release capabilities of the nanoparticles with 
doxorubicin as an anticancer drug. In another study, SFM 
is used to synthesize ultrasmall monodisperse magnetite 
nanoparticles, in which iron acetylacetonate  (Fe[acac]3) 
acted as the iron source, n‑octylamine as the reductant, 
and n‑octanol as the solvent as MRI contrast agents. As 
high‑performance MRI contrast agents, the relaxation 
efficiency of the obtained magnetite nanoparticles 
depending on the particle size was investigated in CTAB 
aqueous solution. The r2/r1 ratio clearly increases as the 
particle size decreases because T1 is influenced by the 
size reduction more significantly than T2, indicating that 
the prepared magnetite nanoparticles are all T2 contrast 
agents with high efficiency at 14.1 T, and the MRI 
efficiency is enhanced with the particle size reduction from 

Table 1: Summary of magnetite synthesized by solvothermal method
Solvent Surfactant Reductant Magnetization 

saturation (emu/g)
Particle 

size (nm)
Temperature (°C) Time (h) References

EG PEG NaAc 81.9 200 200 8 [31]
EG ‑ NaAc 78.9 250 200 10 [33]
Water AOT Hydrazine hydrate 3.7 27 160 10 [51]
Water‑alcohol PVP H2O2 71.7 48 230 24 [52]
EG SDS‑PEG NaAc ‑ 80 180 72 [53]
EG PVP Acetate 42.8 100 140‑145 36 [61]
Ethanol PVP Hydrazine hydrate 71 30‑40 180 6 [62]
EG CTAB NaAc 86.3 230‑250 200 12 [64]
EG ‑ NaAc 89.4 200‑250 200 12 [65]
EG – Ethylene glycol; PEG – Polyethylene glycol; AOT – Sodium bis(2‑ethylhexyl) sulfosuccinate; PVP – Polyvinylpyrrolidone; 
SDS – Sodium dodecyl sulfate; CTAB – Cetyltrimethyl ammonium bromide
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6  nm to 4  nm.[84] Vargas‑Osorio et  al.[85] have assessed 
magnetite‑carbon nanoparticles with core‑shell structure, 
which have been synthesized through SFM, for both 
hyperthermia and MRI in brain biomedical applications. 
Despite mentioned applications, the biocompatibility of 
as‑prepared nanoparticles has been assessed and the results 
showed that their biological performance shows very good 
biocompatibility and labeling capacities after incubation in 
rat mesenchymal stem cells. Table  2 summarizes potential 
magnetite nanoparticles, which have been synthesized via 
SFM, for biomedical applications.

Adsorbent applications

Another potential application of magnetite nanoparticles is 
using them as absorbents of heavy metals as they can be 
separated from the medium via a simple magnetic process. 
Kumari et  al.[86] have applied a simple and one‑pot SFM 
to synthesize magnetite nanospheres with hollow interiors 
to remediate Cr6+  and Pb2+  from water. Results revealed 
that the Langmuir adsorption capacities of magnetite 
nanospheres were  ~9 and  ~19  mg/g for Cr6+  and Pb2+, 
respectively. Yan et  al.[87] presented a one‑step SFM to 
prepare the nanocomposite of magnetite/bentonite through 
the reaction of ferric chloride, sodium acetate, and 
ethylenediamine in EG with an additive of natural bentonite 
powder simultaneously. The synthesized nanocomposite 
is used to adsorb heavy metals  (Pb2+, Cd2+, and Cu2+) in 
aqueous solution. The surface area and total pore volume 
of the magnetite/bentonite nanocomposites were all larger 
than those in the natural bentonite and pure magnetite. 
The adsorption capacities on the basis of Langmuir model 
were 81.5, 21.7, and 19.6  mg/g for Pb2+, Cd2+, and Cu2+, 
respectively.

Lithium‑ion batteries

One of the significant successes of modern materials 
electrochemistry is applying SFNs in rechargeable 
lithium‑ion batteries, which have been extensively used 
in electronics, cell phones, and laptop computers.[88‑90] 
Magnetite is a very promising candidate as anode material 
in rechargeable lithium‑ion batteries, which is because 
of its ability to store up to eight lithium per formula 
unit  (Fe3O4+  8 Li++8e− ↔ 4 Li2O  +  3Fe) via reversible 
reactions, resulting in a high theoretical capacity of 
924 mAhg−1. Moreover, advantages such as low cost, ease 

of synthesis, and environmental friendliness make it a 
desirable candidate for large‑scale commercial applications 
for rechargeable lithium‑ion batteries.[91,92] However, 
using SFNs including magnetite as an anode material is 
limited by low initial Coulombic efficiency and the huge 
volume change during lithium‑ion insertion/extraction 
that causes the poor cyclic property and rapid capacity 
degradation. During lithium‑ion insertion/extraction 
process, the huge volume change not only pulverizes the 
initial structure but also destroys the electrical connection 
between anode materials and current collectors, therefore 
leading to undeveloped reversibility and poor cycling 
performance.[93,94] Hence, it is of great interest to develop 
new approaches to relieve the volume change, maintain the 
integrity of the electrodes, and consequently improve the 
cycling stability and reversible capacity of the electrode.[95] 
An effective strategy to circumvent above problems that 
hard to deal with is to develop hybrid electrodes consisted 
of SFNs and carbon.[96] These SFNs/carbon composites 
electrodes can provide enough space to accommodate 
the huge volume change during the lithiation/delithiation 
process and maintain the integrity of the composite 
electrodes.

Chen et  al.[97] have developed a high pressure and 
temperature‑based SFM for fabricating magnetite with 
carbon as a composite anode for lithium‑ion batteries. Due 
to high pressure and temperature of SFM medium, in  situ 
carbonization of organic components inside the medium 
had been occurred and carbon in composite is obtained. 
Results showed that the sample with  ~54.6% carbon 
at current density of 50  mA/g has achieved a capacity 
of  ~610 mAhg−1 after 100  cycles. Zhang et  al.[98] have 
adopted SFM as a facile fabrication strategy to design 
Fe3O4/rebar graphene composite to use as an anode material 
in lithium‑ion batteries. As a consequence, the as‑prepared 
Fe3O4/rebar graphene composite displays stable cycling 
performance (1038 mAhg−1 after 100 cycles at 100 mAg−1).

Conclusion
Main solvothermal synthetic factors to achieve the 
morphology control of well‑defined spinel ferrites have 
been discussed. Moreover, Fe3O4 is chosen as a case study 
and recent developments of Fe3O4 nanoparticles, which are 
synthesized via solvothermal route, have been considered. 
Compared with traditional synthesis routes, solvothermal 
methods are at an early stage of investigations despite that 
the potential of solvothermally fabricated nanomaterials 
has been clearly reported by some excellent studies. Using 
SFM with tremendous characteristics allows for the precise 
control over the size, shape distribution, and crystallinity 
of SFNs or nanostructures. By changing certain key 
experimental factors such as reaction temperature, reaction 
time, solvent type, surfactant type, and precursor type, these 
characteristics can be altered. An accurate understanding 
of these factors and mechanisms will promote the design 

Table 2: Summary of potential magnetite biomedical 
applications synthesized by solvothermal method

Application 
(in vitro)

Magnetization 
saturation (emu/g)

Particle 
size (nm)

References

Hyperthermia; 
drug delivery

79 300 [82]

Drug delivery 65 70 [83]
MRI 63 6 [84]

70 186 [85]
MRI – Magnetic resonance imaging
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of new synthesis routes for SFNs with desired properties, 
which can be applied for practical applications such as 
storage, catalysis, bio‑imaging, and therapy.
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