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Abstract  

Transition metal oxides (TMO) NPs are particles with constituents at the nanoscale level, which is in the 1-100 nm size range. 

Transition metal oxide nanoparticles are used for various purposes ranging from drug delivery in the medical field to industries 

for making solar cells and batteries for storing energy, cosmetics, clothes, and sensor technology. Transition metal oxide NPs 

have attracted serious attention recently because of their unique features, which include anti-bacterial activity, oxidation 

resistance, and good thermal conductivity. Transition metal oxide nanoparticles such as TiO2, ZnO, MnO2, and FeO are 

synthesized either with chemicals or using green methods, which involve the use of plant extract. Transition metal oxide 

nanoparticles have tremendous applications in industries, and as such, there is a need to explore more about their synthesis and 

applications. This study aims at presenting an overview of transition metal oxide nanoparticles (TiO2, ZnO, and MnO2) with 

serious reference to the hydrothermal method of synthesis and the different reagents, as well as the reaction conditions and 

mechanisms involved in the synthesis. 
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Introduction 

Transition metal oxide-based materials are well-known due 

to their unique physical, optical, chemical, and interfacial 

properties. They exhibit extraordinary variations and 

controllability in their original properties in small size of the 

order of nanometers, which are commonly attributed to 

quantum confinement effects and relatively higher number 

of surface atoms. Due to their properties, transition metal 

oxides are added to make composites with different other 

materials to enhance their properties. Applications of 

transition metal oxides and their composites depend on their 

features, such as size, surface area, structure, stability and 

crystallinity. Transition metal oxides nanoparticles 

(TMONPs) have been used in many applications such as 

emulsions, tertiary oil recovery, catalysis, solar energy and 

drugs delivery. It is highly desirable to have tunable 

properties during synthesis for the commercialization of 

TMONPs. NPs are typically synthesized by top-down and 

bottom-up approaches using physical or chemical methods. 

The top-down methods include transforming bulk materials 

into smaller ones, while in the bottom-up method, the 

substance evolves from atoms and ions to the larger particle 

(Pegaz et al., 2006) [31]. 

In the physical process, nanoparticles are synthesized by 

high-energy ball milling, laser ablation, electro spraying, 

laser pyrolysis and physical vapor deposition, which are 

mainly energy intensive techniques (Hasan, 2015) [12]. 

Chemical compounds are reduced to another form in the 

chemical method of nanoparticle synthesis. Examples of 

these approaches are sol-gel, hydrothermal, micro emulsion, 

and polyol synthesis. The chemical method is usually 

favored over its physical peer because it has many 

advantages, such as tunable particle size and low 

temperature and energy requirements, which are essential 

for many applications ranging from drug delivery, oil 

recovery, catalysis, and electronic devices. 

Applications of NPs are based on their properties, such as 

shape and size. For instance, a study by Kulkarni and Feng 

(2013) [17] on the drug delivery application of polystyrene 

NPs of different sizes (100nm, 200nm, and 500nm) showed 

that, in contrast to the remaining sizes, the higher cellular 

uptake efficiency of these NPs was detected in the 100nm 

size. A similar study by Pegaz et al. (2006) [31] on the effect 

of size on extravasation and photothrombic performance of 

four bunches of meso (p-tetracarboxyphenyl) porphyrin 

loaded PLA NPs with 121nm, 194nm, 250nm, and 343nm 

sizes showed that, based on their compactness in size, PLA 

particles were favored. Furthermore, the shape of NPs can 

equally influence the reactivity and selectivity of a catalyst 

owing to difference in binding energy of adsorbates. 

Baquero et al. (2018) [4] reported that platinum NPs of 

similar size (about 1nm diameter) but different shape 

showed distinct catalytic properties. Their study has 

outlined the effect of shape and size of nanomaterials and 

why their shape must be regulated during the synthesis 

process. Hence, any method capable of controlling the size 

and shape of the nanomaterials is ideally suited for a range 

of applications. As mentioned in the literature, the 

hydrothermal method is one of the most appropriate 

techniques capable of regulating the size and shape of 

nanomaterials. This review focuses on the synthesis and 

applications of certain transition metal oxides nanoparticles 

such as TiO2, ZnO, and MnO by hydrothermal process. 
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Methodology 

A thorough search was conducted using the phrases 

"transition metal oxides," "nanoparticles," "transition metal 

oxide nanoparticles," and "hydrothermal synthesis of 

nanoparticles" across a number of electronic databases, 

including Google Scholar, ScienceDirect, Semantic Scholar, 

and PubMed. Between 2006 and 2022, studies on the 

synthesis and practical application of hydrothermally 

produced transition metal oxide nanoparticles were 

considered for inclusion. 50 studies in all were chosen for 

this study. The studies were carefully examined, and the 

necessary data was extracted for synthesis. 

 

Hydrothermal synthesis 

Hydrothermal synthesis is commonly known as crystal 

synthesis or crystal growth under high temperature and 

high-pressure water conditions of substances that are 

insoluble under normal temperature and pressure. It is one 

of the well-entrenched synthetic techniques for the 

preparation of transition metal oxides NPs as well as mixed 

oxide composites. The synthesis via hydrothermal method is 

generally conducted at a temperature of less than 100°C and 

a pressure of 1atm. During hydrothermal process, the 

particle size of metal oxide depends on the rate of 

hydrolysis and the solubility of metal oxide. To monitor the 

solvent field during nucleation and crystallization of the 

particles, the hydrothermal temperature and pressure 

conditions in sub-critical and super-critical water can be 

varied. The Hydrothermal synthesis of TMO NPs in 

supercritical water has benefits especially in the preparation 

of multi-metal oxide compounds. Hydrothermal process has 

several other advantages as many phases can be prepared at 

much lower temperatures than would be required for a solid-

state reaction in hydrothermal process. For example, the 

magnetoplumbite stage, BaFe12O19, requires heating of the 

oxide components, BaCO3 and α-Fe2O3 at around 1250○C, 

but the hydrothermal process can be performed at a much 

lower temperature (Chen et al., 2020) [7]. 

 

1. Synthesis of TiO2 nanoparticles using hydrothermal 

method 

Hydrothermal method is among the simplest and most 

effective synthetic pathways for TiO2 NPs preparation. 

Naghibi and co-workers (2014) [27], has reported the 

synthesis of TiO2 NPs via hydrothermal assisted sol-gel 

technique, using titanium isopropoxide as a precursor. They 

observed that the TiO2 NPs prepared by the hydrothermal 

assisted sol-gel method have a globular or cubic shape with 

a narrow particle size distribution of 2-12 nm. But the TiO2 

nanoparticles synthesized with the conventional sol-gel 

method has a wide particle size distribution of 4-36nm. 

In 2012, Jae-Kyung and co-workers were able to synthesize 

TiO2 nanostructures through the hydrothermal method by 

employing titanium isopropoxide as precursor. The anatase, 

rutile and mixed-phase TiO2 crystal structures of size 5.7 

nm, 5.4 nm and 4.4 nm respectively were determined 

utilizing hydrochloric acid concentrations. They noted that, 

after increasing the reaction time, the rutile crystallites were 

grown into one-dimensional nanomaterials (Oh et al., 2009) 
[29]. The synthesis of TiO2 nanostructures of 20 nm through 

the hydrothermal method using Ti (SO4)2 and strong 

ammonia water as titanium precursor and precipitant, 

respectively, was reported in a similar study by Xiaoming 

(2015) [48]. Their SEM and TEM analysis results confirmed 

that the size of TiO2 nanostructures prepared without 

ammonia water exceeded nanometer size range. However, 

the addition of ammonia water led to substantial decrease in 

size of TiO2 particles (Xiaoming, 2015) [48]. 

There are extensive studies where Al, Sn, and Ni-doped 

TiO2 nanostructures are synthesized and explored for their 

structural, optoelectronic, luminescence, photocatalytic and 

thermal properties (Murashkina et al., 2015) [26]. Yong et al 

reported synthesis of Ag decorated TiO2 NPs by 

hydrothermal method with enhanced photovoltaic properties 

(Dong et al., 2019) [9]. There are reports of one-pot 

hydrothermal synthesis of Sn-doped TiO2 aggregates. The 

prepared rutile and anatase aggregates of TiO2 

nanostructures were strongly crystalline. Synthesis of 

carbon doped TiO2 thin film through a combination of 

various methods, including hydrothermal is also reported in 

literature where nanorod morphology was tuned after 

calcination at 800°C for 2 hr. The same study revealed that 

the substituted carbon atoms incorporated by the 

replacement of oxygen atoms in the lattice structure of TiO2 

was responsible for the narrowing of the TiO2 band-gap 

energy (Rasoulnezhad et al., 2017) [34].  

Likewise, through the hydrothermal method, Chen et al., 

(1995) [6] have synthesized highly oriented pure anatase 

TiO2 thin film. Although, in general, NPs possess a high 

surface-to-volume ratio, structural features such as hollow 

nanoparticle structure are desirable to increase this ratio 

(Hasan, 2015) [12]. Limited studies have shown that simple 

template-assisted hydrothermal method for the synthesis of 

TiO2 hollow nanostructures. In one such study, resorcinol-

formaldehyde resin was used as a template for controlled 

hydrothermal synthesis of TiO2 hollow spheres (Tang et al., 

2013) [41]. A hollow of TiO2 NPs was synthesized using 

carbon sphere as a composite CS-TiO2 forming template 

and then selective CS removal by calcination at 500°C. As 

result of their hollow structure, the prepared TiO2 NPs 

showed remarkable photocatalytic performance against 

model phenolic pollutants (Réti et al., 2017) [35]. 

 

Table 1: A summary of reported synthesis of TiO2 nanoparticles via hydrothermal method by different research groups 
 

Precursors Conditions of Synthesis Properties of NPs Ref. 

Titanium (vi) butoxide & 

HCl 

Drying: 70C, 18h 

Calcination: 500C, 4h 

Hollow TiO2 NPs with average 

size of 30nm. 
(Acevedo et al., 1999) [2] 

TTIP, HCl & deionized 

water 

Stirring: 20min Heating: 130C, 24h 

Calcination: 400○C & 600○C. 

TNTs with 51.92% of anatase at 

400C & 45.36% at 600C and 

average size of 150nm. 

(Kumar et al., 2018) [18] 

TTIP & M.citrifolia 

leaves extract. 

Heating: 120○C, 8h.  

Calcination: 400○C, 2h. 

Quasi-spherical shape NPs with 

size 19nm 

(Sundrarajan et al., 2017) 
[40] 

Ti(OBu)4,cp), ethanol & 

acetone 

Ultrasonication: 25○C, 30min. Heating: 90○C, 

8h. Calcination: 400○C & 600○C, 2h. 

Homogeneous thin film of 

anatase, rutile & brookite NPs. 
(Dong et al., 2018) [8] 

Titanium oxysulfate and Stirring: 50○C, 1h. Heating: 160○C, 20min Crystalline NPs of 20nm size (Pathakoti et al., 2019) [30] 
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NaOH Drying: 60○C, 8h. having predominant anatase 

phase. 

TBT, tertbutanol and 

acetone. 

Stirring: 5min. Heating: 130○C, 24h. 

Drying: 100○C, 12h. Calcination: 450○C, 2h. 

Pure-polycrystalline nanorods 

with average size of 20nm. 
(Kaya et al., 2019) [16] 

TTIP and hydrochloric 

acid 

Stirring: 25○C, 1h. Heating: 150-200○C, 6h. 

Drying: through N2 blowing. 

Single crystal nanorods of 10nm 

size. 
(Oh et al., 2009) [29] 

STiCl4 and distilled water 
Heating: 180○C, 20h 

Drying: 70○C,3h 

Anatase & rutile NPs with size 30 

nm 
(Huynh et al., 2018) [14] 

Ti(SO4)2 and KOH Heating: 400○C Drying: 80○C, 3h 
Single phase anatase NPs with 

average size of 13 nm 
(Mironyuk et al., 2020) [25] 

 

2. Synthesis of ZnO nanoparticles by hydrothermal 

method 
As one of the solution-based methods for synthesizing ZnO 
NPs, the hydrothermal process is very simple and 
environmentally friendly. Several research groups have 
prepared ZnO nanostructures via this method, due to its 
easiness. The synthesis of ZnO nanostructures by combined 
hydrothermal and sol-gel method was reported using zinc 
acetate and methanol as precursors. These synthesized ZnO 
NPs were reported to have a smaller particle size of 14 nm 
than those prepared by sol-gel method which had 18 nm size 
(Raajshree and Brindha, 2018) [33]. In 2017, Dattatraya and 
co-workers were also able to synthesize ZnO NPs with 
granular morphology using zinc acetate, cyclohexane, and t-
butyl alcohol as precursors by hydrothermal method (Bharti 
and Bharati, 2017) [5]. 
Synthesis of ZnO NPs using zinc nitrate hexahydrate as a 
precursor has been carried out by different research. The 
Synthesis was performed at 120○C in an autoclave. A study 
Ristić et al., (2005) [36] on the template-assisted synthesis of 
ZnO NPs at neutral pH with tetramethylammonium 
hydroxide as precipitating agent. After the addition of 
tetramethylammonium hydroxide to ethanol and zinc acetate 
dehydrate mixture, ZnO NPs of size 10-20 nm were 
precipitated at room temperature. They found that adding 
water to the ethanol and zinc acetate dehydrate mixture 
before adding TMAH resulted in the formation of ZnO 
snowflakes (Ristić et al., 2005) [36]. Aneesh and co-workers 
have also reported a work on synthesis of stable ZnO NPs 
through hydrothermal process by varying the growth 
temperature as well as concentration of the precursors. It 
was found that the average particle size was between 7-24 
nm (Madathil et al., 2007) [22]. 
Several research groups have synthesized doped ZnO NPs 
in addition to pure ZnO NPs to enhance their properties for  

 
specific applications, example in pharmacy for development 
of different antibiotics. To enhance the antibacterial efficacy 
of ZnO NPs against clinically isolated bacterial species, 
Saxena et al. (2018) [38] prepared Al-doped ZnO NPs by co-
precipitation method. Related work on the preparation of 
pure and Sn-doped ZnO nanostructures for inhibition of 
pathogens was reported by Tariq Jan et al., (2013) [42]. The 
antibacterial activity of pure ZnO and Sn-doped ZnO 
nanostructures were investigated against bacterial strains 
resistant to E. coli, pseudomonas, staphylococcus aureus, 
and methicillin. Doping ZnO with Sn paved new way to 
address bacterial infections of S. aureus particularly on the 
skin when used in creams. 
Through the hydrothermal method, Wu et al., (2014) [46] 
prepared Fe-doped ZnO NPs using zinc acetate and ferric 
nitrate as precursors. The optical and magnetic properties of 
Fe-doped ZnO NPs have been studied, the 
photoluminescence spectra of as-synthesized Fe-doped ZnO 
particles have been shown to exhibit slight blue shift and the 
UV emission has been annihilated with increasing Fe3

+ 
concentration. Magnetic measurements have also shown that 
Fe-doped ZnO samples demonstrate ferromagnetic activity 
at room temperature and rising dopant concentration 
improves saturation magnetization. Ahmad et al., (2021) [3] 
have reported yet another synthesis of doped ZnO 
nanoparticles. They synthesized a series of NPs of Ca-doped 
ZnO with the goal of increasing the evolution of 
photocatalytic hydrogen through water division under 
visible light illumination. The 3 mole % Ca-doped ZnO 
particle was found to be the most successful candidate for 
hydrogen evolution under visible light illumination among 
the series of synthesized Ca-doped ZnO NPs. They 
attributed small particle size, improved optical absorption, 
high surface area, and narrow bandgap to the increased 
photocatalytic performance. 

 
Table 2: A summary of reported synthesis of ZnO nanoparticles via hydrothermal method by different research groups 

 

Precursors used Synthesis Condition Properties Ref. 

Zinc acetate, rinds extract of S.rarak 

 

Stirring: 70○C, 1hr. 

Drying: 95○C, 8h 

1µm size nano-grain having free surfaces 

and boundaries 

(Maryanti et al., 2014) 
[24] 

Zinc acetate and diethylene glycol 

Heating: 160○C, 5h Centrifugation: 

5000rpm, 30min Drying: 120○C, 

24h 

Regular spherical shape with size of 11 

nm. 
(Hu and Chen, 2008) [13] 

Zinc acetate and hexamethylenetetramine 
Drying: 150○C 

Heating: 65○C, 75○C 

Urchin like morphology with average 

diameter of 500 nm & length of 2-3µm 

(Polsongkram et al., 

2008) [32] 

Zinc nitrate, ethanol and ethylenediamine 

Sonication: 40min Heating: 160○C, 

20h Centrifugation and washing 

with water and ethanol 

Nano-belt like shape with rectangular cross 

section and length of 10-20µm & thickness 

of 30-60 nm. 

(Xi et al., 2007) [47] 

(Zn (NO3)2. 6H2O, methanol, ethylene glycol 

and hexadecyl rime thylamm onium bromide 

(CTAB) 

Stirring: 10min Heating: 120, 5h 

Centrifugation & washing. 

Sphere like ZnO nanostructure with 

diameter of 100 nm & length of 10-15 nm. 
(Saleh et al., 2017) [37] 

Zinc nitrate, hexahydrate, 

hexamethylenetetramine and ethanol 

Sonication: 30s Spin coating: 3000 

rpm Sintering:500○C, 5min. 

Heating: 120○C, 2h 

Hexagonal nanoroids, modified nanoroids 

and pointed nanoroids structures at pH of 

6, 9 and 11 respectively. 

(Widiyandari et al., 

2020) [45] 

Zinc nitrate hexahydrate and 

hexamethylenetetramine 

Stirring: for 1h Heating: 140○C, 6h 

Drying: 100○C, 24h 

Hexagonal structure with crystallite size of 

57 nm, 44 nm and 46 nm. 
(Ghosh et al., 2020) [11] 

 



International Journal of Advanced Science and Research  www.allsciencejournal.com 

28 

3. Synthesis of MnO2 nanoparticles by hydrothermal 

method 

MnO2 NPs exist in various structural forms such as α, β, γ, 

and δ. It has a basic structural unit of [MnO6] which is 

octahedral. On the basic of different MnO6 links, MnO2 is 

categorized into three classes: the chain-like tunnel structure 

such as α-, β-, and γ-types, the sheet or layered structure 

such as δ-MnO2, and the 3D structure such as λ-type. The 

properties of MnO2 are significantly affected by their phases 

and morphologies. Various MnO2 NPs have been 

synthesized, example single crystal MnO2 nanowires of α 

and β types have been synthesized by hydrothermal method 

employing Mn2+ with oxidizing reagents such as 

(NH4)2S2O8 or KMnO4 (Abulizi et al., 2014) [1]. Another 

finding by Ma et al (2004) [21] have reported the synthesis of 

MnO2 nanobelts with narrow size via hydrothermal method. 
 

Table 3: A summary of reported synthesis of MnO2 nanoparticles via hydrothermal method by different research groups. 
 

Precursors used Synthesis Condition Properties Ref. 

MnSO4.H2O and 

(NH4)2S2O8. 

Stirring: at RT Heating: 120○C, 12 h 

Calcination: 400○C for 2 h 

Hollow, urchin and smooth ball 

nano-rods. 
(Li et al., 2012) [20] 

MnCl2.4H2O and NaOH Stirring: at RT. 
Porous like particles with 

varying pore size. 
(Shaik et al., 2019) [39] 

KMnO4 and HCl 
Stirring: 20 min. 

Heating: 140○C for 17 h. 

Birnessite flower and alpha type 

tubular structure. 
(Li et al., 2017) [19] 

KMnO4, Na2SO4 and HCl. 
Stirring: 20 min. 

Heating: 90○C for 2 h. 

Amorphous plates and flakes 

structure. 
(Yamaguchi et al., 2020) [50] 

C3N4 and KMnO4 
Heating: melamine at 60○C, 4 h. 

Heating: 180○C, 24-30 h. 
Rod like and spherical structure. (Xu et al., 2018) [49] 

KMnO4, MnCl2.H2O and 

NaOH 

Stirring: 50○C, 20 min. Calcination: 400-

500○C, 2 h. Stirring: Vigorous Heating: 

110○C, 6 h 

Plate like with slit-like pores and 

sphere like of ink-bottle shape. 
(Teli et al., 2020) [43] 

MnSO4.H2O and K2S2O8 Drying: 80○C, 3 h 
Caddice-clew and urchin-like 

particles of size 50-100 nm. 
(Yamaguchi et al., 2020) [50] 

 

Applications of TMO NPs 

In recent years, TMO have been widely exploited in a 

variety of applications. This is due to their biocompatibility, 

exceptional stability in different environments and their 

ability to generate electron-hole pairs when utilized as 

photocatalysts (Jana et al., 2017) [15]. Below are some of the 

applications of TMO NPs for different purposes. The highly 

explored application of TMO NPs in wastewater treatment 

is their use as photo catalysts. The versatility of TMO NPs 

which makes them suitable as sole photocatalysts or 

heterostructures comprising varying compounds. The 

efficiency of TMO NPs as catalysts in water remediation is 

governed by several factors including, crystallinity, surface 

morphology and band gap energy. A study by Narath et al., 

(2021) [28] explored the application of ZnO, NiO and CuO 

NPs in the degradation of water pollutants methylene blue 

and Alizarin red. They observed that, within a period of 180 

min, the efficiency of these particles was between 80-88%. 

With regard to antimicrobial activity, different studies were 

reported on bacterial inactivation of TMO NPs. These NPs 

were explored for gram-positive bacteria S. aureus as well 

as gram-negative like Pneumoniae. Based on the findings, 

the studied TMO NPs (ZnO and MnO2) yielded better 

antimicrobial activity against these classes of bacteria 

(Wang et al., 2010) [44]. TMO NPs and their composites are 

employed in various drug delivery applications. Iman 

Gholamali et al (2020) [10] studied the relationship between 

encapsulation and release of ibuprofen drug using CuO NPs 

at various pH. They observed a better controlled delivery as 

well as good swelling capacity when compared with starch. 

Solar cell being an alternative for fossil fuels, because solar 

energy is one of the abundant energy sources on the earth 

and more importantly being green as such it has less hazard. 

Mahmoudabadi and Eslami (2019) [23] recorded a conversion 

efficiency of 7.4% for CuO NPs. TMO NPs have been 

reported to have good sensitivity and selectivity compared 

to many other NPs as a result of high surface area per 

volume ratio because of their mesoporous nature. 

 

Conclusion 

This review paper has outlined the synthesis of TMONPs by 

hydrothermal method using different conditions and 

reagents. The review equally shows the incredible properties 

of TMNOPs makes them significantly relevant in various 

fields such as energy, health care, environment, agriculture 

etc. Transition metal oxide nanoparticle have great 

potentials to convert poorly soluble, poorly absorbed and 

labile biological active substances into reliable deliverable 

substances. The hydrothermal method of NPs synthesis is 

also very effect and less costly with assurance of producing 

high quality NPs. 
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