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Electrochemistry of Nanomaterials
ь Electrochemical processes at a nanoscale; ь Nano-
materials and nanodevices for electrochemical sensing; 
ь Synthesis and characteriza�on of electrocataly�c 
electrodes; ь Electrochemical surface modifica�on and 
corrosion mechanisms; ь Photoelectrochemistry of 
nanomaterials; ь Electrochemical phenomena at the 
nanobio hybrids and interfaces.

ь Magne�c nanopar�cles, nanowires, thin films and 
pa�erned nanostructures; ь Magne�za�on reversal, domain 
structure, spin vor�ces and skyrmions; ь Spin waves and 
magnonics; ь Spin currents: genera�on, manipula�on and 
transport; ь Spintronics: memories, field sensors, logic and 
spin-based devices; ь Magne�c anisotropy and recording 
media; ьHeusler alloys, magnetocaloric and magneto-
op�cal materials.

Nanomagne�sm & Magne�c Materials
ь Molecular scale electronics; ь Transport proper�es in 
2D materials; ь Nanocircuitry and nanowires; 
ь Heterostructures and quantum wells ь Thermal ; 
transport and heat exchange at nanoscale.

Transport Proper�es in Nanoscale Systems

ь Advances in PVD, CVD and ALD techniques; ь Thin film 
growth & epitaxy; ь New thin film materials: diamond-
like films, granular alloys, HEA, oxynitrides, intermetallic 
compounds; ь Hard, wear-, oxida�on-resistant and 
mul�func�onal coa�ngs; ьElectropla�ng and electroless 
deposi�on; ь Surface oxida�on and corrosion proper�es; 
ь Industrial applica�ons.

Mul�func�onal Thin Films & Coa�ngs

Nanomaterials Synthesis & Self-assembly
ь Novel routes for synthesis of "building blocks"; 
ь Size-, shape- and composi�on-dependent proper�es; 
ь Top-down and bo�om-up approached for self-assembly;  
ь Block-co-polymers, interfacial science and morphology 
control; ь Nanocomposites & nanohybrids; ь 2D tran-
si�on metal carbides/nitrides: MXenes.; ь Nano- and 
micro-fabrica�on techniques.

Superconduc�vity in Nanoscale & Mesoscopic 
Systems
ьSuperconduc�ng materials, thin films and pa�erned 
structures; ь Hybrid systems, proximity and size-
dependent effects; ь Imaging and vortex dynamics; 
ь Josephson juncthions and nanoSQUIDs; ь Super-
conduc�ng electronics, detectors and sensors. 

Nanoscale Characteriza�on & Imaging
ь Op�cal, scanning probe, X-ray, ion- and electron 
microscopy; ь Nanoscale science and engineering, 
including manipula�on of ma�er at the atomic/ 
molecular scale and assembly phenomena; 
ь Interac�ons at surfaces of so� ma�er, including 
polymers and biomaterials; ь Electrochemistry at 
surfaces and interfaces.

Nanophotonics
ь Plasmonic structures and quantum dots; ь Near field 
microscopy; ь Nano-op�cs and op�cal tweezers; 
ь Spectroscopic studies of nanoscale materials; ь Mole-
cular energy transfer and light harves�ng; ь Photonic and 
optoelectronic materials and devices; ь Photo-detectors, 
sensors and imaging.
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ь Field-effect transistors; ь Micro/nano electromecha-
nical systems and sensors; ь Piezoelectric sensors; 
ь Plasmonic and surface-enhanced Raman spectroscopy; 
ь Magnetoelectronic or spintronic nanodevices; ь RF, 
microwave, IR, UV-VIS and X-ray sensors, and single photon 
detectors; ing devices.ь Quantum comput

Nanosensors & Nanodevices

ь Nanopar�cles manipula�on, microfluidics and lab-on-
chip technologies; ьNanopla�orms for cancer diagnos�cs, 
imaging and treatment; ь Nanodevices and sensors for 
bio/nanomedicine; ь Bio-nanomaterials and �ssue 
engineering; ь DNA nanotechnology; ь Nanotoxicity. 
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water technologies.

Nanomaterials for Energy & Environment
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transport in nano- and mesoscale systems; ь Atomis�c 
quantum transport simula�ons; ь Simula�on of organic 
semiconductor devices; ь Microstructure-based models 
and disloca�on analysis; ь Quantum compu�ng.
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Synthesis of functional nanocomposites and nanohybrids based on the nanoscale 

oxide materials 

Anatolii Belous1 *, Ivan Lisovskyi1, Pavlo Torchyniuk1, Yuliia Shlapa1 

1) V. I. Vernadsky Institute of General & Inorganic Chemistry, NAS of Ukraine 

(Ukraine) 

* agbilous@ukr.net 

Nanocomposites and nanohybrids have been attracting significant scientific and 
practical interest due to the possibility of combining various useful properties in one 
material and increasing its functionality. Such systems can find practical application 
both in technology (magnetic recording systems, elements of microwave technology, 
electrochemical systems) and in medicine (MRI, hyperthermia, drugs delivery). The 
synthesis of non-agglomerated or weakly agglomerated nanoparticles and the 
development of special-purpose nanocomposites based on them is a serious scientific 
task. The preparation of such composites depends essentially on the chemical 
composition of nanoparticles, their crystalline structure and physical-chemical 
properties, as well as on the method of synthesis. 

The aim of this work was the synthesis of weakly agglomerated nanoparticles of 
various materials, in particular, ferrites based on complex oxide systems with spinel, 
perovskite, and barium hexaferrite structures; lithium-conducting systems with 
NASICON, perovskite and garnet structures, and also organic-inorganic perovskites. 
Such methods as precipitation in aqueous and non-aqueous solutions, inverse 
microemulsion, sol-gel, and spin-coating were used for the synthesis of materials. The 
relationships between the chemical composition, crystalline structure, and conditions 
of synthesis of weakly agglomerated nanoparticles were established. Synthesized 
nanoparticles were used to prepare functional nanohybrid materials for various 
purposes (hybrid magnetic films for microwave resonators, lithium-conductive films 
for lithium-ion batteries, organic-inorganic perovskites films for solar cells), and also 
nanocomposites with core/shell structure. Optimal methods for manufacturing 
structured nanocomposite and nanohybrid materials with controlled physical-chemical 
parameters were established. It has been shown that the synthesized composite 
materials possess an increased functional effect compared to existing nanoparticles. 
These composite materials can be used for the fabrication of controlled microwave 
resonant elements, for the development of electrochemical and photovoltaic systems, 
and also for medical and biological purposes. 

Keywords: nanocomposites; synthesis; magnetic materials; lithium-conducting 
systems; organic-inorganic perovskite 
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Abstract — This work is devoted to the synthesis of nano-

sized weakly agglomerated particles of materials with the 
structures of spinel, perovskite, barium hexaferrite, NASICON, 
and composites based on them. It was shown that the fabricated 
nanoparticles could be used to synthesize magnetic films and 
surface modification of cathode materials for electrochemical 
systems. 

Keywords — weakly agglomerated nanoparticles, 
nanocomposites, functional materials, magnetic materials, 
electrochemical systems. 

I. INTRODUCTION  

Nanocomposites and nanohybrids are of considerable 
scientific and practical interest due to the possibility of 
combining various beneficial properties in one material and 
increasing its functionality [1]. To create them, nanoparticles 
based on oxide systems, which are characterized by various 
properties, are often used. Such systems can find practical 
application both in engineering (magnetic recording systems 
[2], elements of microwave technology, improving the 
properties of electrochemical systems [3, 4]) and in medicine 
(MRI [5], hyperthermia [6, 7], delivery drugs [8]). For 
practical use, nanoparticles characterized by low 
agglomeration are needed. The synthesis of non-agglomerated 
or weakly agglomerated nanoparticles and creating the 
special-purpose nanocomposites based on them is a complex 
scientific task.  

Fabrication of weakly agglomerated particles significantly 
depends on the chemical composition of nanoparticles, their 
crystal structure, physical-chemical properties, and on the 
method of synthesis. Synthesis in solutions is usually used for 
obtaining the nanoparticles of oxide systems. In the first stage 
of synthesis, amorphous precipitates are often formed, which 
at heat treatment at a high-temperature form highly-
agglomerated crystalline precipitate. It can lead to high 
agglomeration and require significant mechanical grinding. 
Strongly agglomerated nanoparticles cannot be used in 
practice.  

The purpose of this work was to find ways to synthesize 
weakly agglomerated nanoparticles of various materials, in 
particular, ferrites based on complex oxide systems with the 
structure of spinel, perovskite, and barium hexaferrite, 
lithium-conductive material with the NASICON structure, as 
well as the development of polycrystalline films for magnetic 
recording systems based on synthesized magnetic 

nanoparticles and improving the characteristics of cathode 
materials for lithium-ion batteries (LIBs) by applying a 
protective layer of nanoparticles of lithium-conductive 
material to their surface. 

II. EXPERIMENTAL DETAILS 

A. Synthesis of barium hexaferrite nanoparticles by 
precipitation from aqueous solutions 

The starting powders were obtained by the co-
precipitation method at pH=9 and by the sequential 
precipitation when BaCO3 was precipitated at pH=9 on 
preliminary obtained iron (III) hydroxide at pH=4-4.5. 

B. Synthesis of barium hexaferrite nanoparticles by the sol-
gel method. 

The initial sol-gel precursors were obtained by the Pechini 
method. Ba(NO3)2, Fe(NO3)3⋅9H2O, citric acid (CA), ethylene 
glycol (EG), and ammonia solution were used as starting 
reagents. The amount of EG was varied within the ratios 
(mol.) CA/EG == 1/3, 1/4, and 1/5 at pH 8. The obtained 
powders were calcined in the temperature range of 920-
1470 K for 2 hours. 

C. Synthesis of La1-xSrxMnO3 nanoparticles by sol-gel 
method 

La1-xSrxMnO3 (0.23 ≤ x ≤ 0.25) (LSMO) nanoparticles 
were fabricated by the Pechini method. The aqueous solutions 
of metal nitrate salts La(NO3)3, Sr(NO3)2, and Mn(NO3)2 were 
the starting reagents for obtaining the precursor; citric acid 
(CA) and ethylene glycol (EG) were used as the gelling 
agents. To obtain La1-xSrxMnO3 crystalline nanoparticles (x = 
0.23–0.25), which have magnetic properties, heat treatment of 
the precursor was performed in the temperature range of 673–
1173 K. 

D. Synthesis of Nanoparticles of Ni1-xZnxFe2O4 (x = 0 – 1) 
materials with a spinel structure by precipitation from 
aqueous solutions 

Ni1-xZnxFe2O4 nanopowders with x = 0; 0.25; 0.50; 0.75; 
0.80; 0.85; 0.90; 0.95 and 1.00 were synthesized by the 
precipitation method. Aqueous solutions of Ni(NO3)2, 
Zn(NO3)2, and Fe(NO3)3 were used as starting materials. 
Sodium hydroxide NaOH was used as a precipitant. At the 
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final stage, the obtained products were subjected to heat 
treatment in air at 1073 K for 2 hours. 

E. Synthesis of Li1.3Al0.3Ti1.7(PO4)3 nanoparticles by the sol-
gel method. 

Li1.3Al0.3Ti1.7(PO4)3 (LATP) nanoparticles were 
synthesized by the sol-gel method. Li2CO3, an aqueous 
solution of Al(NO3)3, C16H28O6Ti (∼75% in isopropanol), 
85% H3PO4, 65% HNO3, 25% NH4OH, citric acid (CA), and 
ethylene glycol (EG) were used as starting reagents for the 
synthesis. To form the crystalline structure of the particles, 
heat treatment of the pyrolysis product (LATP precursor) was 
performed at a temperature of 1023 K for 2 hours. 

F. Application of a protective layer of Li1.3Al0.3Ti1.7(PO4)3 
on the particles of the cathode material. 

A commercial sample of LiNi0.4Co0.2Mn0.4O2 (hereinafter 
NMC 424), produced by MTI Co, was used as the cathode 
material [9]. The protective layer of LATP on the surface of 
particles of cathode material NMC 424 was formed using two 
methods – mechanical mixing and sol-gel technology [10]. 
For deposition of the LATP protective layer by mechanical 
mixing, the pure particles of the commercial cathode material 
NMC 424 and previously synthesized LATP nanoparticles 
were homogenized in isopropyl alcohol for 24 hours by an 
alternating stirring on a magnetic stirrer and ultrasonic 
homogenization. The obtaining suspension was dried to 
remove the solvent and was subjected to heat treatment at 
1023 К for 2 hours at a heating rate of 5°/min. NMC 424 
particles were added into the jar, where the LATP synthesis 
was carried out at the final stage of the synthesis to deposit a 
protective layer of LATP on the cathode material particles via 
the sol-gel method. LATP nanoparticles and cathode material 
were taken in the ratio of 1:99 wt. % [11]. 

The studied samples were marked: 
•NMC 424 without LATP protective layer (pristine); 
•NMC 424 with LATP protective layer applied by 

mechanical method (NMCm); 
•NMC 424 with LATP protective layer applied by the sol-

gel method (NMCsol-gel). 

G. Method of analysis 

The structural properties of the synthesized magnetic and 
lithium-conducting nanoparticles were studied using X-ray 
phase analysis (XRD) on a DRON-4 diffractometer (CuKα 
radiation, a step of 0.02°, a count time of 10s). The JCPDS 
database was used to analyze the XRD results. The 
morphology of the powders was observed using JEM 1230 / 
JEM 1400 transmission electron microscopes (Jeol, Japan) 
and FEG-SEM Nova Nanosem 230 FEI / SEC miniSEM SNE 
4500 MB scanning electron microscope.  

Magnetic measurements of the films were performed in a 
vibrating magnetometer (VSM, MLVSM9 MagLab 9 T, 
Oxford instrument) in parallel and perpendicular magnetic 
fields. 

The charge/discharge characteristics of the LIB models 
were obtained using multichannel potentiostats ARBIN 
(MITS Pro Software of MSTAT 32, Arbin Corporation, USA) 
and VMP3 (Bio-Logic-Science Instruments, France). 

III. RESULTS AND DISCUSSION 

At the synthesis of nanoparticles of barium hexaferrite 
(BaFe12O19) by precipitation from aqueous solutions, when 
all components are simultaneously precipitated at pH ~ 9, 
amorphous precipitates are obtained. During heat treatment at 
a temperature ≥ 1270 K amorphous precipitates become 
highly agglomerated crystalline precipitates. Another 
situation is observed when the deposition is carried out in two 
stages. In the first stage, iron hydroxide (Fe(OH)3) was 
deposited at pH ~ 4–4.5, and in the second stage, barium 
carbonate (BaCO3) was deposited on the iron hydroxide 
precipitate at pH ~ 9. Soft precipitates with dimensions of 60–
65 nm are formed after high-temperature treatment. (Fig. 1a). 

 

At the synthesis of barium hexaferrite (BaFe12O19) 
nanoparticles by the sol-gel method after heat treatment at 
570 K, a mixture of γ-Fe2O3, BaCO3, and α-Fe2O3 phases is 
formed. It should be noted that the CA/EG ratio strongly 
affects the shape of nanoparticles after high-temperature 
treatment. The morphology of the sample obtained during heat 
treatment of the precursor (СА/EG = 1/3) has the lamellar 
shape of nanoparticles with dav = 65 nm. The morphology of 
the sample with CA/EG = 1/4 is represented by nanoparticles 
in the form of plates (dav= 70 nm) and rods (dav = 40 nm, lav = 
90 nm). When the CA/EG ratio is 1/5, the sample is 
characterized by the formation of nanoparticles in the form of 
nanorods (dav = 30 nm, lav = 70 nm) (Fig. 1b). 

 

Fig. 1. TEM image of BaFe12O19 samples, obtained by (a) 
sequential precipitation and (b) sol-gel method after 
calcination. 

 

At the synthesis of La1-xSrxMnO3 (0.23 ≤ x ≤ 0.25) by sol-
gel method, the manganite nanoparticle was obtained after 
pyrolysis of the polyester formed during the polyesterification 
reaction between citric acid and ethylene glycol. The obtained 
TEM results indicate that the average diameter of the particles 
is 20–40 nm (Fig. 2). According to the literature, the average 
size of single-domain nanoparticles for manganite is about 70 
nm [12]. The synthesized nanoparticles are single-domain, 
which is required for appearence of superparamagnetic 
properties. 
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Fig. 2 TEM images and particle size distributions of 
LSMO nanoparticles synthesized via sol-gel method. 

 

At the synthesis of Ni1-xZnxFe2O4 nanoparticles (x = 0 – 
1) with a spinel structure by precipitation from aqueous 
solutions, the results of X-ray phase analysis (XRD) showed 
that all Ni1-xZnxFe2O4 samples with x = 0; 0.25; 0.50; 0.75; 
0.80; 0.85; 0.90; 0.95 and 1 are crystalline, single-phase and 
have a cubic spinel structure with space group Fd-3m. TEM 
images demonstrate that the synthesized nanoparticles are 
nanosized and weakly agglomerated (Fig. 3). 

 

Fig. 3. TEM image of Ni0.25Zn0.75Fe2O4 nanoparticles. The 
inset shows a diagram of the size distribution of nanoparticles. 

 

Field dependencies of mass magnetization (М) for 
Ni1-xZnxFe2O4 samples (x = 0.25) are shown in Fig. 4. The 
magnetization of the sample Ni1-xZnxFe2O4 (x = 0.25) reaches 
saturation when μ0 H exceeds ~ 300 mT. 

 

Fig. 4. Field dependences of mass magnetization for 
Ni1-xZnxFe2O4 nanoparticles with x = 0.25. Dashed line 
illustrates the method of determination of spontaneous 
magnetization at a particular temperature. 

 

Magnetic fluids were fabricated based on Ni1‑xZnxFe2O4 
nanoparticles and aqueous solutions of sodium oleate. It was 
established that the effect of an alternating magnetic field 
leads to the heating of nanoparticles. The heating efficiency 
decreases with increasing zinc content in the samples, which 
is very important for application of these materials in biology 
and medicine. 

Barium hexaferrite nanoparticles with an anisotropic 
shape were used for preparing the polycrystalline films. 

Polycrystalline films based on barium hexaferrite 
nanoparticles were obtained by sol-gel and spin-coating 
methods. Polished α-Al2O3 plates were used as a substrate. 

Single-phase barium hexaferrite films were obtained in the 
temperature range of 1073–1173 K. EDX data showed that 
these films have a uniform distribution of barium and iron ions 
on the film's surface. According to the SEM results, the 
thickness of the film was 200 nm (Fig. 5a). The microstructure 
of the film is characterized by a rod-like particle shape (dav = 
62 nm, lav = 320 nm, lav / dav =5) (Fig. 5b). The anisotropy of 
the particles' shape makes it possible to obtain highly efficient 
films for magnetic recording systems. 

 

Fig. 5. SEM image of the (a) cross-section and of the 
surface the barium hexaferrite film after heat treatment at T = 
1173 K. 

 

For the barium hexaferrite films, the coercivity 
(Нс = 334.23 kA/m) and the saturation magnetization 
(Ms = 0.005 emu) were determined when the magnetic field 
was directed perpendicular to the film surface. These values 
are higher than similar values obtained when the magnetic 
field is oriented parallel to the plane of the film (Hc = 167.11 
kA/m and Ms = 0.003 emu). It indicates a predominant 
perpendicular magnetic anisotropy in this film.  

Effect of surface modification of commercial cathode 
materials on the electrochemical characteristics. 

Fig. 6 shows the results of XRD analysis of pure cathode 
material NMC 424 and LATP nanoparticles synthesized by 
the sol-gel method (Fig. 6a), and cathode materials with a 
protective layer of LATP (1 wt. %) applied using two methods 
(Fig. 6b ). The XRD results show that the cathode material has 
a hexagonal-layered structure of the α-NaFeO2 type with 
space group R3m, which is confirmed by the splitting of the 
(006)/(012) peaks, and LATP has a rhombohedral structure 
with space group R-3c. The peaks of the NASICON 
rhombohedral structure are not observed in XRD patterns of 
cathode materials with a protective layer of LATP. It is 
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connected with the small thickness of the LATP protective 
layer on the surface of the particles of the cathode materials. 

 

Fig. 6. XRD results of (a) LATP nanoparticles synthesized 
by the sol-gel method (1) and the pure cathode material NMC 
424 (2); (b) cathode material coated with LATP protective 
layer using different methods: 1 – NMCm; 2 – NMCsol-gel. 

The morphology of the pure NMC 424 cathode material 
and the cathode material with the LATP protective layer is 
shown in Fig.7. Particles of the pure cathode material have a 
spherical shape and dimensions of about 8 mm. The surface 
of the particles is porous, not homogeneous and consists of a 
large number of particles with a size about 200–500 nm. In 
contrast to the pure cathode material, many smaller particles 
are observed on the surface of NMC particles with a protective 
layer (Fig. 7b and 7c). The surface of NMC particles with a 
protective layer is more homogeneous. 

 

Fig. 7. SEM images of the pristine cathode material NMC 
424 and LATP-coated cathode material using diferent 
methods: а – pristine NMC 424; b – NMCm; c – NMCsol-gel. 

 

Fig. 8 shows the dependence of the specific capacity on 
the charge/discharge current density of the pure cathode 
material NMC 424 and cathode materials with a protective 
layer of LATP in the voltage range from 2.5 to 4.2 V. The 
capacity retention for cathode materials with a protective 
LATP coating is significantly higher than for the pure cathode 
material when the current density increases. For example, at a 
current density of 30C, the capacity retention of the pure 
cathode material is 30%, while for NMCm – 35%, and 
NMCsol-gel – 43%. 
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Fig. 8. Specific capacity of the pristine cathode material 
and cathode materials with a protective LATP layer at 
different current densities. 

 

Fig. 9 shows the results of galvanostatic cycling of LIB 
models with cathodes based on the pristine NMC, NMCm, and 
NMCsol-gel in the voltage range of 2.7–4.3 V. Cathode 
materials with a protective layer of LATP are characterized by 
both higher initial capacity and better stability of 
characteristics over a long-term charge/discharge cycling. The 
capacity drop at the 80th cycle for the pure cathode material is 
8%, while  this value is less than 1% for the modified samples. 

 

Fig. 9. Change in the specific capacity of the pristine NMC 
and cathode materials with a protective LATP layer during 
long-term charge/discharge cycling at a current density of C/5. 

IV. CONCLUSION 

This study defines the relationship between chemical 
composition, crystal structure, and synthesis conditions of 
weakly agglomerated nanoparticles. It has been shown the 
possibility of using synthesized nanoparticles for fabricating 
the nanocomposites for various purposes, namely, hybrid 
magnetic films and modified cathode materials for lithium-ion 
batteries. Optimal methods of creating structured 
nanocomposite and nanohybrid materials with controlled 

physicochemical parameters have been established. It was 
shown that the synthesized composite materials have an 
increased functional effect compared to individual materials 
based on the same nanoparticles.   These composite materials 
can be used for the manufacture of controlled microwave 
resonant elements, for the development of electrochemical 
systems, as well as for medical and biological purposes. 
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