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Abstract: The interdisciplinary research team implemented the program titled 
“Molecular designing of nanoparticles with controlled morphological and 
physicochemical characteristics and functional materials based on them” 
(MODENAFUNA), between 2011 and 2016, gaining new knowledge signific-
ant to the further improvement of nanomaterials and nanotechnologies. It 
gathered under its umbrella six main interrelated topics pertaining to the design 
and control of morphological and physicochemical properties of nanoparticles 
and functional material based on them using new methods of synthesis and 
processing: 1) inorganic nanoparticles, 2) cathode materials for lithium-ion bat-
teries, 3) functional ceramics with improved electrical and optical properties, 4) 
full density nanostructured calcium phosphate and functionally-graded mat-
erials, 5) nano-calcium phosphate in bone tissue engineering and 6) biodegrad-
able micro- and nano-particles for the controlled delivery of medicaments.  
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1. INTRODUCTION 

Project “Molecular designing of nanoparticles with controlled morphological 
and physicochemical characteristics and functional materials based on them” was 
funded by the Ministry for Education, Science and Technological Development 
of Serbia, within its program of integral and interdisciplinary research (III- 
-45004). By molecular designing we mean the process of the mixing of precursor 
species at the molecular level using one or multiple soft chemistry methods, 
enabling the formation of particles (or compacts) with predefined geometrical 
distributions of constituent phases. Various bottom-up and top-down innovative 
processes of nanoparticle synthesis by molecular processing have for a long time 
been the main activities within the research program of the group which imple-
mented this project (Fig. 1).  

 
Fig. 1. Global scheme of activities in the field of fine particles and nanotechnology. 

A wide range of functional materials, including electronic, electrochemical, 
optical and catalytic materials, biomaterials and pharmaceutical materials int-
ended as drug-delivery carriers with controlled release of medicaments are the 
focus of research programs in the field of advanced materials and nano-tech-
nologies. The aim of all these activities is to find out solutions to some of the 
critical problems of sustainable development in the fields of healthcare, environ-
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ment, energy, water and other global challenges dominating our present and near 
future.  

The activities of the project were carried out within six main interrelated 
topics focused on the acquisition of fundamental and applicative knowledge in 
the molecular design of nanoparticles with a controlled morphology and physico-
chemical properties and development of functional materials based on them: 1) 
inorganic nanoparticles, 2) cathode materials for lithium-ion batteries, 3) funct-
ional ceramics with improved electrical and optical properties, 4) full density 
nano-structured calcium phosphate and functionally graded materials, 5) nano- 
-calcium phosphate in bone tissue engineering and 6) biodegradable micro- and 
nano-particles for the controlled delivery of medicaments.  

2. INORGANIC NANOPARTICLES 

The analysis of publications in the field of nanotechnology over the past 15 
years shows that nanoparticles have been the most studied topic in the area of 
nanomaterials, indicating their great scientific and technological potential. Far 
behind them are nanotubes, nanocrystals and nanocomposites. Nanoparticles also 
hold the top position in publication quality, as measured by the Hirsch index 
value for the published articles in the same period. Our research was focused on 
finding out the new methods for the synthesis and processing of hydroxyapatite 
(HAp), Fe2O3, Au and ZnO nanoparticles with controlled structures, properties 
and morphology.  

Mammalian bone tissues mostly consist of calcium phosphate nanoparticles, 
specifically HAp. The aim of the application of methods such as sonochemistry,1 
mechanochemistry, sol–gel synthesis, hydrothermal processing,2 and other3 in 
laboratory conditions was to obtain nanoparticles of HAp with a controlled struc-
ture and morphology. Numerous factors influence the formation mechanism of 
HAp particles during precipitation: Ca/P mole ratio, pH, temperature, surface 
additives, etc. Chemical precipitation method was developed for the synthesis of 
carbonated hydroxyapatite (CHAp) nano-powder with a potential application as a 
bone substitute in oral and maxillofacial surgery. The extent to which synthesized 
CHAp matches the corresponding biological material, extracted from human 
mandibular bone (BHAp), was investigated by comparing their phase compo-
sition, crystal structure and morphology. A good correlation between the unit cell 
parameters, average crystallite size, morphology, carbonate content and crystallo-
graphic positions of carbonate ions in the natural and synthetic HAp samples was 
found. It was shown that the AB-type CHAp synthesized by the precipitation 
method simulated the phase composition, crystal structure and morphology of 
biological apatite from the human mandible bone.4  

HAp can also be used for a variety of applications, including the controlled 
delivery and release of therapeutic agents (extracellularly or intracellularly), 
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perature hydrothermal procedure. ZnO particles of various forms and dimensions 
showed very good antibacterial effect against gram-positive and gram-negative 
bacteria during in vitro tests. The highest microbial cell reduction rate was rec-
orded for the synthesized ZnO powder consisting of nanospherical particles.9  

3. CATHODE MATERIALS FOR LITHIUM ION BATTERIES 

A simple and low-cost synthesis route was applied for the preparation of a 
composite powder consisting of the olivine type LiFePO4 and carbon. The pre-
cursor powder was prepared by aqueous precipitation in molten stearic acid and a 
subsequent heat treatment in inert atmosphere at different temperatures (600, 700 
and 800 °C).10 Stearic acid served both as a surfactant and a dispersant through-
out the precursor formation, but also as a carbon source. Namely, during the 
pyrolytic degradation in inert atmosphere, stearic acid decomposed to carbon, 
creating reductive volatiles that prevent the oxidation of Fe2+. The obtained pow-
ders were composites of olivine type LiFePO4 and carbon, with the presence of 
heterosite FePO4 as a minor phase. The electrochemical performance was inves-
tigated trough galvanostatic charge/discharge tests. The powder heated at 700 °C 
had the best electrochemical performance: it delivered a capacity of 160 mA h 
g−1, i.e., 94 % of the theoretical capacity. The applied synthesis route can be 
easily scaled up for commercialization, since it requires neither specific nor exp-
ensive equipment.  

The same approach was applied for the synthesis of fluorine-doped 
LiFePO4/C (Fig. 3). This time, LiF was used both as lithium and fluorine source, 
and the temperature of 700 °C was chosen as an annealing temperature11. 
Although fluorine ions were present in excess, the doping with fluorine was 
attainable only for a small fluorine content (2 at. %). The prepared powder exhi-
bited an excellent high-rate performance. X-ray powder diffraction confirmed 
that fluorine doping preserved the olivine structure. A careful crystal structure 
refinement revealed that fluorine ions occupied only the O(2) oxygen site. Theor-
etical modelling confirmed the experimental finding that the O(2) site was also 
energetically the most stable solution. Particularly interesting is the predicted 
formation of a metallic solution with a finite density of states at the Fermi energy 
for the fluorine-doped sample.11 In our research, we also examined influence of 
fluorine doping on the structural and electrical properties of the LiFePO4 the 
carbon-free powder. A small amount of incorporated fluorine enhances the 
electrical conductivity from 4.6×10−7 to 2.3×10−6 S cm−1.12 

Another time- and energy- saving method was also applied for the synthesis 
of the LiFePO4/C composite powder.13 Commercial quantitative filter paper was 
used both as a template and a carbon source. Filter paper was soaked in the pre-
cursor solution with stoichiometric amounts of Li+, Fe2+ and PO4

3– and intro-
duced for a short period of time to the previously heated furnace at 700 °C, in an 
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group; BTS powders with 0.025 � x � 0.07 contain a mixture of tetragonal 
(P4mm) and orthorhombic (Amm2) space groups; in the powders with x = 0.1 
and 0.12 rhombohedral (R3m) and cubic (Pm 3 m) space groups coexist, while 
those with x = 0.15 and 0.20 have undistorted cubic (Pm 3 m) space groups. The 
discrepancy between crystal structures obtained from XRD and NPD data can be 
explained by the fact that NPD is a more appropriate technique for the charac-
terization of BaTi1�xSnxO3, a crystal structure with heavy Ba ions and light oxy-
gen, allowing for a more precise determination of the Ba–O bond distances, fract-
ional atomic coordinates and displacement parameters.19  

It is known that during the sintering of FGMs, the anisotropic densification 
occurs and that its extent depends on the heating rate. Therefore, in order to pre-
pare defect-free FGMs, it is very important do develop a sintering strategy. We 
determined the coefficient of shrinkage anisotropy during the sintering of 
BTS2.5/BTS15 FGM at heating rates of 2, 5, 10 and 20 °C min–1.20 BTS2.5/BTS15 
FGM has been chosen since it had a large concentration gradient which implied a 
gradient of the anisotropy coefficient. The concept of the master sintering curve 
was used to estimate the effective activation energy for the sintering of BTS2.5/  
/BTS15 FGMs and it was compared to those for the BTS2.5 and BTS15 graded 
layers. The values of 359.5 and 340.5 kJ mol–1 were obtained for the BTS2.5 and 
BTS15 graded layers, respectively, whereas for the sintering of the entire 
BTS2.5/BTS15 FGMs the value of 460 kJ mol–1 was obtained. The difference in 
the effective activation energy of �100 kJ mol–1 can be attributed to a potential 
insulator interlayer formed between graded layers during uniaxial pressing. The 
electrical characteristics of BTS2.5/BTS15 FGMs and the influence of the con-
centration gradient on intrinsic and microstructural features were determined by 
impedance spectroscopy. The activation energy of BTS2.5/BTS15 FGMs, separ-
ately for grain interior and grain boundary, were calculated. It was established 
that the activation energy deduced from grain-interior conductivity retained the 
intrinsic properties of BTS materials and was influenced neither by the tin/tita-
nium concentration gradient, nor by the heating rate. Quite oppositely, the act-
ivation energy for the grain boundary conductivity was influenced by macro-
structural (shrinkage anisotropy) and microstructural development (density and 
average grain size). These results confirm that by tailoring the heating rate during 
sintering of FGMs their electrical features can be tailored, too. 

We also studied the effects of various sintering approaches on the micro-
structure and electrical properties of CaCu3Ti4O12 (CCTO) ceramics21. The sinter-
ability of CCTO powders was investigated during the non-isothermal sintering 
performed by four different heating rates. Based on the non-isothermal sintering 
behaviour, experiments with conventional (CS) and two-step sintering (TSS) 
were carried out and it was shown that TSS resulted in microstructural refine-
ment. The electrical properties of sintered ceramics were investigated in the med-
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ium-frequency and microwave regions. The measurement results show a high 
specific resistivity at room temperature, a high relative permittivity at 1 kHz in a 
wide temperatures interval, as well as high values of dielectric permittivity at res-
onant frequency. The combination of capacitance behaviour and high dielectric 
permittivity in the MW range promote the potential use of such materials for the 
preparation of high dielectric planar antennas, applicable in microelectronics. 
The XRD measurements of the investigated samples confirmed that difference in 
electrical characteristics was a consequence of microstructural changes, rather 
than phase composition, since the only phase present in all samples corresponded 
to pure CCTO crystal phase. This fact highlights the role of the sintering strategy 
development in preparing appropriate microstructures with desirable electrical 
properties. 

A series of ZnO powders with the same phase composition and average 
crystallite size but with different average particle sizes and morphology � from 
micro-rods to nano-spheres – were prepared by a simple and cost-effective, low- 
-temperature hydrothermal procedure.22 In order to investigate the effect of the 
particle size and morphology on the optical properties of ZnO UV–Vis diffuse 
reflectance spectroscopy (DRS) measurements were performed. The results of 
the UV–Vis DRS measurements show that: 1) all of the synthesized ZnO pow-
ders have enhanced visible light absorption compared to bulk ZnO and 2) that the 
the modification of particle size and morphology from nano-spheres to micro- 
-rods resulted in an increased absorption. The enhanced visible light absorption 
of the ZnO powders was caused by two phenomena: 1) the existence of lattice 
defects (oxygen vacancies and zinc interstitials) and 2) the particle surface sen-
sitization by PVP. Besides, the fact that micro-rods absorbed a larger amount of 
light than nanosized particles can be explained by a longer optical path for light 
transport through micro-rods than through submicronic particles or nanoparticles, 
resulting in a greater absorption capacity.  

We studied the influence of poly(ethylene oxide) (PEO) molecular weight on 
the photocatalytic activity of ZnO/PEO nanostructured composites.23 Microwave 
processing was used to prepare ZnO nanoparticles with a high density of intrinsic 
crystal defects responsible for visible light absorption and enhanced photocat-
alytic efficiency. To further enhance the photocatalytic activity of ZnO nanopar-
ticles, oxygen interstices were supplied via a composite with PEO. To examine 
the influence of the polymer molecular weight on the photocatalytic activity of 
the prepared composites, we used PEO with molecular weight of 200,000, 
600,000 and 900,000. The effect of PEO molecular weights on the photocatalytic 
activity of ZnO/PEO composites was examined via the de-colorization of methyl-
ene blue (MB) under direct sunlight irradiation. A great efficiency of MB de-
colorization was found and the enhanced photocatalytic activity of ZnO/PEO 
composites was attributed to: 1) the lattice defects introduced in ZnO crystal 
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Fig. 5. Biocompatible nanoparticles based on calcium phosphate in bone tissue engineering. 

The radioactive 125iodine (125I), a low energy gamma emitter, was used to 
develop a novel in situ method for the radiolabelling of polymer-coated and 
uncoated HAp nanoparticles and the investigation of their biodistribution. The 
labelling method was optimized for 125I-labelling in situ during the particle syn-
thesis. The in vitro studies in saline and human serum have revealed that 125I 
remained bound to particles for a period sufficient for further in vivo application. 
Biodistribution and a potential use of 125iodine-labelled particles as organ-tar-
geted carriers were assessed following their intravenous administration. 125I-lab-
eled particles showed completely different behaviour in vivo depending on the 
chemical nature of the carrier: HAp particles mostly targeted the liver, HAp/Ch 
the spleen and liver and HAp/Ch-PLGA the lungs.37 Chemotherapeutic deriv-
atives loaded on HAp/Ch-PLGA particles after in vitro studies showed a high 
potential as fine particle platform for a targeted and selective cancer therapy.38 

Solvent/non-solvent precipitation and freeze-drying were used for the syn-
thesis and processing of HAp coated with Ch or Ch-PLGA nanoparticles with 
antimicrobial and osteoregenerative properties.39 A thermogravimetric analysis 
coupled with on-line mass spectrometry confirmed the coating of the HAp with 
Ch or Ch-PLGA blend, while in vitro and in vivo studies justified the concept of 
blending Ch with PLGA in order to increase the quality of osteogenesis. The 
quantitative antimicrobial test showed that HAp/Ch-PLGA had some antibac-
terial properties (MIC in mg mL–1): Pseudomonas aeruginosa – 6.40, Staphylo-
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