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A B S T R A C T   

This article reviews synthetic approaches, properties and potential use of nano and micron sized forms of par-
ticles and coats of calcium titanate CaTiO3 and its composites. Our aim is to classify these forms according to the 
way of their fabrication and provide a brief outline of synthetic methods, properties and potential applications of 
these forms as inspired from luminescence, photocatalytic and catalytic performance, pollutants removal ability, 
inducement of biomimetic hydroxylapatite formation and bioengineering. The significance of the CT forms in 
luminescence-structure relationship, biomimetic calcium phosphates formation and osseointegration with bone 
tissue are dealt with in more detail.   

1. Introduction 

Calcium titanate CaTiO3 (CT) belonging to metal titanate compounds 
with a perovskite structure has aroused ongoing interest in fundamental 
and applied research of materials. It is known as an impressively 
chemical resistant n-type semiconductor, a ceramic dielectric with high 
dielectric constant, a thermal resistive element due to its negative 
temperature coefficient [1–3], and its structural [4,5], electric and op-
tical [6–9] properties have been widely examined particularly due to 
flexibility in its structural transformations [5,10] and applications in 
ferroelectric and dielectric ceramic materials, high performance capac-
itors, sensors, electroluminescent devices, radioactive waste and mi-
crowave communication systems. 

Great attention has been also given to the development of nano- and 
micron-sized CT particles, films and composites. These species possess 
specific properties due to their high surface areas and small sizes and are 
applied in environmental remediation, electronics, catalytic and pho-
tocatalytic processes, biomimetic calcium phosphates formation and 
biomedical engineering. 

CT can exist in an amorphous or crystalline orthorhombic, tetragonal 
or cubic structures (Fig. 1) among those the high temperature cubic 
phase is stable above 1374 ◦C, tetragonal phase is stable at 
1250–1350 ◦C and the orthorhombic phase is stable below 1213 ◦C [11, 
12]; these values little differ from those of earlier studies [5,13]. The 
reversible orthorhombic (Pbmm) ↔ tetragonal (I4/mcm) ↔ cubic 

(Pm3 m) phase transitions respectively assigned near 1225 ◦C and 
1360 ◦C [11,12] reflect the temperature dependent orthorhombic dis-
tortions induced by tilting of the TiO6 octahedra. 

As a consequence, many micro- and nanosized CT phases of this re-
view measured at ambient temperature are regarded orthorhombic and 
only very few are considered cubic. However, the CT perovskite has long 
been considered as a non-polar material and it was only recently [14] 
that a new polar phase occurring in nanoparticles, ultrathin films or 
even on surface layer of bulk single crystals has been detected and 
shown to originate from TiO6 octahedron distortion and to undergo 
non-apparent polar to non-polar isostructural transition within the sta-
ble orthorhombic CT phase above ambient temperature. The term 
“orthorhombic”, often given in the Tables, thus overlooks possible 
occurrence of this nanophase which can be detected only by using 
nonlinear optics and spectroscopy, X-ray diffraction, and microscopy 
studies. 

In this article we review synthetic approaches to various nano- and 
micron-sized CT particles, coats and composites and show how their 
distinctive physical and chemical properties have been applied in the 
abovementioned fields of research. With many syntheses reported, we 
preferred to classify these three different CT entities according to the 
mode of their synthesis and to append notes on properties and potential 
applications of each entity obtained via the distinctive procedure. Such 
classification is then ensued by several sections showing importance of 
some CT entities in several specific fields of nowadays interest. 
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2. Nano and micro CaTiO3 particles – synthesis and use 

Many synthetic procedures of nano- and micro-sized CT particles 
which differ in phase, size, shape, morphology, arrangement of subunits 
into various three-dimensional ultrafine structures have been reported 
within last 4 decades with the aim to discover new properties of these 

particles and their potential application. These procedures can be clas-
sified into traditional solid state reactions and advanced wet chemical 
routes. The former processes are accomplished by conventional 
annealing, microwave irradiation and/or mechanical milling of binary 
mixtures of Ca- and Ti-containing CT precursors with or without a 
mineralization compound or they involve thermal decomposition of a 

Fig. 1. Rietveld patterns of neutron diffraction data 
of orthorhombic, tetragonal and cubic phase of CT 
(a) and selected neutron diffraction patterns of CT 
at 23–1447 ◦C (b) showing the orthorhombic (020o, 
112o, 200o, 120o, 210o, 121o, 103o and 211o) re-
flections at 23–1200 ◦C, the tetragonal (112t, 200t, 
and 211t) reflections at 1250–1349 ◦C and the cubic 
110c reflection between 1374 and 1447 ◦C. (The 
hklo, hklt, and hklc respectively denote the hkl re-
flections of the orthorhombic, tetragonal and cubic 
phases.) Adapted from refs. 11 and 12, Copyright 
Elsevier.   

Table 1 
Heating of TiO2–CaO and TiO2–CaCO3 mixtures.  

Heating conditions CT particles properties CT particles application Ref. 

Stoichiometric CaO–TiO2, CaO from snail shell-TiO2 and 
CaCO3–TiO2 amounts, mortar-pestle grinding for 20 min, 2 h 
heating at 200o C 

Orthorhombic phase, SiO2, MgO and Si5P6O25 

impurities from calcined snail shell and unreacted 
reactants 

UV light photo-induced degradation of 
aqueous methylene blue (MB) dye 

[15] 

Stepwise heating, cooling and mortar-pestle grinding of 
stoichiometric CaO–TiO2 until final 20 h heating at 1000o C 

Orthorhombic phase, BET surface area 300 m2/g, sizes 
90 nm-2 μm 

Solar light photo-induced degradation of 
aqueous MB dye; antimicrobial activity 

[16] 

Heating of 1:1 and 3:2 proportions of CaCO3–TiO2 in three 
thermal-cooling-grinding cycles, final heating at 1150 ◦C 

Orthorhombic phase, CaO and TiO2 impurities, particle 
sizes 10 μm and 8.4 μm 

High resistivity at room temperature, possible 
use as thermistors 

[17] 

Stoichiometric CaCO3–TiO2 amounts ground in mortar for 
30 min and heated at 900o C for 2 h 

Orthorhombic, 50 nm-sized spherical particles with 
CaCO3 traces, Band gap 3.39 eV, Crystalline Scherer size 
42 nm 

Thermoluminescence of γ-irradiated 
nanophosphor 

[18] 

Griding stoichiometric CaCO3–TiO2 amounts in agate mortar 
and heating up to 500o C and 2 h at 1050o C 

Crystalline, Surface area 4.9 m2/g Catalyst for transesterification of oil aimed at 
effective biodiesel production 

[19]  

Fig. 2. SEM images of CT particles prepared in a (adapted from ref. 16, Copyright Der Pharma Chemica) and b (adapted from ref. 18, Copyright Elsevier).  
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Table 2 
Mechanical activation of TiO2–CaO, Ca(OH)2 or CaCO3) mixtures.  

Conditions CT particles properties Ref. 

CaO-rutile 100 h milling Scherrer crystallite size 11–12 nm [23] 
CaO-rutile and CaCO3-rutile 

4 h milling 
μm-sized particles [24] 

CaCO3–TiO2Optimal ball/powder ratio, 70 h 
milling 

Different morphologies 
30–70 nm particles 

[25] 

Ca(OH)2–TiO2, Optimal ball/powder ratio, 60 h 
milling 

Cubic phase, Zeta size 20–120 nm, soft μm-sized agglomerates [26] 

CaO-anatase, 6 h milling Orthorhombic phase, agglomerated nanocrystals grow to 125 nm upon annealing [27] 
CaCO3–TiO2, 5 h milling, 10 nm-sized crystallites in amorphous phase [28] 
CaO-anatase, CaO rutile 

2–5 h discontinuous milling 
Microcrystals with 5 nm grains grow to 20–50 nm within longer milling [29, 

30] 
CaO- anatase 

CaO-rutile 
240 h milling 

Crystalline μm and sub-μm-sized powder, 
BET surface area from CaO- anatase 15.5 m2/g 
CaO-rutile 10.7 m2/g 

[31] 

CaO–TiO2 

1.5 h milling 
Sub-μm sized particles stabilized against agglomeration in water by acrylic-poly(ethyleneglycol) suspensions [32] 

CaO–TiO2 

7–15 h milling 
Orthorhombic phase, Scherrer crystallite size 28–30 nm, fast response time and enhanced sensing behavior of 
resistance thermistor material 

[33] 

CaO-rutile 
4 h milling 

Pure crystalline particles [34]  

Table 3 
Mechanochemical reactions combined with additional heating.  

Synthetic conditions CT particles properties CT particles application Ref. 

CaCO3-rutile, CaCO3-anatase; a sequence of 100 h milling in H2O, drying, 70 h milling and 
annealing either at 800o C (anatase) or 1000o C (rutile) 

Crystalline  [35] 

CaO-rutile, CaO-anatase, Ca(OH)2-rutile, Ca(OH)2-anatase; 2 h grinding, heating 
627–927o C 

Crystalline  [29] 

CaCO3–TiO2;1 h milling and 2 h heating at 920o C Crystalline, uniform spherical shape, 
crystallite size 120 nm  

[36] 

CaCO3-anatase;2 h two step milling (EtOH presence),2 h calcination at 700o C Crystalline 
Mass median particles diameter 17 μm 

Catalyst for methanolysis of 
sunflower oil at 165o C 

[37] 

CaCO3-rutile: 8 h discontinuous milling ensued by 4 h heating at 700o C. 
Ca(OH)2-rutile: 4 h discontinuous milling ensued by 2 h heating at 700o C 

Pure crystalline  [34] 

CaCO3–TiO2; 1 h milling and 2 h heating at 850o C Crystalline, agglomerated μm-sized 
particles 
Surface area of particles milled for 6 h 
− 3.25 m2/g  

[38]  

Fig. 3. Morphology change of milled CT particles by short extra annealing demonstrated at different magnification (a and b) of annealed product. Reproduced from 
ref. 25, Copyright Int. J. Phys. Sci. 

Fig. 4. SEM images of the non-activated (a) and activated (b) CT samples annealed at 900 ◦C. Reproduced from ref. 36, Copyright Elsevier.  
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Table 4 
Solid state syntheses at lower temperatures.  

Synthetic conditions CT particles properties CT particles application Ref. 

Low temperature synthesis from Ca(NO3)2⋅4H2O and 
TiO2 nanocrystals, 10 h heating to only 600o C 

Orthorhombic aggregates of oxygen-deficient 26–60 nm particles having 
UV and visible absorption and strong visible light emission at 
527–568 nm 

Green light-luminescent material 
Matrix for immobilization of enzyme, 
electrochemical biosensor 

[39] 
[40] 

Mixing CaCl2.2H2O and TiO2 powders, pressing, 
sintering at 800o C, leaching, washing and drying. 

Crystalline 1–10 μm particles  [41] 

CaCl2 -TiO2 sintering with Pb(Ac)2.3H2O 
(mineralization agent),4 h heating at 780 ◦C 

50–100 μm whiskers Piezoelectric ceramics [43] 

2 h grinding of tetra-n-butyl titanate with hydrated 
calcium nitrate and 2 h annealing at 700o C 

Orthorhombic, 
Agglomerated oval sub-micron particles, band gap 3.37 eV 
Scherer crystallite size 37 nm 

Thermoluminescence of γ-irradiated 
nanophosphor 

[18]  

Fig. 5. SEM images of nano- and μm-sized CT particles produced by lower temperature processes; reproduced from ref. 39 (a), ref. 40 (b), ref. 41 (c), all Copyright 
Elsevier and from ref. 43 (d), Copyright Trans Tech Publications, Ltd. 

Table 5 
Thermal decomposition of single source precursor.  

Synthetic conditions CT particles properties CT particles application Ref. 

Calcium titanyl oxalate1 h heating at 900o C Agglomerated sub-μm particles  [44] 
Calcium titanyl oxalate 

1 h microwave heating at 500 and 700o C or 
conventional heating at 700 ◦C 

Crystalline μm bodies of specific surface area 11.8 and 5.6 m2/g formed by 
microwave heating at respective 500o C and 700o C. 
Smaller than 100 nm-sized nanoparticles with specific surface area 8.7 m2/g 
formed by conventional heating at 700o C  

[45] 

Ca nitrilotriacetatoperoxotitanate 
2 h heating at 675o 

Aggregates of 40–100 nm sized particles, BET specific surface area 14.0 m2/g, 
dielectric ceramic properties of sintered CT disc annealed at 1250o C  

[46] 

Ca nitrilotriacetatoperoxotitanate microwave 
pretreatment and heating at 680o C 

Agglomerated irregularly shaped μm-sized particles made of crystalline 
mesoporous entities smaller than 100 nm, specific surface area ~20 m2/g and 
pore diameter effected by microwave pretreatment  

[47] 

Ca titanyl citrate 
9 h heating up to 600o C and 700o C 

Respective surface areas 28 or 10 m2/g, 
Respective E gap 3,0 or 3.50 eV 

Catalyst for oxidation of harmful 
2-(methylthio)- benzothiazole 

[48] 

Ca catecholate Ca[Ti(C6H4O2)3], H2O, 1 h heating 
at 600o C 

Crystallite size ~ 50 nm, ultrasonically dispersed particles in water are ~ 3 μm 
big and their surface area is 10 m2/g  

[50] 

Layer-structured CaBi4Ti4O15 compound Sintering 
at 950o C 

Crystalline μm thin-mm sized plates Ceramic with improved 
microwave dielectric low-loss 
properties 

[51]  

Fig. 6. SEM images of agglomerated nanoparticles (a, reproduced from ref. 46, Copyright Elsevier) and platelike shaped particles (b, reproduced from ref. 51, 
Copyright Elsevier). 
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single pre-synthesized solid state precursor. The latter processes are 
called solution combustion, sol-gel, hydrothermal, solvothermal and 
peroxo complex approach involve different multistep reactions occur-
ring in aqueous phase and are more suitable for engineering novel ar-
chitectures through particle growth control. 

2.1. Solid state reactions 

2.1.1. Heating of binary mixtures 
Conventional heating of milled mixtures of ultrafine powders of CaO 

or CaCO3 with TiO2 was broadly used as a relatively easy and low cost 

synthesis of CT particles. However, it has some drawbacks of non- 
uniform particles distribution and the presence of unreacted pre-
cursors and contaminants acquired during the subsequent grinding 
process, which have negative impact on CT properties. Very high tem-
peratures are required owing to the reluctance of direct reactions be-
tween the solid reactants. CaCO3 releases CO2 to form CaO above 700 ◦C 
and melting points of TiO2 (1843 ◦C) and CaO (2613 ◦C) are extremely 
high. Ultrafine CT powders were thus initially prepared by heating 
stoichiometric amounts of CaO and TiO2 at 1350 ◦C for several hours 
during which time the proportions of both reactants were maintained 
[4]. Later synthetic studies encompassed different heating conditions of 

Table 6 
Syntheses by solution combustion.  

Synthetic conditions CT particles properties CT particles application Ref. 

Solution of calcium nitrate- titanyl nitrate (precursors)-tetra 
formyl tris-azine (fuel), furnace temperature 450o C, 
crystalization at ~ 900o C 

Specific surface area 21 m2/g, agglomerated particles, average 
size 0.9 μm  

[54] 

Solution of calcium nitrate-titanyl nitrate (precursors)-urea (fuel), 
furnace temperature 500o C 

Orthorhombic phase, agglomerated porous and irregularly 
shaped μm-sized particles, Scherer crystal size 43 nm, band gap 
3.34 eV 

Thermoluminescence of 
γ-irradiated nanophosphor 

[18] 

Solution of calcium nitrate and Ti peroxo complex (precursors)- 
tartaric acid (fuel), Furnace temperature 550o C 

TEM particle size 30–70 nm, 
BET surface area ~30.89 m2/g, band gap 3.54 eV, 
Photoluminescence, frequency dependence of dielectric constant 

Solar light photocatalyst for 
degradation of MB dye 

[55] 

Ultrasonic generation of aerosol from solution of citric acid, Ca 
nitrate and Ti isopropoxide sprayed onto furnace flown with N2/ 
O2 gas at 750o C 

Orthorhombic, crystallite size 6–9 nm, smooth surface spheres 
large 1–5 μm 

Promising catalyst [56]  

Fig. 7. SEM images of highly porous and agglomerated particles with polycrystalline nanoparticles (a, reproduced from ref. 55, Copyright Bentham Science Pub-
lishers), agglomerated particles with irregular shape and size (b, reproduced from ref. 18, Copyright Elsevier) and spherical particles (c, reproduced from ref. 56, 
Copyright Elsevier). 

Table 7 
Simple sol-gel synthesis and gel annealing.  

Synthetic conditions CT particles properties CT particles application Ref. 

Ca acetate, Ti isopropoxide, in butanol, transparent gel dried 
at 110o C and heated at 900o C 

Crystalline, agglomerated particles of mean diameter 70 nm, 
surface area 21 m2/g  

[57] 

Ca nitrate, Ti isopropoxide, citric acid, in isopropanol, gel 
dried 96 h at 50o C and heated 1 h at 600o C 

Orthorhombic phase, irregularly shaped particles of median 
size 27 nm, BET surface area 43.9 m2/g, zero point charge at 
3.5 pH 

Adsorbent of AsIII from aqueous solutions [58] 

Ca nitrate, Ti isopropoxide, in ethanol, 
viscous gel dried 2 h at 200o C and heated 1 h at 750o C 

Agglomerated nanocrystals, Scherrer crystallite size 49 nm, 
homogeneously dispersed particles in crosslinked poly 
(glycerol sebacate) 

Biodegradable elastomer in soft tissue 
engineering 

[59] 

CaCl2, Ti isopropoxide, citric acid, in ethanol, gel dried 24 h at 
80o C and heated 2 h at 500, 700, 900o C 

Orthorhombic phase, average crystallite size 27, 32, 39 nm, 
surface area or 48 or 73 m2/g, spongy or spherical particles, 
band gap 3.03, 2.95, 2.82 eV, photoluminescence 

Solar light photocatalyst for degradation 
of MB and Rhodamine B (RhB) dyes 

[60] 

Ca nitrate, Ti butoxide, chelating oxalic, salicylic or cinnamic 
acid, in ethanol 
2.5 h gel calcination at 700o C 

Crystallite Scherrer size 9 nm, 
Particle size 40–50 nm, 
Band gap 3.35 eV, 

UV light photocatalyst of degradation of 
aqueous Methyl orange (MO) dye, room 
temperature ferromagnetism 

[61] 

Hydrated Ca nitrate, Ti butoxide, citric acid, in EtOH, 12 h 
drying at 80o C, 3 h calcination at 700o C 

Orthorhombic, irregularly shaped 0.1–5 μm particles, 
Scherrer crystallite size 34 nm, band gap 3.42 eV 

Photocatalyst of UV–vis light degradation 
of MB dye 

[62] 

Ca nitrate, Ti isopropoxide, acetylacetone inhibitor, lauryl 
amine hydrochloride as structure directing surfactant, in 
ethanol; yellow gel dried 2 h at 80o C and heated 4 h at 
500–650o C 

Cubic crystalline mesoporous phase, surface area 35 and 
15 m2/g, mean mesopore diameter 6.12–15. 8 nm, band gap 
3.55–3.59 eV, surface area 9.7 m2/g, 

Visible light photocatalyst of H2 

production from H2O, sensitized by Eosin 
Y 

[63]  
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mixed CaO–TiO2 and CaCO3–TiO2 mixtures combined with the grinding 
of the heated mixtures in agate mortar and they aimed at the recognition 
of various potential uses of different CT particles as solar-light photo-
catalyst, thermistor, antimicrobial agent and phosphor. Heating condi-
tions of the binary mixtures, properties of prepared CT particles and 
their potential applications are given in Table 1. Examples of an 
appearance and facile self-agglomerization of CT nanoparticles are 
given in Fig. 2. 

2.1.2. Mechanical activation of binary mixtures 
This method, also called mechanical alloying, is a solid-state powder 

process at ambient temperature and consists in high energy milling of 
powdered mixtures of two solid components, one either CaO or CaCO3 
and another rutile or anatase. In such ball-milling or grinding process, 
solid particles come into intimate contact with mechanical forces which 
induce physical changes on their surface [20], thereby enabling the 
outmost surface regions of particles to undergo chemical reactions above 
temperatures being by 0.4–0.5 times lower than the melting points of the 
inorganic solids. These reactions are feasible due to increased mobility 
of species (defects) in the near-surface regions [21,22] and they result in 
creation of previously unexposed surfaces, particles disintegration and 
also involve aggregation and agglomeration phenomena which control 
the size distribution of final particles. The procedures given in Table 2 
concern single mechanochemical treatments of binary mixtures, 
whereas those given in Table 3 show these treatments ensued by con-
ventional heating and confirm that the development of CT grains in the 
post-annealed mixtures occurs at lower temperatures due to 
pre-activation of the reactant particles by mechanical forces. 

The milling of CaO - TiO2 mixtures is facile as leading to single CT 
phase in short times [23,24,27], whereas milling of CaCO3–TiO2 mix-
tures is accompanied by an increase in CO2 pressure and is therefore 
hampered by the necessity to reduce CO2 pressure during the milling 
[24]. Such milling is lengthy [25] but can be used to prepare activated 
powders composed of mixed phases for further low temperature sin-
tering. The milled particles are very reactive and susceptible to 
agglomeration and their further short annealing results in 
de-agglomeration (Fig. 3). 

Optimal milling conditions of an equimolar Ca(OH)2-anatase 
mixture with ethanol allow formation of CT nanoparticles which have 
been proven by XRD analysis to have diffraction pattern correlating with 
(220), (400), (422) and (440) planes of cubic crystal structure [26]. The 
mechanochemical formation of CT from anatase and CaO thermally 
produced from CaCO3 is more facile than the analogous CT formation 
from rutile [28]. 

The cooperative use of the mechanochemical and heating effects 
shows that the solid state CT synthesis starting from the milled mixtures 
of CaCO3 and TiO2 (both rutile and anatase) permits a complete for-
mation of crystalline CT, whereas the same annealing without the initial 
milling results in an incomplete formation of CT [35]. The pre-milling 
also results in the formation of smaller CT particles (Fig. 4). 

The relevance of the combination of both effects has also been 
demonstrated with Ca(OH)2- anatase or Ca(OH)2-rutile mixtures by 
proving that both discontinuously ground mixtures yield crystalline CT 
contaminated with precursors impurities but effectively yield pure 
crystalline CT phase after additional heating at 627–927 ◦C [30]. Similar 
favorable effect has also been found in mechanically activated and 

Fig. 8. SEM images of sintered irregular nanoparticles (a, reproduced from ref. 57, Copyright American Chemical Society) and oval nanoparticles (b, reproduced 
from ref. 60, Copyright Elsevier). 

Scheme 1. Incorporation of CT sol into polymerizing ethylene glycol and acryl amide and hydroxypropyl cellulose.  
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annealed CaCO3–TiO2 mixtures which afforded purer, finer and 
non-agglomerated CT particles than the heated but non-activated mix-
tures. It was deduced that smaller and almost uniform spherically sha-
ped particles produced through the combined activation and heating 
procedures promote further sintering due to higher reactivity of parti-
cles generated by milling [38]. 

2.1.3. Lower temperature processes 
The noted disadvantage of the use of very high temperatures to 

achieve CT synthesis from solid CaO, CaCO3 and TiO2 precursors can be 
removed by choosing different Ca compounds and addition of a miner-
alization agent (Table 4). 

Annealing of hydrated calcium nitrate Ca(NO3)2⋅4H2O with TiO2 
nanocrystals at 600 ◦C represents a low-temperature synthesis of CT, in 
which TiO2 nanoparticles become immersed during the initial temper-
ature rise in liquid phase of dehydrating Ca(NO3)2⋅4H2O and melting Ca 
(NO3)2 [39,40]. The reaction between both reactants at the developing 
liquid-solid interphase is therefore more facile than the reactions of TiO2 
with CaO or CaCO3, which require temperatures above 900 ◦C. 

Also CT synthesis by heating of TiO2 fine particles in excess of cal-
cium chloride bihydrate CaCl2.2H2O at above 800 ◦C [41] is achieved at 
lower temperature, which is likely due to supposed transient formation 
of CaO [42] or easier released Ca ions from initially dehydrating and 
subsequently melting CaCl2 in the developing liquid CaCl2-solid TiO2 

Table 8 
Synthesis via sol-gel complex/polymer precursor and annealing.  

Synthetic conditions CT particles properties CT particles application Ref. 

Ti isopropoxide, CaCO3, anhydrous citric acid, ethylene 
glycol; 4 h heating of resin at 350o C for better 
pulverization, 2 h calcination at 400 and 500o C and 
microwave irradiation 

Orthorhombic phase, average Scherrer crystallite sizes 
21–28 nm, band gap 2.58–3.42 eV; high structural 
organization degree of microwave irradiated samples  

[66] 

Ti butoxide, CaCO3, citric acid, ethylene glycol, resin 
annealing for 4 h at 350o C and for 2 h at 700o 

Orthorhombic phase, crystallite size 27 nm, BET surface 
area 34.6 m2/g, average pore diameter 4.5 nm, pHZPC 

10.1, band gap 3.44 eV 

UV photocatalyst for bleaching of MB dye 
and photo-degradation of pollutants in 
textile- and tannery wastewater 

[67] 

Ti isopropoxide, CaCO3, anhydrous citric acid, ethylene 
glycol; resin annealing for 4 h at 350o C, further heated for 
2 h at 400–600o C and irradiated by microwaves 

Orthorhombic phase, microwave oven processed powders 
show higher structural organization than those processed 
in conventional furnace 

Effect of micro waves on structural and 
photoluminescent behavior of CT powders 

[68] 

Ti isopropoxide, hydrated Ca nitrate, HCl, H2O, 
hydroxypropyl cellulose; gel drying at room temperature, 
annealing at 400–800o C 

Agglomerated mesoporous particles, crystallite size 
3.5 nm, surface area 51-21 m2/g  

[69] 

Ti butoxide, Ca nitrate, citric acid, EDTA, in EtOH/acetic 
acid, cotton, D311 resin or sorghum straw as bio-templates; 
annealing at 750, 900o C 

Porous micron entities - broken microtubules with 
irregular hollows and holes on the walls or porous 
microspheres; crystallite size 32–37 nm, BET surface area 
~65 m2/g, mean pore diameter ~ 9 nm 

Adsorber of aqueous heavy (Cd, Pb, Ni, Zn) 
metals and photocatalyst of UV photolytic 
degradation of MB dye 

[71–73] 

Ti butoxide, Ca nitrate, acetic acid, PVP, EtOH, H2O; solvent 
evaporation at 60o C, 5 h calcination at 700o C 

Crystalline rod-like ~ 2 mm long and ~100 nm thick 
particles, band gap 3.08 eV 

Photocatalyst of degradation of aqueous 
MO dye 

[74] 

Ti isopropoxide, hydrated Ca nitrate, ethylene glycol; 
solution aging for 48 h at 80o C, calcination at 100–300o C 
and annealing (crystallization) to 700–850o C, planetary 
milling 

Porous μm-sized particles with surface area 10.6, 19.7 and 
21.2 m2/g convert by milling to agglomerated sub-μm 
bodies composed of 50–60 nm-sized particles  

[75] 

Ti butoxide, H2O, HNO3, hydrated Ca nitrate, EDTA or 
carboxylic acid, acryl amide, glucose; gelation at 70o C, 
drying at 120o C, calcination at 600o C 

Spherical particles, average size 25–55 nm, band gap ~3.6 
eV, BET surface area 26–62 m2/g, 

Photocatalyst in UV photolytic 
degradation of aqueous MO dye 

[77] 

Ti butoxide, H2O, HNO3, hydrated Ca nitrate, tartaric acid, 
glucose, acryl amide; gelation at 70o C, calcification at 
600o C 

Spherical particles, average size 136 nm, surface area 
42.7 m2/g, band gap 3.62 eV 

Stable and efficient catalyst for 
degradation of MO, MB and RhB dyes in 
water by ultrasonic radiation 

[78] 

Ti butoxide, hydrated Ca nitrate, citric acid, in EtOH; PVP, 
Pluronic, dimethylformamide; nozzle electrospinning, 12 h 
drying at 80o C, 2 h calcination at 600–800o C 

Orthorhombic, nanotubes with outer diameter 
105–230 nm and inner diameter 70 nm 

Platform for sustained drug loading and 
delivery 

[79]  

Fig. 9. SEM images of broken microtubules 
(a, reproduced from ref. 71, Copyright 
Elsevier), nano/micro porous microspheres 
(b, reproduced from ref. 72, Copyright 
Elsevier), microporous network (c, repro-
duced from ref. 73, Copyright Elsevier), 
nano/micro rods (d, reproduced from ref. 
74, Copyright Int. J. Electrochem. Sci.), 
nanoporous bodies (e, reproduced from ref. 
75, Copyright J. Ceram. Proc. Res.) and 
uniform hollow nanofibers with porous 
structure (f, reproduced from ref. 79, Copy-
right Elsevier).   
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interface at temperatures around melting point of CaCl2 (772 ◦C). 
Sub-micrometer crystallized CT whiskers produced from CaCl2 and 

TiO2 in the presence of the mineralization agent (Pb(Ac)2.3H2O) are 
developed already at 780 ◦C. It is presumed that molten CaCl2 salt en-
hances interaction with solid TiO2 and that generated PbO provides 
seeds for nucleation of the developing CT whiskers [43]. 

Another lower-temperature synthesis of CT has been conducted 
through grinding of the stoichiometric amounts of solid tetra-n-butyl 

Table 9 
Surfactant and polymer free hydrothermal method.  

Synthetic conditions CT particles 
properties 

CT particles application Ref. 

Ti butoxide, hydrated 
Ca nitrate, H2O, 
NaOH, Teflon 
vessel, 24 h heating 
at 200 ◦C; 12 h 
drying at 80o C 

Orthorhombic, 
irregularly shaped 
0.1–5 μm spongy 
particles, Scherrer 
crystallite size 
44 nm, surface area 
18 m2/g, band gap 
3.49 eV 

Photocatalyst of UV–vis 
light degradation of MB 
dye 

[62] 

Ti tetrachloride 
TiCl4, calcium 
chloride dihydrate 
CaCl2.2H2O,H2O, 
KOH, Teflon vessel, 
3 h heating at 250o 

C; 4 h drying at 60o 

C 

Orthorhombic, 
porous 2 μm long 
hollow square prisms 
with 100 nm wall 
thickness and 
internal cavity 
diameter 120 nm, 
band gap 3.63 eV  

[81] 

Ti plates, NaOH, Ca 
(OH)2, Teflon 
autoclave,24 h 
annealing at 130o C 

10 μm wide 3-D 
lamellate structures 
composed of 
interconnected 
100–200 nm thick 
petals 

Superhydrophilic to 
superhydrophobic 
surface transition upon 
coating with vinyl- 
terminated 
polydimethylsilicone 

[82] 

Titanate H2TinO2n+1. 
xH2O nanowires on 
Ti foil, NaOH, H2O, 
CaCl2, Teflon 
vessel, 24 h heating 
at 200o C 

1–3 μm long and 
1 μm thick 
microtubes 

High dielectric constant, 
non-ferroelectric nature 

[83] 

Ti butoxide, 
CaCl2.2H2O, 
NaOH, H2O, EtOH; 
autoclave, 36 h 
heating at 260, 280 
and 300o C, 12 h 
drying at 90o C 

Micrometer-sized 
butterfly-like 
dendrites  

[84] 

Ti butoxide, 
CaCl2.2H2O, 
NaOH, H2O, EtOH; 
Teflon flask, 
24–36 h heating at 
180 ◦C,12 h drying 
at 90o C 

Micron sized 
dendrites and 
various (cross-cubic, 
prism-like, butterfly- 
like) morphologies of 
composed 
nanoflakes, 
crystalline size 
93–153 nm 

Dendrites of vertically 
aligned nanoflakes exert 
UV light trapping effect 
(multiple reflections and 
scattering); photocatalyst 
of UV light degradation of 
MO, RhB and MO dyes 

[85] 

Anatase, CaCl2.2H2O, 
NaOH, H2O, 
Teflon-lined 
digestion bomb; 
12–96 h heating at 
110–150◦ and 
different pH (9–13) 
for 12–72 h, 12 h 
drying at 90o C 

120–130 nm thick 
nanowires grown 
from intermediary 
twinned 2–3 μm 
sized crystals with 
cubic and 
rectangular shape  

[86] 

Ti isopropoxide Ti 
(OC3H7)4,Ca(OH)2, 
NaOH, H2O, Teflon 
flask, 24 h heating/ 
controlled stirring 
at 120o C 

Orthorhombic μm- 
sized dendrites and 
rectangular prisms; 
process optimized for 
massive formation of 
dendrites  

[87] 

Titanate nanofibers, 
CaCl2, H2O, NaOH, 
PTFE-lined 
autoclave, 24 h 
heating at 150 ◦C, 
24 h drying at 
100 ◦C 

Microtubular 
structures with 
rectangular cross- 
section 

Photoeletrochemical 
response of dye-sensitized 
solar cell 

[88] 

Hydrated TiO2, CaO, 
H2O, PTFE lined 
vessel,2 h heating 
at 250o C 

Rectangular platelets 
of 0.5–1.5 μm length  

[89] 

Pretreated eggshell 
powder, H2O, TiO2, 
PTFE bottle in 

Orthorhombic, 
cuboid-like 
structure, size 

Adsorber of Congo red 
dye 

[90]  

Table 9 (continued ) 

Synthetic conditions CT particles 
properties 

CT particles application Ref. 

autoclave, 48 h 
heating at 180o C, 
12 h drying at 80o 

C 

0.2 μm, surface area 
20.9 m2/g, 

TiCl4 and Ti(OR)4 

with R = Bu, iPr 
were precursors for 
TiO(OH)2 

hydrogel, KOH, 
hydrated Ca 
nitrate; teflon-lined 
autoclave, 12 h 
heating at 180o C 
drying at 60o C 

Orthorhombic, 
crystallite size 
~60 nm, CT cuboids 
with side length less 
than 1 μm or 2 μm 
and fern-like 
nanoparticles, BET 
surface area 28, 85 
and 108 m2/g 

Fern-like nanoparticles 
exhibit excellent 
photocatalytic activity for 
As(III) removal in 
aqueous solution under 
UV-254 nm irradiation 

[91] 

TiO(OH)2, CaCl2, 
H2O, KOH, 
autoclave, heating 
by microwaves for 
1 min and 
additional heating 
at 140o C under 
pressure for 
10–160 min, 12 h 
drying at 80o C 

Polycrystalline, 
orthorhombic phase, 
micro-cubes with 
edge length ~2 μm, 

Photoluminescence due 
to the tilt of TiO6–TiO6 

adjacent octahedra 

[92] 

TiCl4 or Ti 
isopropoxide, 
KOH, CaCl2, H2O, 
autoclave, 4 min 
microwave heating 
at 140 ◦C,12 h 
drying at 60o C 

Orthorhombic, 
polycrystalline, 
microcubes 
produced by self- 
organization of 
nanoplates; 
Different local order 
around Ti in CT 
structures obtained 
by different Ti 
sources 

UV-light induced visible 
photoluminescence 

[93] 

Ti isopropoxide- 
triethanolamine 
complex or 
nanoparticulate 
TiO2 aqueous 
dispersion, Ca 
isopropoxide, H2O, 
72 h heating in 
Teflon vessel for 
100–250 ◦C 

Cubic, concave cubic 
and rod-like cubic 
particles with 
respective surface 
area 3.2, 3.1 and 9.7 
m2/g; 
band gap 3. 6 eV 

UV photocatalytic 
decomposition of acetic 
acid in water 

[94] 

Ti isopropoxide, Ca 
nitrate, NaOH, 
H2O, ionic liquid; 
ultrasound 
irradiation, 80 h 
drying, 5 h 
calcination at 700o 

C 

Orthorhombic, 
porous ~ 20 nm 
spheres, crystallite 
size 8.8 nm, surface 
area 147.3 m2/g, 
band gap 3.2 eV 

UV–Vis photocatalyst for 
MB dye degradation and 
water cleavage 

[95] 

P25 TiO2 powder, 
CaCl2, NaOH,24 h 
heating in Teflon- 
lined vessel at 200o 

C, 12 h drying at 
60o C 

Orthorhombic, CT 
nanocuboids of 
0.3–0.5 μm width 
and 0.8–1.1 μm 
length, BET surface 
4.9 m2/g, absorption 
edge 367.4 nm, band 
gap 3.38 eV 

Solar light photocatalyst 
for degradation of RhB 
dye, 
Photoluminescent 
monitoring of OH radical 

[96]  
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titanate (Ti(OC4H9)4) and hydrated calcium nitrate (Ca(NO3)2.4H2O) in 
an agate mortar ensued by heating of a developed semi-solid product at 
700 ◦C [18]. It was shown that the grinding facilitates the hydrolysis of 
titanate and evaporation of butanol and that the semi-solid product is 
presumably titanyl nitrate. 

The morphology of CT particles obtained by the lower temperature 

processes depends mostly on the choice of the reactants, and as seen 
below (Fig. 5), oval and sharp nanoparticles, irregular and faceted μm- 
sized particles and μm-sized needle-like and large objects can me 
formed. 

2.1.4. Single-source precursor approach 
Another way for decreasing high temperatures required for CT for-

mation from solid precursors is thermal decomposition of a single-source 
precursor which is stable organobimetallic compound whose structure is 
tailored to allow thermal conversion into stoichiometry of CT (Table 5). 

Such strategy is documented by heating of calcium titanyl oxalate, 
calcium nitrilotriacetatoperoxotitanate or calcium titanyl citrate 
[44–48] at temperatures between 500 and 700 ◦C, which are sufficient 
for conversion to micro- and nanosized powders of CT (Table 5). The 
reaction temperature can be even lowered considerably by employing 
microwaves [45,47]. In fact, conventional heating of calcium titanyl 
oxalate monitored by TG and DT analyses proceeding at 450–600 ◦C via 
an amorphous Ca2Ti2O5CO3 intermediate allows formation of crystal-
line (pseudo cubic) CT at 570–750 ◦C [49]. The favorable microwave 
effect on the pore diameter of mesoporous crystalline CT nanoparticles 
[47] is possibly due to interactions of microwaves with structural defects 
(oxygen vacancies and unpaired electrons) of CT. Further example of a 
single compound decomposing to CT is calcium catecholate complex 
[50]. 

A heat-induced topochemical microcrystal conversion of bismuth 
layer-structured compound CaBi4Ti4O15 into platelike CT particles [51] 
in molten salt also belongs to this section. This process conserves the 
particle shape from an anisotropically shaped precursor to the target 
compound particle through a topochemical, topotactic and/or pseudo-
morphic reaction while the chemical composition of the particle is 
changed. 

Different morphologies of several types of CT particles obtained by 
the single-source precursor approach are illustrated in Fig. 6. 

Fig. 10. SEM and FESEM images of platelets (a, reproduced from ref. 85, Copyright Ceram. Soc. Jap.), multifaced microcubes (b, reproduced from ref. 92; c, 
reproduced from ref. 93, both Copyright Elsevier), polyhedral prisms (d, reproduced from ref. 87, Copyright Royal Society of Chemistry), rectangular hollow 
structures (e, reproduced from ref. 83, Copyright American Chemical Society), butterfly-like dendrites (f, reproduced from ref. 84, Copyright Royal Society of 
Chemistry), dendrites (g, reproduced from ref. 87, Copyright Royal Society of Chemistry), nanolamellate structures (h, reproduced from ref. 82, Copyright American 
Chemical Society), microcubes (i, reproduced from ref. 88, Copyright American Chemical Society), fern-like structures (j, reproduced from ref. 91, Copyright 
Elsevier), cross-cubic shaped morphpology (k, reproduced from ref. 85, Copyright Ceramic Society of Japan), or concave cubic merged particles (l, reproduced from 
ref. 94, Copyright Royal Society of Chemistry). 

Table 10 
Surfactant and polymer assisted hydrothermal method.  

Synthetic conditions CT particles properties CT particles 
application 

Ref. 

CaCl2, NaOH, H2O, 
urea, TiO2 4 h 
heating at 180o C by 
micowaves in 
Teflon vessel 

Orthorhombic phase, 
1 μm-sized rectangular 
prism-like particles  

[97] 

Ti isopropoxide, 
EtOH, CaCl2, 
NaOH, H2O, PEG or 
CTAB or TSC, 12 h 
heating in teflon 
vessel at 120–180o 

C, 12 h drying at 
80 ◦C 

Orthorhombic phase, 
cuboids of 3.2–4.7 mm 
length and 
1.7–2.3 mm width, 
point of zero charge 
3.8 pH 

Efficient adsorber of 
Cd, Pb and Cu 

[98] 

Reactive TiO2.x H2O 
gel, CaO, PVA, 
5–8 h heating in 
Teflon vessel at 
150o C 

Rectangular platelets 
0.1–0.5 μm in length  

[99] 

Reactive TiO2.xH2O 
gel, Ca nitrate, 
KOH, PVA, 24 h 
heating in Teflon 
autoclave at 200o C 

Aggregated 1 μm 
prisms (no PVA) and 
mesoporous 
hierarchical 3D 
networks composed of 
80 nm thick nanowires 
(with PVA); respective 
surface areas 4.8 m2/g 
and 26.6 m2/g. Band 
gap 3.55 eV 

Visible light 
photocatalytic 
hydrogen production 
from water induced by 
3D network 
morphology 

[100]  
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2.2. Wet chemistry 

The syntheses accomplished in the liquid phase can be classified 
according to the types of chemical reactions needed to change the Ca 
and Ti reactants into CT ultrafine product. They are called solution 
combustion, simple sol-gel approach, sol-gel polymer precursor 
approach, hydrothermal and solvothermal route and peroxo complex 
approach. 

2.2.1. Solution combustion 
Solution combustion is a method early designed for the production of 

fine-particle ceramic powders by combustion of redox compounds or 
mixtures and is described as a low-temperature initiated, self- 

propagating, gas-producing, exothermic reaction yielding sinteractive 
submicron-sized materials with large surface area [52,53]. Its specific 
version suitable for fast synthesis of solid CT network [18,54,55] con-
sists of mixing a calcium salt with a titanium precursor in water and an 
ensuing contact of the resulting solution to high temperatures in a pre-
heated furnace (Table 6). The process is completed in few minutes and 
involves dehydration, decomposition reactions, formation of gases and 
highly viscous liquids which swell, auto ignite with flames and form 
voluminous foamy products. The addition of a fuel component (tetra 
formyl tris-azine, urea or tartaric acid) increases flame temperatures 
above 900 ◦C and aids the evolution of larger amounts of gases favorable 
for the development of CT nanopowders with high specific surface area. 

A unique spray-pyrolysis can be also regarded as a mode of solution 

Fig. 11. FESEM, SEM and TEM images of cuboids (a, reproduced from ref. 97, Copyright Royal Society of Chemistry, and b reproduced from ref. 98, Copyright 
Elsevier (b), platelets (c, reproduced from ref. 99, Copyright Elsevier) and porous 3D hierarchical structures (d, reproduced from ref. 100, Copyright Elsevier). 

Table 11 
Solvothermal syntheses.  

Synthetic conditions CT particles properties CT particles application Ref. 

Minute amounts of Ti butoxide and aqueous Ca nitrate in 
excess of PEG solvent, NaOH (mineralizer); 15 h 
heating at 180o C 

Orthorhombic, hollow sub-μm-sized cubes with walls assembled 
by three-dimensionally twinned and textured nanodomains 

Photoluminescence of hollow cubes [101] 

Ti butoxide, solid Ca nitrate and NaOH (mineralizer) in 
excess of PEG solvent; 15 h heating at 180o C 

Orthorhombic, spherical shaped 600 nm-sized walnut 
morphology with hollow interior, shell thickness 200 nm, 
composed of 40 nm-sized nanocubes  

[102] 

Ti butoxide, hydrated Ca nitrate, PEG solvent, NaOH, at 
180 and 220o C, drying at 60o C under vacuum 

Orthorhombic,sub-μm sized particles of different (octahedral, 
spherical or cubic) morphology depending on water content and 
NaOH concentration 

UV light photocatalyst of degradation of 
MB dye 

[103] 

Ti isopropoxide Ti(OC3H7)4, ethylene glycol or 
diethylene glycol, Ca(OH)2, H2O; 6 h annealing at 200o 

C 

Orthorhombic, 
1–2 μm sized concave cubic-shaped particles, flake-shaped 
incorporating calcium titanium glycolate  

[104] 

Ti butoxide, Ca nitrate, NaOH, EtOH–H2O; 12 h heating 
at 150o C 

Tubular and non-tubular 1D, 2D (T-like or cross-like) and 3D 
microstructures  

[106] 

Ti butoxide, hydrated CaCl2, NaOH, EtOH–H2O, 24 h 
heating at 180o C, 12 h drying at 90o C 

Smaller loose and 3.4–4 μm-sized dense microspheres composed 
of nanosheets, surface area 6.06 m2/g, band gap 3.5 eV 

UV light photocatalyst of degradation of 
RhB dye 

[107] 

Ti butoxide, CaCl2, PVP, NaOH, EtOH–H2O, 24 h heating 
at 140–220o C, 12 h drying at 90o C 

μm-sized flower-like, prism-like, nanosheet, dendrite, cross cubic 
and polyhedron morphologies 

Long-term electrochemical stability, UV 
photocatalyst for RhB dye degradation 

[108] 

Ti butoxide, CaCl2, EtOH, NaOH, H2O, acetylacetone 
stabilizer; 36 h heating at 180o C, 24 h drying at 180o 

C; milling 15–35 min 

Orthorhombic, 1 μm-sized mesoporous particles (band gap 3.33 
eV, surface area 44 m2/g), after milling (band gap 3.17 eV, 
surface area 27 m2/g) 

UV light photocatalyst of degradation of 
Malachite Green (MG) dye 

[109]  
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combustion approach and consists of an ultrasonic generation od aerosol 
from a solution of Ca and Ti sources and subsequent feeding the sols into 
a flow of O2/N2 gases at high temperatures provided by furnace. The 
appearance of μm-sized spherical particles generated in Ref. [56] is 
controlled by the concentration od precursor solution and the rapid 
evaporation of solvent from the droplet surface, which can lead to the 
formation of a salt crust around the particles. 

The different procedures classified under the solution combustion 
approach afford particles of different morphologies as seen in Fig. 7. 

2.2.2. Simple sol-gel approach 
The sol–gel synthesis of a wide range of inorganic materials is based 

on the hydrolysis and condensation of molecular precursors and in-
volves formation of sols (colloidal particles suspended in a liquid) which 
participate in a gelation process to finally yield interpenetrating 

networks of solid and solvent phase. The sol-gel approach to solid CT 
structure (Table 7) involves reactive mixing the titanium alkoxides with 
calcium salts in alcohol, reactions with small amounts of water, for-
mation of transparent gels and heating the gels to temperatures which 
are noticeably lower than those required for CT formation by the solid 
phase reactions. It was presumed that the gel formation involves inter-
mediary Ti(O-iPr)x(OAc)z molecules [57] that are likely formed via 
intermolecular redistribution of groups attached to Ti and Ca of the 
primary reactants. Several sol-gel syntheses were carried out in the 
presence of citric acid [58,60,62] or hydroxycarboxylic or dicarboxylic 
acids [61] which assist gel formation as a mild acidifier and chelating 
agent. Other syntheses were conducted by using acetylacetone inhibit-
ing hydrolysis of Ti alkoxide and a structure-directing surfactant 
assisting formation of a mesoporous-assembled CT structure [63]. The 
morphology and size of CT nanoparticles after gel calcination is little 
influenced by the structure of chelating acid. It is however seen that 
somewhat different conditions of the simple sol-gel approach result in 
nanoparticles which strongly agglomerate into bodies with dense or 
porous structures (Fig. 8). 

2.2.3. Sol-gel polymer precursor approach 
There are several sol-gel-based CT syntheses in which an added 

polymer precursor is either formed from monomer in the course of sol- 
gel process or simply added to the solution undergoing sol-gel transition 
(Scheme 1). Both these organic entities interact with aqueous solutions 
of Ti complexes produced from soluble Ti and Ca compounds and 
incorporate them into their polymeric network. Detailed modes of such 
interaction appear unknown, but following heating and calcination of 
isolated and dried products in an air or oxygen flow removes organic 
skeleton by oxidative combustion and leaves inorganic phase of ultrafine 
CT particles (Table 8). 

A well known sol-gel polymeric precursor approach to nano- and 
micro-sized CT species is based on the Pechini invention of preparing 
alkaline earth titanates [64] by utilizing the ability of 

Fig. 12. SEM images of walnut-like struc-
tures (a, reproduced from ref. 102, Copy-
right Royal Society of Chemistry), loose (b) 
and dense (c) spheres (reproduced from ref. 
107, Copyright Elsevier), rectangular bars 
and cubes (d, reproduced from ref. 103, 
Copyright Royal Society of Chemistry), 
concave cubes (e, reproduced from ref. 104, 
Copyright Jap. Inst. Metals Mater.), meso-
cubes with flat surface or hollow interior (f, 
reproduced from ref. 101, Copyright Royal 
Society of Chemistry), 1-, 2- and 3- D tubular 
particles (g, reproduced from ref. 106, 
Copyright American Chemical Society) and 
flower-like crystals (h, reproduced from ref. 
108, Copyright Ceramic Society of Japan).   

Table 12 
Peroxo complex approach.  

Synthetic conditions CT particles properties CT particles 
application 

Ref. 

Hydrated CaCl2, TiCl4, 
precipitation after 
mixing with NH3/ 
H2O2 solution, 1 h 
calcination at 900o 

C, mixing with 
glycerol and PVA 
binder, milling, 
drying at 80o C 

Surface area 18 m2/g High sinterability [114] 

Hydrated Ca acetate, 
TiO(SO4), H2O2, 
NaOH, precipitation, 
0.5 h heating at 95o 

C, microwave 
heating for 3–30 min 

Orthorhombic, Scherrer 
crystallite size 
44–49 nm, band gap 
2.67–3.08 eV, truncated 
~100-30 nm sized 
nanospheres 

UV light 
photocatalyst of 
degradation of MB 
and MG dyes 

[115, 
116]  
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alpha-hydroxycarboxylic acids to form complexes with titanium and 
subsequently undergo heat-induced polyesterification [65] upon addi-
tion of polyhydroxy alcohol to form solid transparent polymeric resin 
containing homogeneously distributed non-seggregated Ti complexes. 
Further calcination of such hetero-polymeric resin in an oxygen flow 
then promotes pre-pyrolysis and total oxidation of the organic matter, 
which transforms the resin into ultrafine CT particles. In this approach, 
Ti alkoxides (butoxide or isopropoxide) and citric acid are precursors for 
the formation of a Ti complex, which reacts with Ca nitrate or carbonate 
in the course of polyesterification, but timing of distinct reaction steps in 
procedures [66–68] can be somewhat different. The crystalline phase 
formation in these processes can be probed by photoluminescence to 
monitor structural order-disorder in CT lattice [68]. 

A modified reaction scheme was applied in the process [69] using 
hydroxylpropyl cellulose as a polymeric fugitive agent where the first 
step consists in the preparation of TiO2 sol by hydrolysis of Ti alkoxide 
through the optimized methodology [70] and uses HCl as peptization 
catalyst and the second step is an addition of a solution of calcium ni-
trate into TiO2 sol. Similar approach involving sacrificing agent is CT 
synthesis using cotton fiber template [71], D311 poly 
(methylacrylate-divinylbenzene) resin [72], sorghum straw [73] or 
polyvinylpyrrolidone (PVP) [74]. 

Another approach enabling to prepare processable polymeric pre-
cursor with the same type chemicals, but in the absence of citric acid and 
water, is called steric entrapment of cations by ethylene glycol polymer 
[75]. In this process, solutions of reactants form gels upon long aging 
and such gels undergo an explosive exothermic reaction during the 
calcination process. The mechanism of the gel formation thus differs 
from the Pechini gelation and may be mostly controlled by 

Table 13 
Physical and physicochemical methods.  

Synthetic mode CT coat 
properties 

CT coat 
application 

Ref. 

Radiofrequency magnetron 
sputtering of CT target in Ar gas 
followed by annealing of 
deposited film on Ti in air at 
600o C 

50 nm thick film 
on Ti substrate 
with a Ti oxides 
layer 
underneath 

Enhanced 
formation of 
calcium 
phosphate in SBF 
and improved 
new bone 
formation in vivo 

[117] 
[118] 

UHV sputtering for thin film 
deposition at room 
temperature on Si substrate and 
at 550 and 650o C on Pt/TiN 
electrode 

Amorphous 
31 nm thick film 
with 
rms = 0.19 nm 
deposited on Si; 
crystalline 
60 nm thick film 
with rms 
0.46 nm 
deposited on Pt/ 
TiN; 5 and 
32 nm thick 
films on Pt/TiN 
covered by Ru 
layer; band gap 
3.8–4.38 eV 

Promising 
insulating film in 
industrial MIM 
capacitor 
applications 

[119] 
[120] 

Pulsed laser deposition from CT 
target in 100 mTorr of O2 on 
substrates kept at 750 ◦C 

Highly epitaxial 
350 nm films on 
SrRuO3 layers 
on SrTiO3 and 
LaAlO3 

substrates with 
dielectric 
constant tunable 
with electric 
field 

Improved tuning 
of dielectric 
constant by 
electric field at 
− 73o C 

[121] 

Pulsed laser deposition from CT 
target in 5 × 10− 5 mbar of O2 

on TiO2 terminated Nb-doped 
SrTiO3 substrates kept at 680o 

C followed by in situ UHV 
diagnosis 

TiO2-terminated 
film of 20 unit 
cells thickness 
has surface 
metallic states, 
consisting of a 
two- 
dimensional 
electron gas and 
plasmons visible 
as loss XPS 
peaks  

[122] 

Q-switch pulsed Nd:YAG laser 
(335 nm) ablative CT 
deposition at low O2 pressure 
on Ti substrate kept at 600o C 

Thin film with 
interposed 
40 nm rutile 
layer  

[123] 

Pulsed laser deposition on 
orthorhombic (101)-oriented 
NdGaO3 and cubic (001)- 
oriented La0.18Sr0.82Al0.65Ta 
0.35O3 substrates kept at 650o C 

~10 nm thick 
films epitaxial 
grown on both 
substrates 
experience a 
1.1% biaxial 
strain and 
display 
ferroelectric 
properties 
below Curie 
temperature 
140 K 

Key role of 
symmetry in 
controlling 
ferroelectric 
properties of 
perovskite oxide 
thin films 

[124] 

MBE of thin films with Ti/Ca ~1 
stoichiometry using elemental 
Ca and Ti isopropoxide co- 
supplied with molecular O2, 
allowing deposition within self- 
regulated adsorption- 
controlled growth window on 
(001) 
(LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 

substrate heated at 900o C 

~20 nm thick 
films grown 
inside the 
stoichiometric 
growth window 
have tensile 
strain-induced 
ferroelectric 
properties and 
transform at 175 

Stoichiometric 
control is a 
mandatory 
requirement to 
achieve strain- 
induced 
functional 
properties 

[125]  

Table 13 (continued ) 

Synthetic mode CT coat 
properties 

CT coat 
application 

Ref. 

K to paraelectric 
form 

MBE of thin films with Ti/Ca ~1 
stoichiometry using elemental 
Ca and Ti isopropoxide co- 
supplied with molecular O2, 
allowing deposition within self- 
regulated adsorption- 
controlled growth window on 
(001)LaSrAlO4 or LaAlO3 

substrate heated at 900o C 

14 nm thick 
films grown 
inside the 
stoichiometric 
growth window 
have 
compressive 
strain-induced 
ferroelectric 
properties 
lasting from 
room 
temperature up 
to 800 K 

Ferroelectric thin 
film 

[126] 

CVD from vaporized Ca and Ti 
sources - 
(bisdipivaloylmethanato- 
calcium) and bisisopropoxy- 
bis-dipivaloylmethanato- 
titanium) 
in Ar and O2 on fused quartz 
glass plates heated at 600–800o 

C 

Film 
morphology 
changes from 
dense structure/ 
grain size 50 nm 
to cauliflower 
columnar 
texture/grain 
size 2–3 μm 
upon increasing 
O2 pressure and 
substrate 
temperature 

Biomimetic 
hydroxyapatite 
deposition from 
Hanks’ solution, 
enhancement of 
differentiation of 
mouse bone 
marrow stromal 
ST-2 cells 

[127] 
[128] 
[129] 

Laser induced CVD from 
vaporized 
(bisdipivaloylmethanato- 
calcium) and bisisopropoxy- 
bis-dipivaloylmethanato- 
titanium) 
and O2 on AlN substrate heated 
at 327–727o C 

Highly (011)- 
and (101)- and 
(121)-oriented 
CT films with 
cone-like 
morphology or 
squarely faceted 
texture and the 
nano-pores 

Inducer of 
apatite 
formation from 
SBF 

[130] 
[131]  
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intermolecular exchange of oxidic groups between Ti isopropoxide and 
ethylene glycol (exchange reaction between –OH and i-PrO- groups), 
while the explosive stage should involve radical reactions. 

CT nanoparticles were also prepared by a polyacrylamide gel route 
which is accomplished by developing a uniform distribution of inter-
mediate organobimetallic species in growing polyacrylamide network 
[76]. It is based on gelation of acidified aqueous solution of Ti alkoxide, 
Ca nitrate, a chelating agent (ethylenediaminotetraacetic or other car-
boxylic acids), and acryl amide [77,78]. Adding glucose to the precursor 
solution overcomes gel shrinkage and using different structures of 
chelating acids allows calcined CT particles to get different size. 

Porous CT nanotubes with controlled microstructure were prepared 
via a single-nozzle electrospinning approach when CT sols comprising 
PVP and a Pluronic polyoxypropylenepolyoxyethylene block copolymer 
initially changes to core-shell structure and after drying and calcination 
in air develop to CT nanotube whose structure can be tailored by the 
ratios of sol components [79]. 

This approach offers a number of CT particles with different mor-
phologies like broken microtubes, hollow nanofibers, porous networks 
and porous particles, rods or porous spheres (Fig. 9). 

2.2.4. Hydrothermal route 
The hydrothermal route involving the use of Teflon-lined high- 

pressure vessels is a less cost and reaction time demanding process 
which allows formation of CT particles at lower temperatures (Table 9) 
due to facilitating intimate contact between Ca and Ti reactants in 
alkaline aqueous phase and offeres chances to produce CT particles of 
various sizes and morphologies (Fig. 10). The process consists of 
dissolution of Ca and often also Ti reactants, formation of a hydroxylated 
CaTi(OH)x precursor, the precursor dehydration and CT nucleation and 
growth. The final CT product can be developed through heterogeneous 
path by inward diffusion of dissolved Ca2+ ions into solid TiO2 or 
through homogeneous path by liquid phase reaction between soluble [Ti 
(OH)6]2- complex and Ca2+ species. 

A thermodynamic model of hydrothermal synthesis of CaTiO3 pre-
dicted the optimum conditions for the synthesis of phase-pure CaTiO3 
from some Ca and Ti sources within temperature range 160–200◦ [80] 
and indicated that hydrothermal system is controlled by kinetic inhibi-
tion of CT formation by little soluble Ca(OH)2, which governs the 
transport of Ca species to an interface bearing reactive Ti species, proper 
stirring under nitrogen (exclusion of CO2), the correct pH chosen by 
amounts of Ca source and NaOH/KOH mineralizer and larger sizes of Ti 

source particles. 
Various smooth and porous nanoparticles produced under various 

conditions can accept morphology of nanowires, nanocubes, nanotubes, 
platelets or fern-like dendritic structures. The nanoparticle growth and 
self-organization of building blocks is often explained by Ostwald 
ripening process in which larger particles are formed at expense of more 
reactive smaller particles. For example, the fabrication of microtubular 
CT undergoes the initial dissolution of titanate nanofibers by Ostwald 
ripening process to convert into micrometer-sized fiber-bundles, while 
recrystallization occurs simultaneously until tubular microstrucures are 
obtained [88]. Dendrites usually form under non-equilibrium conditions 
and their growth is controlled by interface kinetics, surface tension and 
concentrations gradients all of which may result in a discrepancy in the 
growth velocity of two (metastable and stable) crystallographic planes. 

It was also shown that microwave processing enhances evolution of 
CT crystalline phase whose structure can differ with two different Ti 
sources, as demonstrated by different degree of distortion of local Ti 
symmetry and indicated by different photoluminescence spectra [93]. 
Low temperature hydrothermal process was also performed by using 
ultrasound irradiation in the presence of ionic liquid at ambient pressure 
[95]. The growth of differently sized and shaped CT nano- and 
micro-sized particles can thus be achieved through changes in the 
composition of the liquid medium and its alkalinity, different lengths of 
hydrothermal treatment, different stirring rates and also using different 
Ti and Ca sources and their ratios. 

All these hydrothermal media can thus noticeably control the size 
and morphology of generated CT nanoparticles through vapour pressure 
and solubility of the Ca and Ti compounds in water. Their potential can, 
however, be further enhanced by using surfactant or template agents 
which can assist shaping process of the growing CT seeds (Table 10). 
Urea can act as a template or form a structural precursor complex in the 
formation of rectangular CT prisms [97], polyethylene glycol (PEG) and 
cetyltrimethyl ammonium bromide (CTAB) or trisodium citrate (TSC) 
effect formation of smaller irregular particles and larger cuboids [98], 
an addition of polyvinyl alcohol (PVA) to the hydrothermal solution 
leads to the formation of smaller CT particles [99], and polyvinyl alcohol 
(PVA) serves as a structure directing agent to form network-like hier-
archical structures built from crystalline nanowires which can promote 
the photocatalytic performance [100]. Various structures of CT nano-
particles produced by the surfactant and polymer assisted hydrothermal 
approach are given in Fig. 11. 

Fig. 13. Surface and cross-sectional morphology of CT films prepared at 600 ◦C (a, b) and 800 ◦C (c, d) by MOCVD (reproduced from ref. 127, Copyright Jap. Inst. 
Metals and ref. 128, Copyright Trans. Tech. Publ.) and surface morphology of (011)-oriented films with pyramidal facets (e), (101)-oriented films with square facets 
(f) and (121)-oriented films with granular morphology prepared by laser MOCVD (g), reproduced from ref. 130, Copyright J. Jap. Soc. Powder Metal., and ref. 131, 
Copyright Springer). 

T. Křenek et al.                                                                                                                                                                                                                                  



Open Ceramics 8 (2021) 100177

14

2.2.5. Solvothermal route 
Heating of Ca and Ti source precursors in an excess of alcohol instead 

of water is another way to produce micro/nano CT particles. Such a 
procedure in Teflon-lined vessels can yield CT particles which differ 
from those obtained by the hydrothermal approach due to involvement 
of liquid phase which contains only minute amounts of water needed for 
dissolution Ca salts and which can modify the morphology of CT growth 
as a shape-controlling mediator through interfacial interactions 
(Table 11). 

Hollow sub-micrometer sized CT cubes with twinned and textured 
orthorhombic (pseudocubic) nanodomains in three dimensions have 
been grown in excess of poly(ethylene glycol) (PEG) containing minute 
amounts of aqueous Ca nitrate. The PEG molecules appear to enable the 
growth of these species, which is not possible when PEG is stepwise 
diluted with water in which case prismatic single crystal rectangular 
rods, aligned stacks of rectangular nano-plates or butterfly shaped 
crystals are formed instead [101]. In a completely water-free PEG so-
lution [102], CT nanocubes form and undergo an oriented self-assembly 
into spherical particles, which is enhanced by the surface-adsorbed PEG 
molecules. The growth of nanocubes and their aggregation occurs 
simultaneously and competes with the disappearance of the small 
nanocubes in the cores of the spheres during an Ostwald ripening pro-
cess. Water plays an important role in recrystallization that extends from 
the particle surface to the cores via an Ostwald ripening process. Similar 
morphologies were also observed in water-free PEG where spherical 
particles piled up with nanocubes, octahedral or cubic particles with 
voids on surface or rectangular particles were produced at different 
temperature within 280-220 ◦C and where smaller particles with 
rounder and smoother surface were formed upon addition of water 
[103]. CT microparticles can be also formed in water/polyol solutions 
by heating Ca a source compound with stable Ti complex with trietha-
nolamine [104]. 

Another solvothermal medium are mixtures of water with amphi-
philic ethanol which can act as a versatile soft template, kinetically 
control the growth rates of different crystalline faces and morphology of 
final products through ethanol/water ratios [105]. In such medium, 
various tubular and non-tubular microstructures were prepared and 
they consist of 1D, 2D T-like or cross-like, and 3D entites whose structure 
can be tuned by NaOH concentration and ethanol/water ratio [106]. 
Further examples are loose and dense microspheres piled up with 
nanosheets [107] or μm-sized flower-like, prism-like, dendrite, cross 
cubic polyhedron and nanosheet morphologies [108]. The latter crys-
talline forms were produced with and without PVP which adsorbs onto 
different crystal phases via ligand coordination and may govern the 
growth of particles. 

The combination of solvothermal and subsequent mechanochemical 
routes confirmed that the initially produced mesoporous μm-particles 
decrease their band gap and surface area but enhance their photo-
catalytical efficiency for dye degradation after milling [109]. The 

Table 14 
Hydrothermal formation of CT Films.  

Synthetic conditions CT coat properties CT coat application Ref. 

6 h heating of Ti plate 
with Ca 
(EDTA)2- solution at 
pH at 250 ◦C 

20 μm thick film of 
1 μm-sized hexagonal 
plate-like particles  

[132] 

1 h heating of Ti plate 
with Ca(OH)2 in water 
at 6.3 MPa and 280o C 

Rough structured 
surface 

Enhancement of 
hydroxyapatite 
formation from SBF 
as compared to 
titanium surface 

[133] 

Dipping of preformed 
nanoporous TiO2 film 
of 20 nm-sized 
particles on F-doped 
SnO2 (FTO)-coated 
glass in aqueous 
CaCl2/TiCl4 solution 
at 70o C, sintering in 
air at 750o C 

Cubic phase, smooth 
layer on nanoporous 
TiO2 film 

N3 sensitized CT- 
modified TiO2 

nanocrystalline 
electrode with 
enhanced visible 
light absorption; the 
dye-sensitized solar 
cell of enhanced 
photocurrent and 
photoelectric 
conversion efficiency 

[134] 

24 h heating of Ti plate 
or rod with 
KOH–CaCl2 solution at 
150o C 

Layer of low 
adhesion to Ti 
surface, stepped 
morphology, 1 or 
~10 μm euhedral 
cubic particles in a 
close mutual contact 

Precursor for 
fabrication of CT/ 
hydroxyapatite 
double layer 

[135] 

HNO3/H2O2 pretreated 
Ti screws, aqueous 
solution of Ca nitrate 
and NaOH, 4 h heating 
at 110o C 

Dense layer of 
uniform ca. 1 μm 
sized cubic particles 

CT-coated titanium 
screws increased 
alkaline phosphatase 
activity and 
proliferation of 
MC3T3-E1 cells 

[136] 

24 h heating at 180o C of 
μm-sized flower-like 
TiO2 on FTO 
substrates in Ca 
acetate solution 

Band gap 3.24 eV UV light 
photocatalyst of 
degradation of MB 
dye 

[137] 

Titania anodic films of 
ordered TiO2 

nanotubes preformed 
in glycerol- NH4F 
solution on Ti foil, 
12 h heating in 
saturated Ca(OH)2 

solution at 120 ◦C, 
annealing to 450o C 

Highly ordered 
vertically aligned 
CaTiO3 nanotube 
array, band gap 3.4 
eV 

Excellent optical 
absorption ability 
and higher 
photovoltage and 
photocurrent 
compared with TiO2 

nanotube, an 
alternative choice 
for TiO2 nanotube 
photoanode 

[138] 

Titania anodic films of 
ordered TiO2 

nanotubes preformed 
in glycerol–H2O–NH4F 
solution on Ti foil, 
12 h heating in 
saturated Ca(OH)2 

solution at 150 ◦C 

Crystalline 
nanobricks as cube- 
like structures with 
45–75 nm short and 
125–275 nm long 
edges 

Efficient 
hydroxyapatite 
inducer from 
simulated body fluid 

[139] 

Titania anodic films 
preformed in ethylene 
glycol–H2O–NH4F 
solution on Ti foil, 5 h 
heating in NaOH–Ca 
(OH)2 solution at 
150 ◦C 

Orthorhombic phase 
with regular 
micrometer-sized 
elliptic, flower or 
prism shaped 
morphologies 

High capability to 
induce nucleation 
and growth of 
biomimetic apatite 
from SBF 

[140] 

Electrochemical 
treatment of TiAl 
anode with Ca 
(OH)2–NaOH–H2O at 
200o C and 2 MPa 

4–5 μm thick films of 
1 μm grains with 
seldom TiO2 voids 

Improvement of 
oxidation resistance 
of TiAl alloys at high 
temperatures 

[141] 

Electrochemical 
treatment of Ti anode 
with Ca 
(OH)2–NaOH–H2O at 
200o C and 2 MPa 

Orhorhombic phase, 
200–300 nm thick 
film with dominant 
microplatelet regions 
growing parallel to Ti 
surface with minor 

Inducer of Ca apatite 
formation from SBF 

[142] 
[143]  

Table 14 (continued ) 

Synthetic conditions CT coat properties CT coat application Ref. 

microstar-like CaCO3 

and 100 nm pinholes 
Na0.8H1.2Ti3O7 micro- 

sheets (obtained by 
hydrothermal reaction 
of Ti with NaOH 
solution) were 
modified by ion 
exchange to H2Ti3O7 

micro-sheets then 
hydrothermally 
treated to CT 
microsheets scaffold in 
saturated Ca(OH)2 

solution at 180 ◦C 

Osteoconductive 
scaffold, thickness of 
the microsheets on Ti 
foil ~3.5 μm 

Promoter of MC3T3- 
E1 cells spreading, 
proliferation, and 
differentiation in 
vitro, enhancement 
of osteoinductivity in 
vivo 

[144]  
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variety of the differently shaped and structured particles is illustrated on 
Fig. 12. 

2.2.6. Peroxo complex approach 
Another synthesis of high-purity CaTiO3 is called wet chemical 

peroxide route [110,111] which occurs via the precipitation of a peroxo 
CaTiO2(O2).3H2O precursor prepared from CaC12, TiC14 (or tetraiso-
propoxide), H2O2 and NH3 as starting compounds [112–114] and sub-
sequent complex decomposition by heating. The peroxo complex can be 
also prepared from titanylsulfate and transformed into CT powder by 
short microwave irradiation [115,116]. These routes are given in 
Table 12. 

3. Nano and micro CaTiO3 coats 

Fabrication of thin CT coats on various surfaces can be achieved 
through processing of solid or vaporized Ca and Ti source precursors by 
physical methods like magnetron sputtering and laser ablative deposi-
tion, by physicochemical molecular like beam epitaxy and chemical 
vapour deposition, or can be also accomplished by using wet chemistry 
as hydrothermal or sol-gel routes. All these processes allow formation of 
variously structured coats which differ by distinctive phases, micro/ 
nano morphologies, thickness and properties important in applied and 
fundamental research. 

Fig. 14. SEM images of CT layers consisting of euhedral cubes (a, reproduced from ref. 135, Copyright J. Ceram. Soc. Jap.) and cubic microparticles (b, reproduced 
from ref. 136, Copyright Royal Society of Chemistry). 

Fig. 15. Hydrothermal CT transformation from micro-flower to micro-nest morphology. Reproduced from ref. 137, Copyright Royal Society of Chemistry.  

Fig. 16. Hydrotherrmal transformation of highly ordered TiO2 nanotubes to topmost CT nanotubes. Reproduced from ref. 138, Copyright IOP Science.  
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3.1. Physical and physicochemical methods 

The deposition of thin CT films by magnetron sputtering of a CT disc 
in flowing Ar gas normally yields films of low crystallinity and an 
additional heating is needed to increase the crystallinity and prevent 
film dissolution in aqueous solutions, which is important for subsequent 
studies. It is considered that Ca dissolution of topmost layers is due to 
their chemical instability and would deteriorate the recognition of 
proceses occurring on the liquid phase-CT interface, like formation of Ca 
phosphate in simulated body fluids [117,118]. 

An ultrahigh vacuum (UHV) sputtering for ultrathin film deposition 
on Ru or Pt surface was performed to determine the band gap and 
permittivity of the CT layer which was assumed an alternative to other 
high permittivity dielectrics for integration in future microelectronic 
devices like ultrathin metal-insulator-metal capacitors and field-effect 
transistor gate stacks [119,120]. In contrast to previous data, the 

theoretical and experimental band gap are considerably higher due to 
different defect densities or impurities and the difference can be ascribed 
to the usage of sputtering from high purity CT within the UHV sputter 
system reducing the number of defects or dopants. 

The congruent ablative pulsed laser deposition from CT target under 
very low pressures of oxygen has been attempted [121–123] to deposit 
ultrathin CT layers with the stoichiometry matching the CT target. This 
goal has been utterly fulfilled with epitaxial growth of relatively thick 
CT layers on the SrRuO3 buffer layer of SrTiO3 and LaAlO3 substrates 
[120] and partly succesfull in growing ultrathin TiO2-terminated [122] 
or rutile-interposed [123] CT films. 

The orthorhombic CT phase, stable up to ~1240 ◦C, was long 
considered a non-polar paraelectric material. It was only recently that 
ferroelectric CT property was detected at low temperatures in 
~10–20 nm thick epitaxial CT films grown on surfaces which induce 
tensile epitaxial strain and increase the paraelectric to ferroelectric 

Fig. 17. Hydrothermal transformation of highly ordered TiO2 nanotubes to topmost CT nanobricks. Reproduced from ref. 139, Copyright Elsevier.  

Fig. 18. Hydrothermal transformation of nanoporous TiO2 surface (a) to eliptic (b) and prism-like (c) topmost microstructures by 1 M (b) and 4 M (c) concentrations 
of NaOH. Reproduced from ref. 140, Copyright Elsevier. 

Fig. 19. The outer surface layer (a) and fractured cross section (b) of CT coat on TiAl alloy. Reproduced from ref. 141, Copyright Elsevier.  
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transition temperature (TC, Currie temperature) up to 140 K [124] or 
175 K [125]. The ferroelectric properties of the thin CT films have been 
also detected when these films were deposited on substrates inducing 
compressive epitaxial strain and such ferroelectric films are stable at 
room temperatures and up to 800 K [126]. These ferroelectric tensile 
and compressive strained films respectively exhibit orthorhombic-like 
point group symmetry and a near-tetragonal unit cell and were grown 
using laser [123] or hybride molecular beam epitaxy (MBE) [125,126] 
within the self-regulated stoichiometric growth window which does not 
allow formation of defects originating from non-stoichiometric growth 
and destabilizing the ferroelectric phase. 

Metalloorganic chemical vapour deposition (MOCVD) of CT films 
using organocalcium and organotitanium precursors [127–129] yields 
CT films containing Ca(OH)2, Ca4Ti3O10 and TiO2 and the deposition of 
the single CT phase was achieved at the Ca/Ti precursors ratio lower 
than 1 [127,128]. The occurrence of columnar texture with small gaps is 
likely due to relaxation of thermal stress between the films and the 
substrate. The laser-induced MOCVD performed at different AlN sub-
strate temperatures allows formation of (011)-, (101)- and (121)- ori-
ented CT films of diverse morphologies at deposition rate 10 times 
higher than conventional thermal MOCVD [130,131]. 

All films prepared by physical and physicochemical methods are 
characterized in Table 13 and those obtained by MOCVD are illustrated 
in Fig. 13. 

Table 15 
CT nanocomposites produced by sol gel-synthesis.  

Synthetic conditions CT coat properties CT coat application Ref. 

Ca nitrate, Ti 
isopropoxide 
dissolved in 2- 
methoxyethanol, 
nitric and lactic acids 
stabilizers, 
spin coating on Si 
wafers, heating at 
400o C, 
crystallization by 
rapid thermal 
processing at 
500–800o C in 
oxygen 

1–2 μm thick 
polycrystalline films 
with 150–200 nm- 
sized grains; crack- 
free adherent films on 
α-Ti substrates and 
slightly cracked films 

Potential 
intermediate layer 
inhibitor of 
dissolution of 
hydroxyapatite coats 
on titanium implants 

[145] 

Ti butoxide, CaCO3, 
solution in citric acid; 
multiple spin coating 
on a Pt/Ti/SiO2/Si 
substrate, 3 min 
heating at 120 and 
700o C and 1 h 
calcination at 700o C 

Orthorhombic phase, 
uniform thickness 
and smooth surface of 
65 nm, 200 nm, 
250 nm and 340 nm 
thick films 

Intrinsic mechanical 
properties of the films 
are thickness- 
dependent; potential 
for efficient 
performance in 
microwave dielectric 
device 

[146] 

Ti isopropoxide Ti 
(OC3H7)4, hydrated 
Ca nitrate, spin 
coating on Si 
substrates, 10 min 
sintering in air at 300 
and 800o C 

4 μm thick films with 
rough surface 
contaminated with 
anatase and 
carbonate impurities 

Enhanced nucleation 
of calcium phosphate 
during immersion in 
SBF 

[147] 

Ti isopropoxide Ti 
(OC3H7)4, hydrated 
Ca nitrate, HCl, H2O, 
hydroxypropyl 
cellulose; dip-coating 
of quartz substrate, 
1 h drying at 150o C, 
1 h annealing at 400, 
600 and 800o C 

Homogeneous crack- 
free and nano- 
granular films with 
grain size 33–39 nm, 
porous structure and 
columnar topography  

[69] 

Ti isopropoxide, CaO, 
EtOH, acetic acid, 
EDTA; Multiple spin- 
coating of Ti 
substrate, 24 h 
drying at 100o C and 
1 h heating at 900o C 

Coat of oval and 
closely packed 10 μm 
long and 5 μm wide 
particles  

[148] 

Ca nitrate, Ti 
isopropoxide 
dissolved in 2- 
methoxyethanol, 
nitric and lactic acids 
stabilizers, spin 
coating on Ti 
substrate; drying at 
150o C, pyrolysis at 
400o C 

Orthorhombic, 
100 nm–3 μm thick 
films, crystallite size 
25–35 nm, 

Durable in SBF for at 
least 3 months, 
mechanical 
performance 
inproved by a thin 
diffusion TiNx layer 

[149]  

Fig. 20. Cross-section and surface images of CT film prepared by spin coating and calcination at 800 ◦C. Reproduced from ref. 146, Copyright Elsevier.  

Fig. 21. Surface image of CT film prepared by spin coating and calcination at 
800 ◦C. Reproduced from ref. 147, Copyright Elsevier. 
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3.2. Hydrothermal route 

The hydrothermal route (Table 14) was used to deposit CT films on Ti 
substrates, fluorine-doped tin oxide (FTO), FTO-coated glass, titanium 
screws or TiAl alloys. It is common agreement that principle chemical 
reactions during CT hydrothermal synthesis in sealed vessels are 
controlled by reaction conditions and that higher temperature and 
pressure promote dissolution of Ti source precursor and increasing pH 
promotes formation of CT seeds. 

A rather simple hydrothermal route for fabrication of CT films con-
sists in heating titanium plates with a solution of calcium- 
ethylenediaminotetraacetic acid chelate, which enables to coat Ti sur-
faces with uniformly fixed microplatelets without any harm from the 
precipitation within solution [132]. The procedures using aqueous so-
lution of Na or K hydroxide and Ca salt (CaCl2) result in differently 
structured CT surfaces [133,134] and allow formation of intimately 
contacted euhedral cubes [135]. The synthesis of crystalline CT coatings 
from titanium screws pretreated by acidified hydrogen peroxide and 
mildly heated in alkaline solution of Ca salt does not require further 
calcination treatment which is normally needed for producing crystal-
line CT species and allows formation o densely accommodated cubic 
microparticles [136]. These different structures are shown in (Fig. 14). 

The occurrence of the cubic CT phase in Ref. [134] appearing via a 
strong diffraction peak at 33.3◦ of the (1 10) lattice of cubic CT (JCPDS 
file 65–3287) is very interesting, since this phase normally exists only at 
very high temperatures and pressures [8] and its ambient existence was 
so far detected only in nanoparticles produced by high energy milling 
using the high ball to powder weight ratio, which may tremendously 

Table 16 
Nanocomposite photocatalytic particles for water splitting.  

Synthetic conditions Particles properties Particles application Ref. 

Hydrothermally 
produced CT 
nanocrystals 
(0.1–0.4 μm, surface 
area 11.2 m2/g), 
impregnation with 
aqueous 
H2PtCl6.6H2O and 
heat treatment 

Pt/CT nanocomposite 
with 0.1–0.5 wt% Pt 
content 

Photocatalyst of 
splitting H2O with 
UV light 

[151] 

CT nanocrystals 
(<100 nm, BET 
surface area 6.01 m2/g 
after heating at 800o 

C) produced by sol-gel 
polymer precursor 
route, impregnation 
by irradiation of 
aqueous MeOH 
H2PtCl6.6H2O solution 
with simulated solar 
light 

Pt/CT nanocomposite 
with 0.1 wt% Pt 
content 

Photocatalyst of 
splitting H2O with 
UV light, H2 

evolution efficiency 
surpassing those of 
Pt-impregnated 
ZnTiO3 and NiTiO3 

[152] 

Pt-loaded micro- and 
nano CT particles 
developed from cubic, 
concave cubic and 
rod-like nanoparticles, 
H2PtCl6.6H2O 
impregnation and 
photoconversion to Pt 
nanoparticles 

PT/CT 
nanocomposite, 
cubic, concave cubic 
and rod-like cubic 
micro and nano 
particles with 
scattered 2–5 nm Pt 
nanoparticles; 
respective surface 
area 3.2, 3.1 and 9.7 
m2/g; band gap 3. 6 
eV 

UV–Vis 
photocatalytic 
evolution of H2 from 
methanolic aqueous 
solution 

[94] 

CT nanosheets produced 
by hydrothermal route 
from anatase and 
rutile; subsequent 
impregnation in 
H2PtCl6⋅6H2O 
aqueous solution, 
reduction of Pt-CT 
precursor by H2, 5 h 
annealing at 700o C 

Pt/CT 
nanocomposite, 
uniform nano-sheets 
with disordered 
surface, diameter 
3–5 μm, thickness 
<100 nm, band gaps 
similar to H2- 
untreated sample, 
EPR g-factor of VOs 
2.002 

UV–Vis 
photocatalyst of 
water splitting, high 
photocatalytic 
evolution of 
hydrogen 

[153] 

CT nanoparticles 
obtained by wet ball 
milling of CaCO3 and 
TiO2, 
Impregnation in 
H2PtCl6⋅6H2O 
methanolic aqueous 
solution, Pt 
photodeposition by 
UV lamp 

Pt/CT 
nanocomposite, 
0.5–1 μm 
nanoparticles, 
crystalline size 31 nm, 
BET surface area 
1.7 m2/g, band gap 
3.5 eV 

UV photocatalyst for 
water cleavage and 
steam reforming of 
methane  

[154] 

CT nanoparticles, 
impregnation by 
AgNO3 in H2O- 
glycerol, Ar 
atmosphere, UV–Vis 
irradiation for 
conversion to Ag0 

Ag/CT 
nanocomposite, size 
<100 nm, total 
surface area 6.7 m2/ 
g), Ag nanoparticle 
size 19 nm 

UV–Vis 
photocatalyst of 
water splitting 

[155] 

CT nanoparticles 
prepared by solid state 
CaCO3-rutile reaction 
in salt (KCl, NaCl, 
CaCl2) flux or by wet 
ball-milling route, 
Ag nanoparticles were 
loaded by 
photodeposition in 
aqueous MeOH 
(reductant) 

Ag/CT 
nanocomposite, 
Crystallite size 
25–29 nm, 
Surface area 
1–3.5 m2/g, 
Average particle size 
~1–3 μm 

UV–Vis 
photocatalyst of 
water splitting and 
CO2 reduction 

[156] 

AgCl/Ag nanoparticles 
introduced on 

2D AgCl/Ag/CaTiO3 

nano-heterojunction, 
[157]  

Table 16 (continued ) 

Synthetic conditions Particles properties Particles application Ref. 

hydrothermally 
produced nanosheet 
CT particles by UV–Vis 
photodeposition in 
HCl-acidified aqueous 
AgNO3 solution, 6 h 
drying at 80o C 

10-15 nm-AgCl/Ag 
nanoparticles on 
porous CT surface 
(pore size 13 nm, 
surface area 
163.5 m2/g), 
absorption extended 
to visible region 

UV–Vis 
photocatalyst of 
water splitting, 

Hydrothermally 
produced [58] 
nanosheet CT 
particles, treated with 
CdSe QDs in solution, 
dried at 60o C in 
vacuum 

CdSe QDs/CT 
nanocomposite, 
visible absorption 
edge at 612 nm, CT 
band gap 3.27 eV 
CdSe band gap 1.6 eV 

Highly stable and 
recyclable UV–Vis 
photocatalyst of 
water splitting 

[158] 

CT particles obtained by 
solvothermal route 
using Ca(NO3)2.4H2O, 
Ti butoxide, NaOH, 
PEG-H2O, 15 h heating 
in Teflon-lined vessel 
at 150o C and 12 h 
drying at 90o C; 
Treatment with 
aqueous ZnCl2, InCl3 

thioacetamide 
solution at 80o C 

ZnIn2S4/CT 
nanocomposite, 
cuboids of 
600–700 nm and 
400–450 nm sized 
edges, visible 
absorption edge at 
535 nm, CT band gap 
3.33 eV CdSe band 
gap 2.32 eV 

Visible light 
photocatalyst for 
efficient hydrogen 
production 

[159] 

Hydrothermally 
prepared nanosized 
CT fusiforms from 
aqueous Ca nitrate, Ti 
butoxide and NaOH in 
teflon-lined vessel 
24 h heated at 200o C, 
ultrasonic-assisted 
reactive dispersion of 
nano CT fusiforms 
with nano g-C3N4 

particles for 24 h at 
140o C and 6 h drying 
at 80o C 

Porous nano g-C3N4/ 
CT fusiforms, 
diameter 80–120 nm, 
length >300 nm, 
surface area 43.4 m2/ 
g 
pore size 18.5 nm 

Solar light 
photocatalyst of 
water splitting 

[160]  

T. Křenek et al.                                                                                                                                                                                                                                  



Open Ceramics 8 (2021) 100177

19

Fig. 22. Surface changes of pristine CT particles incurred by deposition of other nanoparticles. Deposition of CdSe QDs on CT nanosheets (a, reproduced from ref. 
158, Copyright Elsevier), deposition of ZnIn2S4 nanoparticles on CT nanocubes (b, reproduced from ref. 159, Copyright Elsevier), deposition of AgCl/Ag nano-
particles on CT nanosheets (c, reproduced from ref. 157, Copyright Elsevier), deposition of nano g-C3N4 particles on CT fusiforms (d, reproduced from ref. 160, 
Copyright Elsevier) and deposition of Ag nanoparticles on oval μm-sized CT agglomerates (e, reproduced from ref. 156, Copyright Elsevier). The arrows illustrate the 
morphology changes from the pristine CT surface to the surface enriched by other particles and in (d) the evolution of CT surface roughening upon increasing amount 
of the depositing particles. 

Table 17 
Nanocomposite photocatalytic particles for removal of pollutants.  

Synthetic conditions CT nanocomposite properties Application Ref. 

N-CQDs solution from hydrothermal treatment of citric acid 
and urea added to aqueous CT precursor solution (Ca nitrate, 
PEG, Ti butoxide, NaOH) solvothermally treated in Teflon 
vessel at 15 h heated at 180o C for 15 h, drying at 60o C 

N-CQDs/CT nanocomposite, 0.5–1.0 μm cubic particles, surface 
area 6.4 m2/g, Vis absorption at 400–550 nm 

Visible light photocatalyst for 
adsorption and oxidative removal of 
NO 

[161] 

HAuCl4 solution added to ultrasonically activated 
CT nanocuboids hydrothermally prepared from P25 TiO2 

powder) suspension in aqueous ammonium oxalate solution 
and UV photoreduced to Au0 nanoparticles, 2 h drying at 60o 

C 

Au@CT nanocomposite,3–7 nm Au nanoparticles on nano CT 
cuboids (width 0.3–0.5 μm, length 0.8–1.1 μm) band gap 3.49 eV 

Photocatalyst for UV, visible and 
simulated solar light induced 
degradation of aqueous RhB dye 

[162] 

Solvothermally prepared μm-sized sheets [101] suspended in 
aqueous solution of AgNO3, NH4OH and 
cetyltrimethylamonium bromide yielded AgBr/CT powder, 
UV–Vis photoreduction, drying at 80o C 

Ag@AgBr/CT nanocomposite with AgBr(cubic phase)/Ag 
nanoparticles deposited on μm-sized CT sheets, enhanced 
absorption within ~450–800 nm, band gap 3.28 eV 

Visible light photocatalyst for 
degradation of aqueous MO dye 

[163] 

Ca0.01Fe2.99O4 particles solvothermally treated in Teflon-lined 
vessel with CaCl2⋅2H2O, Ti butoxide and NaOH dissolved in 
EtOH–H2O; 24 h heating at 180 ◦C, 2 h drying at 90o C 

Magnetic Ca0.01Fe2.99O4/CT nanocomposite, spherical 
85–200 nm-sized Ca0.01Fe2.99O4 particles appended to a blend of 
sheet-, prism- or rod-like sub-μm-sized CT particles, enhanced 
visible absorption up to 710 nm 

Visible-light induced photocatalytic 
decoloration of MB dye 

[164] 

Ultrasonic treatment of CT nanoparticles prepared by sol-gel 
polyacrylamide route [73] in MeOH–H2O-acetic acid 
solution of Bi(NO3)3⋅5H2O and NaBr, heating in Teflon-lined 
vessel at 200 ◦C for 5 h, 12 h drying at 60o C 

CT/BiOBr nanocomposite,0.7–2.2 μm-sized and 70–110 nm 
thick BiOBr microplates decorated with spherical 15–50 nm- 
sized CT particles 

Solar-light photocatalyst for 
degradation of aqueous RhB dye 

[165] 

Commercial CT and TiO2 powders were mixed and heated at 
600 and 600o C, milling by use of a zirconia mortar 

Composite anatase/CT powders Enhanced visible-light photo- 
bleaching of MB dye 

[166] 

Ultrasonic assisted precipitation–visible light-photoreduction 
process from aqueous solution of AgNO3, NaCl and 
solvothermally [103] produced CT 

Ag/AgCl/CaTiO3,Ag/AgCl dots dispersed on 1-5 μm-sized fern- 
like CT, 350–800 nm absorption 

visible-light photocatalyst of RhB 
degradation, more efficient than CT 

[167] 

Decoration by Ag2S nanoparticles of CT sub-μm-sized particles 
obtained by hydrothermal treatment of P25 TiO2 suspended 
in aqueous solution of NaOH and CaCl2 and 24 h heated in 
Teflon-lined vessel at 200o C, 12 h drying at 60o C 

Ag2S@CT nanocomposites,7-17 nm-sized Ag2S particles 
decorated on surface of CT particles of 0.8–1.1 μm in length and 
0.3–0.5 μm in width,Band gap ~ 3.6 eV 

UV and visible light photocatalyst for 
degradation of aqueous RhB dye 

[168] 

Sol-gel polymer precursor approach with acrylamide [73] 
applied to prepare CT nanoparticles which dispersed in 
EtOH with graphene were ultrasonically treated for 10 h at 
60o C 

CT/graphene nanocomposite,31–42 nm CT particles appended 
on 2D-sheet-like graphene, enhanced light absorbance over 
UV–visible light region 

UV light photocatalyst for 
degradation of aqueous MO dye 

[169] 

CT powder (prepared by microwave assisted hydrothermal 
route from TiO2 P25, CaCl2, urea and NaOH) was suspended 
in methanolic AgNO3 solution and exposed to UVC 
irradiation, drying at 70o C 

Ag/CT nanocomposite,13.5 nm-sized Ag nanoparticles 
homogeneously distributed on CT cuboids (210-140 nm x 
700–800 nm) having layered structure 

Photoinactivation of green tide [170]  
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increase surface area of the milled powders [26]. It can be therefore 
presumed that the very thin cubic CT layer adhearing on the nanoporous 
TiO2 layer is uniquely stabilized by the structure of the nanoporous TiO2 
layer which may offer unusual epitaxy growth of cubic CT owing to its 
unique structure produced via calcination of dispersed TiO2 sol with 
sacrificing ethyl cellulose and terpineol. 

Two different micro-morphologies, specifically initial mesoporous 
micro-flowers and final micro-nests, were developed by hydrothermal 
treatment of amorphous flower-like TiO2 microstructers which were 
preformed from ZnO flower-like microstructures as templates (Fig. 15). 
The initial CT micro-flower morphology develops through surface 
dissolution of sacrificing amorphous TiO2 micro-flowers and reaction 
between [Ti(OH)6]2- and Ca2+ ions leading to self-organization of 
perovskite building blocks, while the ensuing transformation from 
micro-flowers to micro-nests [137] likely involves Ostwald ripening 
process of perovskite nanocrystals. 

Crystalline CT surfaces incorporating nanoparticles were also pre-
pared by facile two-step anodization–hydrothermal treatment in which 
highly regular TiO2 nanotubes on Ti foil were first formed by the 
anodization in glycerol [138] and glycerol-H2O [139] electrolyte solu-
tion, or nanoporous TiO2 surface were first formed by anodization in 

ethylene glycol [140] electrolyte solution. In the second step were these 
templates used as the starting material for hydrothermal transformation 
onto highly ordered CT nanotubes (Fig. 16), crystalline CT nanobricks 
(Fig. 17) or differently structured CT films composed of predominant 
micrometer-sized brick-, eliptic-, prism- and minor flower-like mor-
phologies, whose size and form depend on the concentration of NaOH 
(Fig. 18). 

One step hydrothermal-electrochemical treatment was accomplished 
with TiAl alloy samples by heating the Ti anode in agueous Ca 
(OH)2–NaOH solution to prepare CT coats which can increase oxidation 
resistance of TiAl materials [141]. The produced CT films were 
well-crystallized CT prisms without apparent intermediate TiO2 layer 
(Fig. 19). 

This method was also applied with a Ti plate as an anode and it re-
sults in the formation of thin CT film mainly composed of microplate 
regions [142,143]. These films immersed in SBF induce deposition of Ca 
phosphate layer, which is believed to be due to Ca species adhered to CT 
substrate. Two-step hydrothermal treatment and ion exchange method 
was performed to fabricate a micro-sheet structured CT scaffold which 
proved its osteoconductive behaviour [144]. 

Fig. 23. Au nanoparticles deposited on CT nanocuboids (a, b reproduced from ref. 162, Copyright MDPI), Ag2S nanoparticles deposited on CT nanocuboids (c. d, 
reproduced from ref. 168, Copyright Desalination Publications), CT nanoparticles on graphene sheets (e, reprinted from ref. 169, Copyright IOP Publishing) and Ag 
nanoparticles on CT nanocuboids (f, reproduced from ref. 170, Copyright Elsevier). 
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3.3. Sol gel route 

Both simple sol-gel approach (2.2.2.) and sol-gel polymer precursor 
approach (2.2.3.) used for the fabrication of nano and micro CT particles 
were applied to prepare CT films on silicon, quartz, titanium and Pt/Ti/ 
SiO2/Si substrates. The sol precursor solution used for the interaction 

with these substrates was primarily produced from titanium isoprop-
oxide, carboxylic acid and Ca salts (Table 15) and contained, in some 
cases, hydroxypropyl cellulose [69] or EDTA [148]. Typical CT coating 
procedures involve dipping or spin coating techniques to prepare sol 
layer on substrate, conversion to gel or resin by drying and heating and 
final calcination in air or oxygen. These steps are necessarily repeated in 
order to obtain films of required thickness. The SEM of thin nanosized 
smooth films prepared in Ref. [146] and thick μm-sized rough films 
prepared in Ref. [147] are respectively given for illustration in Fig. 20 
and Fig. 21. 

4. Nano and micro CaTiO3 composites - synthesis and use 

There are more nano- and fewer micro-sized CT composite materials 
which occur as powders or coatings on various substrates and consid-
erable efforts have been devoted to investigating these materials and 
achieving properties in some respect better than those of nano and micro 
CT forms. Their fabrication benefits from the earlier described syntheses 
of various single CT forms and a choice of proper composite component 
depends on the field of interest and potential application. 

4.1. Nano and micro composite particles 

Literature screening for nano- and microsized CT composites reveals 
that the nanosized entities have been paid much greater attention and 
that reports on micro-sized entites concern mostly 2D particles which 
have the third dimension of nanometer size. 

The nanocomposite particles have been prepared for exploration of 
their potential use in photocatalytic water splitting, phorocatalytic 
degradation of pollutants in aquatic environment, as catalysts and ad-
sorbents and also for upgrading physicochemical and electrochemical 
properties of single nano/micro CT forms. 

4.1.1. Photocatalysts of water splitting 
Semiconductor-based photocatalysis of water splitting to form 

hydrogen and oxygen using solar light has been pursued by researchers 
as a potential means of clean and large-scale fuel production. However, 
an efficient solar-to-hydrogen energy conversion is hampered by poor 
activation of semiconductors and rapid recombination of photo- 
generated electron/hole pairs. One of approaches attempted to over-
come these disadvantages is water splitting by using CT photocatalysts 
(Table 16) having an intimate contact with another nanospecies serving 
as a suitable co-photocatalyst. 

An impregnation of CT photocatalyst with highly dispersed Pt 
nanoparticles, produced from hexachloroplatinic acid [150], by UV or 
solar photodeposition and/or subsequent H2-thermal treatment [94, 
151,152] is of help to develop such a synergetic photocatalytic system. 

Furthermore, CT surface can be also considered as composed of a 
topmost and a subsurface layer and it is possible that both layers, known 
to show different performance in catalytic reactions, can also exhibit 
different photocatalytic properties. Such photolytic non-equivalence of 
both layers was observed with CT nanosheets obtained by the simple 

Table 18 
Other photolytic and catalytic effects of nanocomposite particles.  

Synthetic conditions CT nanocomposite 
properties 

Application Ref. 

CT powder (prepared 
by sol-gel polymer 
precursor approach 
with Ti tert-butoxide, 
Ca sec-butoxide, 
acetic acid, Pluronic, 
alcohol, HCl and 4 h 
calcination in air at 
450o C; UV–Vis 
photodeposition of 
Pt from 
H2PtCl6⋅6H2O in 
aqueous CT 
suspensions 

Pt/CT 
nanocomposite, 
3–5 nm Pt dots on 
nanoporous 
agglomerated CT 
nanocrystals, surface 
area 62–70 m2/g, 
band gap 2.79–3.14 
eV, enhanced visible 
light absorption 

Visible light 
photocatalyst for 
conversion of 
nitrobenzene to aniline 

[171] 

2 h annealing of CaCO3 

with TiO2 at 1500o C 
CaO/CT composite, 
ultrafine particles 

Catalyst of 
transesterification of 
sunflower oil with 
methanol at 60o C 

[172] 

Sol-gel hydrothermal 
treatment using Ti 
butoxide, acetic acid, 
EtOH–H2O, CaO, 
24 h heating in 
Teflon-lined vessel at 
150o C, calcination at 
550o C 

Mesoporous CT with 
surface-stabilized 
basic Ca2+ –O2- sites, 
pore size mainly 
4.5–7 nm, surface 
area 31.4 m2/g, 
agglomerated sub- 
μm-particles 

Catalyst of 
transesterification of 
waste cooking oil into 
biodiesel 

[173] 

Ti butoxide hydrolysis 
in nano-CaCO3 

suspended in 
ethanol, heating of 
solid Ti(OH)4-coated 
CaCO3 precipitate at 
500o to get a blend of 
CaO and TiO2 and 
further calcination at 
850o C to obtain CT- 
coated Ca 
nanoparticles 

CaO nanoparticles 
coated with 
nanoscale CT layer 
produced via 
intermediate TiO2- 
coated CaO 
nanoparticles 

CO2 reactive 
adsorbent, high 
durability of reactive 
sorption capacity 
verified by multiple 
carbonation- 
calcination cyclic runs 

[174] 

Ultrasound treatment 
of Ti butoxide, 
ethylene glycol, Ca 
hydroxide and H2O 
with graphene oxide 
sheets (GOS), freeze 
drying 

GOS sheets 
decorated with 
~20 nm-sized CT 
nanospheres 

CT/GOS modified 
electrode for 
electrocatalytic and 
electrochemical 
sensing of 
chemotherapeutic 
drug flutamide 

[175] 

Slurry of CT powder 
and Ca nitrate in 
water stirred, dried 
and 4 h heated at 
400o C in air and 
activated by 
methanation process 

μm-sized CT 
particles coated with 
10–30 nm-sized NiO 
nanoparticles 

CT supported Ni 
nanoparticle catalyst 
for enhanced CO 
methanation 

[176] 

Different proportions 
of solvothermally 
prepared TiO2 

nanosheets and 
saturated Ca(OH)2 

solution were 
hydrothermally 
treated to achieve 
etching on (001) 
facet-exposed TiO2 

nanosheets for 2 h at 
180o C, drying at 60o 

C 

Integrated 
heterostructure 
CT/TiO2 composites 
with enhanced- 
surface basicity to 
facilitate CO2 

adsorption 
and activation for 
reactive CO2 

reduction to CO in 
water 

UV–Vis solar 
photocatalyst of CO2 to 
CO conversion with 
performance almost 6 
times higher than CT 
photocatalyst 

[177]  

Table 19 
Bioconductive nanocomposite particles.  

Synthetic conditions CT nanocomposite 
properties 

Application Ref. 

CT-CaCO3 particles 
prepared from Ca nitrate 
and Ti i-propoxide in i- 
PrOH; CT-aC particles 
prepared from CaO, Ti i- 
propoxide, 2-ethylhexa-
noic acid/butanol; 
drying at 110o C and 2 h 
heating at 650o C 

CT–CaCO3 and CT-aC 
particles exert better 
osteoblast response 
than CT 

Biomaterial for 
medical and 
dental 
applications 

[178]  
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Table 20 
Nanocomposite coats and their effects.  

Synthetic conditions CT nanocomposite properties Application Ref. 

Aerosol assisted CVD of mixed 
Ca2(CF3CO2)3(CH3CO2)(iPrOH)(H2O)(THF)3 complex and Ti 
isopropoxide on FTO substrate at 500, 550 and 600o C 

Anatase/CT nanocomposite film composed of 
0.3–1.8 μm-sized spherical particles, enhanced visible 
absorption up to 800 nm, band gap 3.0 eV, 

Photoelectrodes in photo- 
electrochemical water splitting 

[179] 

Pluronic F127-assisted solvothermal treatment from Ti i- 
propoxide, CaCl2, NaOH in EtOH–H2O at 180o C, calcination at 
550o C; 
Solvent casting of dispersed Pluronic and CT particles, drying 
at 80o C, composite membranes hot-pressed at 50 atm, 175o C 

Nonstoichiometric CaTiO3-δ in Nafion membrane, 
100–150 μm thick, crystallite size 145 nm, specific 
surface area 6.6 m2/g 

Water-retention and reinforcing 
additive in low-humidity proton- 
exchange membrane 

[180] 
[181] 

Electrodeposition of CaHPO4 dihydrate and alkaline conversion 
to HaP, dip-coating in stabilized TiO2 sol, annealing in air at 
600o C, water steam treatment, dip-coating in PLA solution 

(HA/CT/TiO2/PLA coat, total thickness 2 mm, 
immersion/electrochemical tests in Hanks solution 

Good adhesion and corrosion 
resistance of coated AZ31 alloy 

[182] 

Ti anodization in H2SO4 solution, liquid phase oxidation in 
HNO3/H2O2 solution or thermal oxidation at 400o C in air, 
ensued by hydrothermal treatment in Ca(OH)2–Na2SiO3 

alkaline solution in Teflon-lined vessel at 180o C 

Superhydrophilic CT/SiO3
2− coats, water contact angle 

<22 deg., increased fibronectin and albumin adsorption 
Long lasting hydrophilicity, increased 
protein adsorption and enhancement 
of osteocondictivity 

[183] 

3D printing on silicon resin containing 400-mesh CaCO3 and 
TiO2 powders, 3 h sintering at 1000–1200o C in Ar atmosphere 

CT-incorporated β-Ca2SiO4 composite scaffold with 
regular marcoporous (400 μm) structure and μm-sized 
pores, enhanced cell proliferation and bone 
regeneration 

Potential prototype for bone tissue 
engineering 

[184] 

Heating Ti plate in aqueous calcium hydroxide slurry at 600 and 
800o C, CT/TiO2 surface ratio depends on water content in 
heated slurry and annealing temperature 

Surface layers of CT/TiO2, layer richer in CT promotes 
Ca phosphate in Hanks solution compared to layer richer 
in TiO2 

Inducer of biomimetic formation of 
calcium phosphate from SBF 

[185] 
[186] 

Plasma electrochemical oxidation of Ti6Al4V plates in aqueous 
Ca acetate, Ca(H2PO4)2, EDTA, heating with aqueous NaOH at 
60o C, calcination at 800o C 

Surface layer of CT/TiO2, 
Composed of CT, anatase and rutile and containing Na 

Inducer of biomimetic formation of 
hydroxyapatite from SBF 

[187] 
[188] 

Ti plate soaked in each of HAp and CT solutions prepared from Ti 
iso-propoxide or bis(2-ethylhexyl) hydrogen phosphate and 
added to CaO powder in BuOH diluted in 2-ethylhexanoic acid, 
heating at 650o C 

Altering quadruple sequence of a-C-CT and HAp layers 
with respective 0.6 and 2.4 μm thicknesses, 
Amorphous a-C layer contains agglomerated 10–20 nm 
sized CT particles 

Enhanced adhesion to Ti surface [189] 

Dip coating of Ti substrate in CT-aC and HA solutions 
respectively prepared from CaO, 2-ethylhexanoic acid, BuOH, 
Ti propoxide and from CaO, BuOH, bis (2-ethylhexyl) 
hydrogen phosphate; drying at 110o C, annealing at 650o C 

CT-aC coat induces enhanced MT3T3-E1 cell 
attachment, proliferation, and osteoblastic 
differentiation compared to HA coat 

Bioconductive surface [190] 

Magnetron (enhanced with additional radiofrequency plasma 
source) sputtering of CT target combined with Ar plasma 
induced Ti ion implantation 

Ti-implanted CT films on Si, wafer, 10–70 nm thickness, 
an excess of Ca and O as compared to the target 
stoichiometry, more Ca in outmost layer 

Dissolution of CT films in SBF is 
impeded by Ti-implantation 

[191] 

Magnetron sputter-deposition of CT target and simultaneous 
implantation of accelerated titanium ions, annealing at 600o C; 
film thickness decreases with increased acceleration voltage or 
total Ti dose 

Amorphous CT films on Ti, 
Bonding strength of CT films to Ti increases with higher 
acceleration voltage and/or ion implantation dose, 
crystallization at 600o C and formation of TiO2 layer 
between Ti substrate and CT  

[192] 

24 h heating of Ti plate or rod with KOH–CaCl2 solution at 150o C 
in PTFE lined vessel and subsequent coating CT layer by 24 h 
heating in K2HPO4–KOH–CaCl2 solution at 150–180o C in 
PTFE lined vessel 

CT/HAp double layer containing TiO2 of sufficient 
adhesion to Ti 

Inducer of HAp formation from SBF [135] 

Coating HAp and CT in solution produced from Bis(2-ethylhexyl) 
hydrogen phosphate or Ti i-propoxide and added to CaO 
powder in BuOH diluted in 2-ethylhexanoic acid, respective 
annealing at 650 and 600o C 

Double HAp(top)-CT layer on 50–200 μm pores 
punctured into Ti plate, thickness 4 μm, uncertain Ti 
distribution across the film, HAp contains tricalcium 
phosphate 

HAp influences early bone ingrowth 
and exhibits enhanced 
osteocompatibility in smaller pores 

[193] 

Coating HAp pellets with Ti and annealing at 1100 ◦C for 2 h in 
air or in a N2/H2 gas mixture 

Topmost CT spots on HAp surface with increased 
nanometer surface roughness, greater surface area, 
enhanced human osteoblast adhesion 

CT increases osseointegration with 
juxtaposed bone 

[194] 

Ti surface modified via electrospun polyvinylidene/ 
hydroxyapatite (PVP/HA) masking and subsequent scans of 
Nd:YAG pulsed laser irradiation 

Adhesive networks of CT and α-tricalcium phosphate on 
Ti surface 

Improvement of attachment and 
spreading of MG63 osteosarcoma-like 
cells 

[195] 

Composites with varying CT/HAp ratio 
sintered into pellets at 1200–1500o C 
for 3–5 h 

Homogeneous distribution of 1–2 μm-sized CT particles 
along coarser calcium phosphate phase 

Good adhesion, spreading and 
proliferation of L929 mouse fibroblast 
and SaOS2 human osteoblast cells 

[196] 

Homogenized Ti-HAp, CT-HAp and CT-TCP (tricalcium 
phosphate) nanopowder mixtures pellets nanopowder mxtures 
cold pressed into pellets, 3 h heated at 1100o C 

Nanocomposite CT/HAp and CT/TCP 
Human osteoblast adhesion and spreading enhancement 
with greater Ti substitution in HA lattice and with CT 
composites 

Potential use of CT/TCP 
nanocomposite in orthopedic 
application 

[197] 

Laser cladding of dried paste, composed of μm-sized HAp and Ti 
powder in water glass, compacted on 
(Zr0.62Cu0.23Fe0.05Al0.1)97Ag3 plate 

300 μm thick coat composed mainly of dendrite CT and 
minor Ca2P2O7 

Potential bioactive coating on BMGs 
for biomedical implant applications 

[198] 

CT nanoparticles mixed in chitosan dissolved in acetic acid 
solution, lyophilization at − 50o C, treatment of peeled off 
scaffolds in NaOH solution and DEI water 

hybrid CT/chitosan scaffolds, orthorhombic CT 
nanoparticles distributed on amorphous chitosan 
scaffolds 

Promotion of attachment, 
proliferation and biological function 
maintenance of Schwann cells 

[199] 

Hydrothermally treated Ti, Ti6Al4V and Ti13Nb13Zr alloy 
surfaces with mixed solutions of CaO and NaOH at 180o C for 
2 h in Teflon-lined reactor, excess of NaOH or 2 h calcination at 
400o C 

Ca-incorporated crystalline CT-anatase film with sub-μm 
holes on surface, crystallinity increases with excess of 
NaOH, 
enhanced hydrophilicity 

Enhanced differentiation of pre- 
osteoblast MC3T3-E1 cells; 
Inducer of Ca apatite from Hank’s 
solution 

[200–202]  
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hydrothermal route and modified by Pt-catalyzed hydrogenation assis-
ted by hydrogen spillover effect employed to avoid harsh reduction 
conditions leading to bulk defects [153]. Such hydrogenation induces an 
efficient disorder only in surface and sub-surface layers by creating 
oxygen vacancies. The disordered (topmost) surface layer is just 1–2 nm 
thick and the subsurface oxygen vacancies (sub-VOs) can change energy 
band structure of CT nanosheets to form band tail states and improve 
charge separation, while surface oxygen vacancies (s-VOs) can act as 
active centers facilitating H2 formation. 

Nano Pt/CT photocatalysts can also exhibit a higher production rate 
of hydrogen in a flowing mixture of water vapour and methane than in a 
flow of water vapour itself [154]. Considering the importance of the 
photocatalytic steam reforming of biomass as an alternative way to 
produce hydrogen, such hydrogen production through both photo-
catalytic water decomposition and photocatalytic steam reforming of 
methane may find use in industrial applications. 

Other CT nanocomposite photocatalysts showing highly enhanced 
ability for inducing water splitting are Ag-loaded CT nanoparticles 
[155–157] of which one [157] exerts a double photocatalytic effect by 
promoting simultaneous water splitting on naked CT surface and CO2 
reduction to CO on Ag nanoparticles. Further nano CT composite pho-
tocatalysts with high water cleavage efficiency were fabricated through 
loading CT nanoparticles with CdSe quantum dots (QDs) [158] or 
ZnIn2S4 species [159] and by loading nanosized graphitic C3N4 particles 
on submicron fusiforms of CT nanoparticles [160]. The last nano-
composite prototype is an example of a nano-heterojunction in which 
enhanced H2 photo-production is obviously caused by internal electric 
field of the nano-heterojunction and by high visible absorption and large 
surface area of the fusiform. 

The deposition of the abovementioned nanoparticles on various 
forms of nano- and micro CT particles results in roughening of relatively 
flat pristine CT surfaces and this phenomenon is due to certain 
agglomeration of the depositing nanoparticles and is well observed by 
SEM and HRSEM analyses (Fig. 22). 

4.1.2. Photocatalysts for removal of pollutants 
There are also several nanocomposite CT photocatalysts suitable for 

degradation of harmful pollutants (Table 17). The nitrogen-doped car-
bon quantum dots (N-CQDs) deposited on CT cubic nanoparticles 
decrease surface area but induce visible absorption of and NO adsorp-
tion on the formed N-CQDs/CT nanocomposite. Such nanocomposite 
also shows [161] high solar-light photocatalytic ability to oxidize NO to 
NO2

− and NO3
− and removes ubiquitous nitric oxide which is presently 

raising concerns as an aerosol precursor. 
Many other nanocomposite particles exert capability to serve as 

photocatalysts for removal of harmful pollutants in aquatic environ-
ments or promote deactivation of hazardous marine algae tides. Some of 
them can make use of visible (solar) radiation [ [162–168]] and other 

Fig. 24. SEM images of CT incorporated porous β-Ca2SiO4 composite scaffolds at different magnifications (a,b), reproduced from ref. 184, Copyright Elsevier.  

Fig. 25. Evolution of PL profile for CT nanoparticles generated by microwave 
assisted hydrothermal route and annealed for 10 up to 160 min before 350.7 nm 
excitation at room temperature. Reproduced from ref. 92, Copyright Elsevier. 

Fig. 26. Xe lamp excited PL spectra of CT nanoparticles produced from Ti 
isopropoxide (a) and Ti tetrachloride. Reproduced from ref. 93, Copy-
right Elsevier. 
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are active upon UV excitation [168–170]. 
The deposition of the abovementioned nanoparticles on surfaces of 

various forms of nano- and micro CT particles results in surface deco-
ration by nm-sized particles but also in roughening of relatively flat 
pristine surfaces due to certain agglomeration of the depositing nano-
particles. SEM and HRSEM or HRTEM analyses are helpful to identify 

the size of the deposited particles and several post deposition mor-
phologies are illustrated in Fig. 23. 

4.1.3. Other photocatalytic and catalytic effects 
A Pt/CT nanocomposite can also act as a photocatalyst of conversion 

of nitrobenzene to aniline [171] and this eco-friendly route for aniline 
synthesis through solar light induced reaction may find further interest 
in search of an alternative applied process for aniline production from 
nitrobenzene. 

Ultrafine particles of CaO/CT composite can catalyze methanolysis 
of sunflower [172] or waste cooking [173] oil at only moderate tem-
perature, which is explained by a favorable effect of nano CaO entities 
stabilized on CT surface and is an important observation due to an 
ongoing research in the development of heterogeneous catalysts for 
biodiesel (a mixture of fatty acid methyl esters) production. Also CaO 
nanoparticles coated with CT nanoscale layer [174] present interest-
ingly stabilized CaO entities near CT layer and can function as an effi-
cient and durable CO2 reactive adsorbent useable in many 
carbonation-calcination runs. Such phenomenon contradicts to low 
durability of reactive sorption capacity of the natural precursors of 
CaO-based adsorbents such as limestone and dolomite. CT nanospheres 
decorating surface of graphene oxide nanosheets attached to glassy 
carbon electrode enhance the electrocatalytic performance towards 
flutamide drug detection [175]. Ni nanoparticles supported on 
micron-sized CT particles catalyze methanation of carbon monoxide 
[176], which is important because of present interest in alternative 
routes of methanation of carbon oxide for production of synthetic nat-
ural gas and also for new strategies in reducing the emission of green-
house gases in atmosphere. Nanocomposite TiO2/CT particles with 
intimate CT-TiO2 heterostructure developed by hydrothermal etching of 
TiO2 nanosheets can serve as an efficient UV–Vis photocatalyst of CO2 to 
CO conversion in water [177] and may also find more interest in helping 
to accomplish the abovementioned goals. 

The syntheses and properties of these nanocomposites and their 
catalytic effects are given in Table 18. 

4.1.4. Biomedical materials 
There is little interest in research of nano and micro sized particles 

finding use as biomaterials, because bioactivity of nano and micro sized 
species has been greatly examined for coats. The only study relates to 
composite CT-aC particles possessing a carbonaceous phase incorpo-
rating traces of CaCO3 and CT-CaCO3 particles both of which have been 
examined for their effect on proliferation, osteoblastic differentiation 
and mineralization of bone marrow stromal cells (Table 19 [178]). 

4.2. Nano and micro composite coats 

Nano and micro composite CT coats can exist as thin composite 
layers or thin juxtaposed layers of CT and another material assembled 
into double or multiple layer coats. There are several potential appli-
cations and effects of such CT composite coats which are compiled in 
Table 20. 

Photoelectrochemical splitting of water for generating molecular 

Fig. 27. SEM images and PL of W and Y powders excited by visible light of Xe lamp. Reproduced from ref. 100, Copyright Elsevier.  

Fig. 28. Room temperature PL spectrum of CT nanoparticles obtained by solid 
state reaction upon excitation at 355 nm. Reproduced from ref. 39, Copy-
right Elsevier. 

Fig. 29. Phootoluminescence of hollow mesocubes and rectangular prisms. 
Reproduced from ref. 101, Copyright Royal Society of Chemistry. 
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hydrogen is considered to be a promising and low-cost way for solar 
energy conversion and micron-thick films composed of submicron and 
micron-sized anatase/CT particles deposited by CVD from Ca and Ti 
sources were shown to be useful photoanodes in photoelectrochemical 
cells [179]. 

Nafion (a sulfonated tetrafluoroethylene based fluoropolymer- 
copolymer) is a typical proton exchange membrane finding use in fuel 
cells and an incorporated non-stoichiometric calcium titanate CaTiO3-δ 
possessing oxygen vacancies, aiding dissociative absorption of water, 
can act as a water retention additive which prevents a severe decrease in 
proton conductivity at higher temperatures caused by harmful water 
evaporation [180,181]. The CT nanocomposite can thus serve not only 
as a reinforcing additive but it can also facilitate the transfer of protons 
through the membrane and improve the overall fuel cell performance at 
high temperatures. 

Magnesium alloys can find wide applications in orthopaedic im-
plants provided that their surface is coated by a biocompatible layer 
decreasing their corrosion in in vivo conditions. A hydroxyapatite/cal-
cium titanate/titanium dioxide/polylactic acid (HAp/CT/TiO2/PLA) 
coating provides enhanced adhesion strength and corrosion resistance 
due to beneficial effect of TiO2 transition layer and CT layer formed on 
the HA/TiO2 interface by the reaction between HA and TiO2 in the 
annealing TiO2 process [182]. 

Ti alloys have relatively poor bone-forming properties and much 
attention was therefore given to enhance osteoconductivity of Ti and Ti 
alloys by modifying their surfaces. This effort encompassed fabrication 
of silicate-containing CT films with increased hydrophilicity [183], 
CT-incorporated β-Ca2SiO4 composite scaffold (Fig. 24 [184]), CT/TiO2 
[185–188] and CT/C [189,190] composite coats or Ti-implanted CT 
surface layers [191,192]. Hydroxyapatite (HAp) being a constituent of 
bone tissue and regarded as a nontoxic material was widely used as a 
suitable coat of Ti alloys. Its adhesion to Ti implants can be improved by 
using protective and bioconductive composite coats like a double 
CT-HAp layer [193], CT/HAp composite layer [194], CT/HAp double 
layer containing TiO2 [135] or CT/α-tricalcium phosphate coat [195]. 
Surface biococonductivity was also examined with pressed pellets from 
nano/micro particles of CT and HAp and with phases of Ti 
nanoparticle-doped HAp or tricalcium phosphate both of which pro-
duced CT forms at their interface upon annealing [196,197]. 

Also Zr-based bulk metallic glasses (BMGs) are attractive as load- 
bearing biomedical implants due to high strength, relatively low 
Young’s modulus and excellent biocompatibility and their surface was 
modified by laser cladding resulting in bioactive CT/Ca pyrophosphate 
layer whose main components respectively arise from high temperature 
reaction between Ti and HAp and from the HAp decomposition [198]. 
Hybride CT/chitosan scaffolds appear to promote the attachment, pro-
liferation and biological function maintenance of Schwann cells, which 

is important in context of use of artificial nerve implants in human body 
[199]. 

Such list of different nanocomposite coats and their potential ap-
plications can be closed by noting better osseointegration properties of 
coatings containing CT together with an excess of calcium, which were 
ascribed to enhanced surface hydrophilicity and beneficial effect of Ca- 
incorporation [200–202]. 

5. Luminescence-structure relationship 

Growing interest in nanotechnology involves searching for new 
phosphor materials with good photoluminescence (PL) and thermolu-
minescence (TL) properties. Certain attention was therefore also given 
to luminescence properties of nano and micro CT particles because of 
their potential technological application and the development of new 
luminescent materials. The PL of these species at room temperature 
occurs due to existing structural disorder of their solid system. It occurs 
neither in totally disorderd nor in totally ordered systems but requires 
some degree of structural order and some extent of structural disorder. 

CT powders present interesting PL properties at room temperature, 
which are dependent on the structural organization level, preparation 
method and heat treatment conditions. On the other hand, the PL 
behavior of CT powders is a sensitive probe for the detection of their 
structural disorder of the titanium environment in crystalline phase. The 
luminescence of quasi-amorphous CT structures obtained by the poly-
meric precursor (Pechini) method was accounted for by the presence of 
distorted [TiO6]–[TiO5] complex clusters but also by the structural 
disorder in the calcium site, which increases PL intensity and is due to 
charge exchanges between Ca–O11 and Ca–O12 clusters and intermediate 
levels in the gap state [203]. 

The powders obtained by the sol gel polymer precursor approach, 
annealed at different temperatures and subsequently irradiated with 
microwaves [68] showed a higher degree of structural organization, but 
they are less or not luminescent than those annealed without microwave 
irradiation, which are better PL emitters due to structural disorder at 
long and short range. This is caused by structural and surface defects 
believed to consist in oxygen vacancies in complex [TiO6]-[TiO6] clus-
ters or twists in bonding between these clusters. 

PL was used to characterize the bottom-up process of the perovskite 
phase of nanoparticles produced by hydrothermal microwave route in 
order to deduce on the nature of generated CT mesocrystals [92]. The 
photoluminescent response covers a wide range of visible spectrum and 
consists of a broad luminescence band in the range of 350–580 nm and a 
band at 614 nm (Fig. 25). It is allocated to B1 and B2 (blue components), 
followed by a G3 (green component), a Y4 (yellow component), and a 
O5 (orange component) and reflects a close relation between a random 
polycrystalline distortion in the structure of nanoparticles, which can be 

Fig. 30. TL of CT particles obtained by heating solid binary mixture (a) and variation of TL glow peak intensity of CT particles obtained by three different procedures 
(b). Reproduced from ref. 18, Copyright Elsevier. 
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associated with the tilting (α angle <O–Ti–O) between adjacent TiO6 
octahedra (intermediate range) and the presence of intermediate energy 
states within the band gap which are claimed to be mainly responsible 
for the photoluminescence emissions. 

PL was also used to examine whether different Ti source compounds 
(TiCl4 or Ti(OC3H7)4) can effect the development of the structure of CT 
nanoparticles prepared by microwave assisted hydrothermal route [93]. 
The different PL profiles and intensities (Fig. 26) were explained by the 
disorder coupled to the oxygen vacancies of [TiO5]–[TiO6] in complex 
clusters in particles obtained from Ti isopropoxide and by twists in 
bonding between the [TiO6]–[TiO6] complex clusters in particles ob-
tained from Ti chloride. 

Photoluminescent network-like hierarchical CT nanostructures built 
from 1D nanowires with oxygen vacancies were successfully synthesized 
through a hydrothermal route assisted by PVA surfactant and these 
powders have yellow appearance conversely to white and large irregular 
square-like structures obtained through the same procedure without 
PVA (Fig. 27 [100]). The yellow (Y) particles exert less intense photo-
luminescence than white (W) particles, which has been related to less 
recombination and more efficient migration of photogenerated charge 
carriers to the particle surface which also acts as visible light photo-
catalyst inducing water cleavage. 

CT nanoparticles prepared by lower-temperature solid state synthe-
sis [39] exhibit a strong and broad emission in the range of 527–568 nm 
(Fig. 28) and may be used as a green luminescent material. Such PL is 
ascribed to vacancies, “broken” surface or dangling bonds and other 
defect centers. 

The hollow perovskite mesocubes (cubic boxes) have been grown by 
PEG-controlled solvothermal route in which PEG molecules appear to 
play a crucial role in the growth of the twinned, textured and hollow 
cubic nanostructures [101]. The box walls are neither single-crystalline, 
nor polycrystalline with strong preferred orientation, but are assembled 
by 3D perpendicular neighboring domains. These hollow mesocubes 
with high photoluminescence were formed in PEG but not in a PEG-10% 
water mixture when smooth prisms were formed instead (Fig. 29). 

The crystalline CT nanoparticles prepared by solid state reactions 
and solution combustion in Ref. [18] were also investigated for their 

thermoluminescence (TL) after exposing to γ-radiation. It was observed 
that the thermoluminescence intensity for all the particle types is 
dependent on temperature and has similar profiles with broad peaks at 
169 ◦C like shown for the particles prepared by heating the binary solid 
mixture (Fig. 30 a). The peak intensities were compared for all the 
nanoparticle types; they increase sublinearly with γ-dose (Fig, 30 b) and 
reveal the highest TL glow peak for the nanoparticles prepared by 
heating the binary solid mixture. It was also presumed that the observed 
glow peaks can be ascribed to oxygen vacancies. 

Much previous interest has been also related to luminescence fea-
tures of CT hosting trivalent rare-earth ions where the substitution of 
Ca2+ sites results in the formation of Ca2+ vacancies and consequently 
affects the 4f-4f transitions and upconversion luminescence properties. 
These rare-earth ions-doped CT materials are outside the scope of the 
current review. 

6. Induction of calcium phosphates formation 

Certain CT particles or coats noted in this review have been tested for 
their bioactivity by monitoring the growth of Ca phosphate/ 
hydroxyapatite-like structures on their surfaces immersed in simulated 
body fluids (SBF). However, these fluids [204] are mere aqueous inor-
ganic solutions mimicking the composition and ionic strength of the 
human extracellular fluid and can only induce the formation of nano-
spheres of X-ray-amorphous calcium phosphates instead of different 
biological apatites which grow in the presence of biological species in 
blood plasma and have a paracrystalline, carbonated and 
non-stochiometric nature. Such criterion of bioactivity proposed by 
Kokubo [205] and broadly used in many his and other studies of various 
Ti- and Si- based, inorganic ceramic or other surfaces [203] provides at 
best insufficient information and cannot be used as a sound bioactivity 
predictor [206], because hydroxyapatite or Ca phoshpate (CaP) forma-
tion is not principally controlled by biological processes but by physi-
cochemical interactions of surfaces with components of supersaturated 
solutions. These interactions may, however, alter properties of the 
immersed surfaces and the observed Ca apatite/hydroxylapatite growth 
may proceed through different specific interactions of surface with SBF 

Fig. 31. SEM images of pristine and Ca phosphate modified CT surface; a, b (reproduced from ref. 143, Copyright Elsevier) and c, d (reproduced from ref. 200, 
Copyright Elsevier). 
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components and different mechanisms. As for these interactions, they 
can be clarified by refining published data on the performance of CT 
coats in water and SBF, but these data are at present scarce. 

CT solubility in water is quite low at ambient temperature (<0.3 mg/ 
L at 25 ◦C and pH 7.59) but is higher in hot water where CT surface 
releases Ca and develops a topmost nm-sized anatase layer and where 
the Ca release is decelerated by added Ca2+ ions [207,208]. 

Similar type of dissolution was also observed in SBF with μm-sized 
amorphous or less crystallized CT coats deposited on a glassy carbon or 
an Si wafer. These coats deposited by CT sputterring or by Ti ion beam 
assisted-CT sputtering involving Ti implantation did not release Ti but 
Ca and the former released more Ca than the latter, which was ascribed 
to a more stable Ti-implanted outmost CT surface layer [191,192]. 
Nonetheless, just 50 nm thick coats prepared by only CT sputtering and 
additionally heated or heated during sputtering are durable in SBF and 
develop apatite films more efficiently if heated in air and not in vacuum 
[118]. The CT coats produced by the hydrothermal–electrochemical 
method on Ti or Ti6Al4V induce formation of apatite, which is not 
observed for the uncoated Ti and Ti6Al4V samples [143]. The CT coats 
with dense polycrystalline structure produced by sol-gel route on Si 
wafers [146] show higher ability to develop apatite than their amor-
phous counterparts which form cracks in SBF. The nanocomposite 
CT/TiO2 surface layers on titanium produced by heating Ti plate in 
aqueous Ca(OH)2 slurries [185,186] exert different ability to grow 
apatite in SBF; those richer in CT promote Ca phosphate growth more 
effectively than those richer in TiO2. Dissimilar ability to grow apatite 
was also observed with CT coats on Ti6Al4V anode produced by plasma 
electrochemical oxidation of Ca salts-containing electrolytes and per-
formed without and with additional alkali heat treatment [187,188]. 
The unheated amorphous (denoted as a TiO2-based) coat possessed more 
Ca in the outmost layer but lower ability to grow apatite than the heated 
crystalline CT coat. However, these differences were not duly explained 
in terms of different morphologies or different effects of Ca contents. The 
CT coats deposited on heated quartz glass by metalloorganic CVD 
method allows faster apatite deposition when produced at 800 ◦C and 
slower deposition when produced at 600 ◦C, which is a consequence of 
different morphologies and/or different degree of contamination by 
TiO2 and Ca(OH)2 [127,128,209]. Formation of unspecified Ca phos-
phate was also reported for hydrophilic nanolamellate CT microstruc-
tures submerged in Hanks’ solution and ascribed to corrosion of these 
entities [210]. 

There are several proposals on the mechanism of CT interactions in 
SBF, which are more or less only speculations on a sequence of two 
events. These are electrostatic interactions between calcium or phos-
phate ions with CT surface (formation of Stern layer) and a subsequent 
interaction with counterion to form Ca phosphate. The only conlusive 
proposal is based on a detailed experimental examination of separate 
calcium leaching from CT surface and phosphate adsorption experi-
ments performed with commercial CT suspensions and using Zeta po-
tential measurements at different pH [211]. It was deduced that 
phosphate ions are not adsorbed only on Ca sites but also on TiO2 surface 
entities developed after calcium leaching from CT surface. However, the 

mechanism appears even more complex due to conceivable surface 
heterogeneities, different nature of diverse nano/micro morphologies 
noted throughout the review and even different effects of exposed (110), 
(011) and (001) topmost facets with different (Ca, TiO, O or TiO2) ter-
minations. These last structural features have been explored in theo-
retical calculations [212,213]. 

To this end, the growth of calcium apatite on various CT surfaces is 
faster or slower and although it is well detected (Fig. 31), its complex 
mechanism still remains to be utterly elucidated. After CT dissolution  

CaTiO3(s) + H2O → Ca2+(aq) + TiO2(s) + 2 HO− (aq)                               

many electrostatic interactions between Ca2+ and OH− ions and solid CT 
and TiO2 sites can occur in the initial stage and may later compete with 
the growth of Ca apatite and its dissolution and a re-growth. Nonethe-
less, in some stages the CT/TiO2 surface becomes covered with a thin Ca 
phosphate layer and once this happens the growth of Ca phosphate 
should be necessarily controlled by the combination of Ca and phos-
phate ions in the bulk solution and may be aided by the formed Ca 
phosphate surface. 

7. Effects on osseointegration with bone tissue 

Further on we give a cautious comment on CT and CT nano-
composites osseointegration and before that we repeat that CT can very 
slowly dissolve in water and aqueous solutions and after leaching Ca 
change the CT structure of its topmost layer by forming TiO2 sites 
(Section 6). These surface changes may play a role in processes occurring 
on CT surface immersed in physiological fluids despite that CT is 
considered to serve as a protective layer against corrosion. 

7.1. CaTiO3 

The bio properties of CT and composite CT films noted in this review 
were revealed from in vitro and in vivo studies aimed at improved 
osseointegration of titanium substrates immersed in artificial physio-
logical environments or surgically inserted in animal tissues. To begin 
this section, we should first give a short comment on osseointegration of 
Ti-based surfaces. 

The osseointegration of Ti surface is a complex process controlled by 
primary bone remodeling (formation and resorption) which is effected 
by mesenchymal stem cells (MSCs), osteoblasts (OBs), osteoclasts (OCs) 
and osteoclast precursors [214]. In the course of this process, implant 
surface properties influence the fates of MSCs and OBs which form an 
osteogenic environment, while OCs regulate MSCc migration and 
degrade primary bone by creating conditions enabling OBs to create and 
calcify their matrix [215,216]. In this process, Ca2+ ions promote the 
differentiation of bone cells and the mineralization of new bone [217], 
influence the adhesion and differentiation behavior of osteoblasts 
through Ca signaling pathway [218] and promote proliferation and 
migration of MSCs by increasing osteopontin expression [219]. Special 
effects on osseointegration are also exerted by micro/nano structured 
surfaces which can promote bonding with bone due to the surface 

Fig. 32. Scheme and SEM image of CT scaffold with fluorescence images of migration of MC3T3-E1 cells (reproduced from ref. 144, Copyright Elsevier).  
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interaction with ions, biomolecules and cells, thereby enhancing protein 
adsorption and cell adhesion, proliferation and differentiation toward 
specific lineages, but may also trigger diverse cell behavior and lead to 
adverse effects on osteogenic lineage differentiation and tissue inte-
gration with titanium implant. 

The osseointegration of Ti surfaces with unavoidable oxidic topmost 
layer can be enhanced on hydrophilic and porous surfaces, on surfaces 
with micro- or mico/nano topography (e.g. Refs. [220–224]) and also by 
of Ca2+ ions which enhance the osteoconductivity by stimulating the 
response of pre-osteoblasts cells [225], increase the growth rate of 
MC3T3-E1 cells [226] and promote adhesion, proliferation and early 
differentiation of MG63 cells [227]. However, it was also shown that Ca 
(OH)2-treated titanium surfaces induce osteogenic differentiation in 
hMSCs, whereas CaCl2 treatment had only a limited effect and these 
differences were ascribed to different amounts of calcium ions and 
apatite formation in both treatments [228]. It is also known that some 
nanostructured surfaces having specific charge density and/or hydro-
philicity can promote cells’ response and bone formation, while other 
specific nanostructured surfaces may exert a potential of hidden danger 
for the application of nanostructured implants. 

As for osseointegration of CT surfaces, there is a misleading infor-
mation in introduction of [144] affirming that CT can significantly 
promote adhesion of osteoblast and enhance the osseointegration. It is 
based on a wrong understanding of the cited results [178] which reveal 
that proliferation, osteoblastic differentiation, and mineralization of 
KUSA/A1 cells cultured on nanocomposite CT–CaCO3 and CT-aC parti-
cles are greater than on CT nanoparticles. These cited results therefore 
indicate that CaCO3 and aC constituents can play a key role in the cell 
response of the CT-CaCO3 and CT-aC particles. 

7.1.1. In vitro studies 
All present studies of capability of CT coats to enhance osseointe-

gration with bone tissue suffer from the fact that CT entities coming into 
contact with physiological solution are not pure but combined with 
other constituents, which is the reason why the discrete effect of single 
CT cannot be well evaluated. 

The hydrophilic CT-microshield scaffold promotes adhesion, migra-
tion, proliferation and differentiation of MC3T3-E1 cells more than does 
Ti foil [144], but such effect cannot be completely assigned to effect of 
neat CT. Such scaffold (Fig. 32) was characterized by XRD, Raman and 
EDS analyses and claimed to be composed of mere CT and Ti entities, but 
was not verified by XPS and its EDS corresponding to CaTi2.63O5.70 
stoichiometry reveals that the sample contains a substantial amount of 
amorphous Ti oxide(s). 

The hydrophilic CT film of unspecified elemental composition on Ti 
enhances differentiation of mouse bone marrow stromal ST-2 cells but 
not their proliferation as compared to the uncoated Ti surface [129]. The 
crystalline CT coatings with an XRD-observed TiO constituent on Ti 
screws increase proliferation and ALP activity of MC3T3-E1 cells more 
than uncoated titanium surface of screws [136]. 

The above examples thus do not provide any chance for discussion of 

specific reasons of increased bioactivity of CT coats, because several 
effects like Ca2+ ions or different hydrophilicity and stem cells encap-
sulation ability of hydrated CT and oxidic Ti surface sites can be 
involved. 

7.1.2. In vivo studies 
Histological observations of pristine Ti sample and a 50 nm thick 

crystalline CT-coated Ti samples surgically inserted in both soft and hard 
rat tissues revealed better new bond formation and a slight inflamma-
tory reaction but no degeneration or necrosis on the coated sample, 
which was ascribed to an enhancement of new bone growth by a stable 
CT coat, since Ca/Ca + Ti depth profile, derived by AES, did not change 
within immersion time of 14 days in a 0.8% NaCl solution [117]. Similar 
positive effect on osteointegration was also observed for CT-microshield 
scaffold [144], implanted in the mice, when the comparison with 
implanted (oxidic) Ti sample revealed more new and regenerated bone 
tissues with trabeculae and matrices on CT-microshield scaffold. How-
ever, the scaffold composed of CT microshields accommodated on a 
platform obviously consisting of CT and oxidic Ti cannot be considered a 
pure CT. ESEM images of CT-coated Ti screws seemed to readily 
combine with the bone tissue and the uncoated screws did not, but the 
CT coat includes a minor TiO contribution [136]. 

7.2. CaTiO3 nanocomposites 

The superhydrophilic CT/SiO3
2− coat with a very low water contact 

angle shows higher fibronectin and albumin adsorption and better 
contact with tissue in rats’ tibia when compared to the coat without 
incorporated SiO3

2− [183]. These advanced properties may be associ-
ated with increased hydrophilicity or specific interactions between 
SiO3

2− groups and the proteins. 
Nanocomposite CT/CaCO3 and CT-aC particles (containing small 

amounts of CaCO3) show better proliferation, osteoblast differentiation 
and mineralization of bone marrow stromal cells than CT nanoparticles 
[178] and similar positive effect is also observed for the CT-aC coat 
which induces enhanced MT3T3-E1 cell attachment, proliferation, and 
osteoblastic differentiation when compared to HAp coat [190]. Disen-
tangling this effect is difficult since calcium carbonate nanoparticles 
have slight effect on viability of human bone-marrow mesenchymal 
stem cells (hBMSCs) but significantly promote their osteogenic differ-
entiation [229] and nanostructured HAp ceramics promotes MC3T3-E1 
osteoblast growth and osseogenic differentiation [230]. 

CT interlayer between biocompatible HAp layer coated on titanium 
substrate decreases dissolution of HAp in human extracellular fluid and 
annealing [194] or laser scanning [195] of joint HAp and Ti layers in-
duces reaction between HAp and Ti to yield a nanocomposite CT layers. 
Such layer was thought responsible for higher human osteoblasts 
adhesion on titanium coated with HAp and annealed in air as compared 
to Ti or HAp surfaces [194]. The laser-produced adhesive nano-
composite networks of CT with calcium phosphates and minor CaO on Ti 
surface exert higher MG63 osteosarcoma-like cells proliferation than 

Fig. 33. MC3T3-E1 cell viability and alkaline phosphatase (ALP) activity on pristine (P), HT-CT and A-HT-CT treated surfaces of Ti13Nb13Zr alloy. Adapted from ref. 
201, Copyright Elsevier. 
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pristine (laser-untreated) HAp layers and this difference is related to CT 
or CaO effect. Homogeneously distributed μm-sized CT and HAp parti-
cles on surfaces of pellets pressed from CT and HAp microparticles of 
various proportions promote adhesion and proliferation of L929 fibro-
blast cells and SaOS2 osteoblast cells in a very similar fashion, which 
was explained by good and similar cellular functionality of both HAp 
and CT microphases [196]. Different view on the relative bioactivity of 
HAp and CT phases has been acquired in studies of adhesion of human 
CRL-11372 osteoblasts on pellets composed of homogeneously distrib-
uted nanoparticles of CT-HAp and CT-TCP (tricalcium phosphate) mix-
tures [197]. Osteoblast adhesion was significantly greater on the 
HAp-CT composites and TCP-CT composites than on pure HAp and the 
highest adhesion was observed on TCP-CT composite containing slight 
amount of tetracalcium hydrogen phosphate (Ca9HPO4(PO4)5OH) 
phase, although it was admitted that enhanced osteoblast adhesion may 
be due to increasing shrinkage in the unit lattice parameters and 
decreasing grain size occurring in the course of pellets fabrication. 

Also with these nanocomposite systems a distintion between effects 
of CT and HAP or CT and TCP awaits to be carried out, because it is 
known that HAp [231,232] and tricalcium phosphate [233] are bioac-
tive and also capable of enhancing attachment, proliferation and dif-
ferentiation of osteoblasts. Furthermore, it is possible that not only 
surface chemistries but also nanostructure topography of the nano-
composites plays a crucial role as has been confirmed for thin calcium 
phosphate films replicating underlying nanostructured island-shaped 
grain topography of TiO2 substrate [234]. 

Hydrophilic Ca-incorporated crystalline CT-anatase film on Ti6Al4V 
and Ti13Nb13Zr alloy surface show viability and enhanced differenti-
ation of pre-osteoblast MC3T3-E1 cells and better bone-to-implant 
contact values as compared to pristine (hydrothermally untreated) 
Ti6Al4V and Ti13Nb13Zr alloy implants [200–202]. These differences 
were explained by the effect of copious Ca ions in Ti oxidic layer stim-
ulating integrin-mediated osteoblast response through enhanced ligand 
binding of the integrin receptor and not by participation of CT phase. 
Different features observed for pristine Ti13Nb13Zr surface and hy-
drothermally (HT) grown and additionally in air annealed (A) CT films 
on Ti13Nb13Zr alloy are illustrated in Fig. 33. 

An interesting example of nano CT composite are also scaffolds of 
mainly orthorhombic CT nanoparticles associated with amorphous 
phase of chitosan, which could obviously promote the attachment, 
proliferation and biological function maintenance of Schwann cells and 
might be of importance in peripheral nerve regeneration [199]. 

8. Conclusion 

Nano- and micro-sized CT particles and coats and their composite 
counterparts of different phase, size, shape, morphology and arrange-
ment of subunits were prepared by various classes of solid state re-
actions, wet chemical routes and physical methods and were broadly 
explored for their potential use as phosphors, adsorbents, catalysts, in-
ducers of biomimetic calcium phosphate formation, UV and Vis photo-
catalysts of water splitting and degradation of pollutants in aquatic 
environment, and promoters of osseointegration of titanium implants 
with bone. 

Apart from these uses in these fields of major interest, some of these 
forms were resolved as advanced electrochemical sensor/biosensor, 
piezoelectric ceramics, dielectric low-loss properties ceramics, corrosion 
resistant film, biodegradable elastomer, microwave-assisted photo-
luminescent particle, low temperature ferroelectric epitaxial layer or 
dye-sensitized solar cell. 

CT powders present interesting PL properties at room temperature, 
which are dependent on the structural organization level, preparation 
method and heat treatment conditions. On the other hand, the PL 
behavior of CT powders is a sensitive probe for the detection of their 
structural disorder of the titanium environment in crystalline phase. 

Certain CT particles or coats appear to induce biomimetic formation 

of calcium phosphate from simulated body fluids and the mode of 
apatite/hydroxylapatite growth on their surfaces was refined on the 
basis of the performance of CT coats in water and SBF. 

Osseointegration properties of CT and composite CT forms noted in 
in vitro and in vivo studies were discussed in terms of behaviour of these 
forms in water or SBF and possible effects of nano/micro topography, CT 
sites and composite components. 

The minute slow dissolution of topmost CT layers in aquatic media 
(water, SBF) indicating hydrolytic instability of CT surface may have 
serious impact on interpretation of CT bioactivity and physicochemical, 
catalytic and photocatalytic properties of CT surface immersed in 
aqueous solutions, which has not been admitted in previous studies. 
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