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Abstract 

Lead free niobates and tantalates currently form one of the most promising groups of 

ferroelectrics, piezoelectrics and related materials, with important applications for the next 

generation of lead free sensors, actuators and microelectromechanical systems (MEMs). In 

view of their importance, the enthalpies of formation from binary oxide components at 25 °C, 

measured by high temperature oxide melt solution calorimetry of a set of alkali tantalates and 

niobates with perovskite-like structures, LiTaO3, LiNbO3, NaTaO3, NaNbO3 and KNbO3 are 

reported to be -93.74 ± 1.77, -93.44 ± 1.48, -147.35 ± 2.46, -141.63 ± 2.27 and -

207.12 ± 1.74 kJ/mol for LiTaO3, LiNbO3, NaTaO3, NaNbO3 and KNbO3, respectively. The 

surface energies of nanocrystalline perovskites of these alkali tantalates and niobates were 

experimentally determined for the first time by calorimetry. The energies of the hydrated 

surface are 1.04 ± 0.34, 1.21 ± 0.78, 1.58 ± 0.29, 2.16 ± 0.57 and 2.95 ± 0.59 J/m2 for LiTaO3, 

LiNbO3, NaTaO3, NaNbO3 and KNbO3, respectively. The stability of the lead-free perovskites 

of I-V type is discussed based on their tolerance factor and acid-base chemistry. The formation 

enthalpy becomes more exothermic (higher thermodynamic stability) and surface energy 

increases (greater destabilization for a given particle size) with increase in ionic radius of the 

A-site cation (Li, Na and K) and with increasing tolerance factor. These correlations provide 

key insights into how lead free niobates and tantalates behave during synthesis and processing; 

i.e they explain, for example, why KNbO3 and KTaO3 nanoparticles will be thermodynamically 

more reactive than their Li and Na counterparts. This understanding will facilitate the 

development of optimized processing techniques and applications. 

 

Keywords: perovskite, alkali niobates, tantalates, KNbO3, NaTaO3, NaNbO3, LiTaO3, LiNbO3, 

KTaO3, calorimetry, formation enthalpy, phase stability, surface energy 

 

 

1. Introduction 

Due to recent demands for environmental friendly components and continuous 

developments of functional materials for current and future technologies, perovskite oxides are 

highly attractive compounds because of their remarkable properties important for various 

technological applications. Ecologically driven needs for less toxic materials leads to the search 
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for alternatives to lead-based systems, the family of alkali based perovskite tantalates and 

niobates being potentially strategic candidates. 

Among this group of materials with general formula A(Ta or Nb)O3 (where A stands for 

alkali metal), perovskite tantalates, NaTaO3, LiTaO3 and KTaO3, and niobates, NaNbO3, 

LiNbO3 and KNbO3, possess unique features for a number of applications. NaTaO3 and 

NaNbO3 exhibit a rich polymorphism over a wide range of temperatures, and possess attractive 

physical properties to be used as components in ferroelectric and piezoelectric applications, 

photocatalysts in water splitting, pollutant degradation, and thermoelectric materials 1-5. Both 

LiTaO3 and LiNbO3 are ABO3-type ferroelectrics (with high Curie points, TC; >600 °C for 

LiTaO3 and >1100 °C for LiNbO3) and are relevant materials in electro-optic applications due 

to high electro-optic coefficient, optical damage resistance and low loss 6-8. KNbO3 is a widely 

studied ferroelectric (analogous to BaTiO3 in terms of structural transitions) due to its large 

piezoelectric constant, electromechanical coupling coefficient, electro-optic coefficient and 

nonlinear optical coefficient 9-11; and KTaO3 is an attractive dielectric material (also an incipient 

ferroelectric and a quantum paraelectric) 12 with very low microwave losses 13. Moreover, solid 

solutions of KNbO3 and NaNbO3, (K1-xNax)NbO3 (KNN) are currently being considered as a 

potential substitute for the present piezoelectric market leader, Pb(Zr1-xTix)O3 (PZT) 14. KNN 

has a relatively high TC ≈ 420 °C, which is a considerable advantage over PZT 15, and good 

piezoelectric properties 16, 17. Other type of solid solutions composed of KNbO3 and KTaO3, 

K(Ta1-yNby)O3 (KTN) are also recognized as a system with high potential for nonlinear electro-

optical devices, e.g. a light beam modulator and deflector, due to relatively large electro-optic 

coefficients measured in single crystals: γ33 = 216.7 pm/V, γ13 = -21.2 pm/V, and 

γc = 242.9 pm/V (1 kHz) 18. 

It is well known that processing single crystal and polycrystalline alkali tantalates and 

niobates is not trivial and some difficulties accompany the syntheses. The two most relevant 

problems are the moisture sensitivity of alkali precursors 16, 17, 19 and the considerable losses in 

alkali element content during synthesis at high temperature (due to their high vapour 

pressures) 16, 20, 21 which lead to compositional fluctuations. In addition, material stability 

(mechanical, thermal or chemical) is always a key aspect to ensure the durability of the device 

in which it is used 22. Considering that the chemical and thermal stabilities of materials are 

strongly related to the formation energy of the compound 23-26, it is then crucial to know their 

thermodynamic properties to better control the processing parameters and, ultimately, the 

functional properties. However, there are only few data on enthalpy of formation and transitions 
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on selected compounds (LiNbO3 and NaNbO3) within the group of alkali tantalates and 

niobates 27, 28 29, 30. Moreover, there is recent scientific interest in nanoparticles with perovskite-

type structure due to the appearance of novel phenomena at the nanoscale. An example is 

absence of ferroelectricity in nanocrystalline BaTiO3 
31. Surfaces and interfaces play a crucial 

role in many processes in solids, i.e. chemical reactivity, catalysis, coarsening, sintering, 

polymorphic stability, and their energies are directly related to the driving forces for these 

phenomena 32, 33. Many theoretical calculations of the energies of variously oriented surfaces, 

interfaces, and grain boundaries have been reported 34-36, but there are only few experimental 

determinations due to the difficulties in such measurements. However, surface energies of 

nanomaterials have been successfully determined by using a calorimetric approach 37-41. 

Progress in calorimetry technique and developments in metrology over the past two decades 

have provided opportunity to collect extensive thermodynamic data on various systems 42-44. 

High-temperature oxide melt solution calorimetry has been successfully demonstrated to 

measure the surface energies of an array of binary and ternary oxides directly 41, 45, 46 but not 

yet for alkali tantalate and niobate perovskites. 

In this paper a systematic study of the formation and surface enthalpies of LiNbO3, LiTaO3, 

NaNbO3, NaTaO3 and KNbO3, is presented. The results are discussed in terms of the effect of 

different alkali metals on the A-site of the perovskites. The samples were synthesized by the 

mixed oxide method, and calcined at relatively low temperature to ensure the synthesis of 

nanocrystalline powders. Enthalpies of the hydrated surfaces were determined using 

calorimetric measurements. These experimentally obtained data support discussion of surface 

processing phenomena, giving insights on nucleation, phase stability, sintering behaviour and 

mass transport. 

 

 

2. Experimental 

(1) Synthesis 

Perovskites were prepared via conventional solid state reaction, according to the reaction: 

1

2
𝐴2𝐶𝑂3 +

1

2
𝐵2𝑂5 → 𝐴𝐵𝑂3 +

1

2
𝐶𝑂2 (1) 
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where A stands for alkali metal: Li, Na or K, and B for: Ta or Nb. The sources of alkali metals 

were metal carbonates: K2CO3 (Merck, 99 %), Li2CO3 (Merck, 99 %), Na2CO3 (Chempur, ≥ 

99.5 %), and transition metal oxides: Ta2O5 (Aldrich, 99 %) and Nb2O5 (Chempur, 99.9 %). 

Planetary ball milling at 200 rpm for 8 h was used to homogenize the reagents prior to 

calcination at 800 – 850 °C for 5 h with heating and cooling rates of 5 °C/min. 

(2) Characterization  

XRD patterns of the synthesized powders were recorded using a Bruker-AXS D8 Advance 

diffractometer (Bruker-AXS Inc.) operated at an accelerating voltage of 40 kV and an emission 

current of 40 mA with CuKα radiation (λ = 0.15406 nm). Data were acquired from 20 to 70° 

2θ with a step size of 0.03° and a collection time of 0.5 s/step. Crystalline phases were identified 

using Jade 6.1 software (Materials Data Inc.). The crystallite size of the samples was calculated 

from the diffraction peak broadening using a whole profile fitting procedure (Pawley method) 47 

as implemented in Jade 6.1. 

The compositions of the synthesized samples were measured (in bulk ceramics) using 

wavelength dispersive electron probe microanalysis with a Cameca SX100 instrument operated 

at an accelerating voltage of 15 kV, a beam current of 20 nA, and a beam size of 1 μm; the 

sintered pellets were polished and carbon coated, and the compositions were estimated from an 

average of 10 data points per sample. The elemental composition of the Li-containing powders 

was analysed by inductively coupled plasma mass spectrometry. 1.5 to 2.0 mg of each sample 

was dissolved in 40 mL of a mixture of 3 % HNO3 (prepared from concentrated nitric acid, 

70 %, EMD Chemicals by dilution using 18.2 mohm water) + 10 ml of 2 % HF (prepared from 

concentrated hydrofluoric acid, EM Science 48 % by dilution using 18.2 mohm water. The 

analyses were performed using an Agilent 7500CE ICP-MS. 

The specific surface area, SABET, of the prepared powders was evaluated by the Brunauer-

Emmett-Teller (BET) method, using N2 as the adsorbate gas at -197 °C. Ten-point nitrogen 

adsorption isotherms were collected in a relative pressure range of p/p0 = 0.05 – 0.3 (where, p0 

is the saturation pressure) using a Micromeritics ASAP 2020 surface area and porosity analyzer. 

Prior to the analysis, the samples were degassed under vacuum at 300 °C for 2 h. The 

uncertainties in the BET surface area measurements were propagated from fitting a straight line 

to 1/[Q(p0/p1)] (Q is the adsorbed quantity, mmol/g) vs p/p0 using the Micromeritics software. 

The total amount of water on the nanocrystalline samples was determined on a set of five 

samples, each 10 – 15 mg, by thermogravimetric analysis using a Netzsch STA 449 system. 
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The sample was heated at 10 °C/min in a platinum crucible from 30 to 900 °C in an oxygen 

atmosphere. A buoyancy correction was made by subtracting the baseline, collected by running 

an identical scan with an empty platinum crucible. The water content was determined from the 

weight loss curve. 

(3) High-Temperature Oxide Melt Solution Calorimetry 

The drop solution enthalpies of the samples were measured in a custom-made isoperibol 

Tian-Calvet twin microcalorimeter described previously 48. The calorimeter assembly was 

flushed with oxygen at 43 mL/min, and oxygen was bubbled through the solvent at 4.5 mL/min 

to aid dissolution and maintain oxidizing conditions. Pellets of approximately 5 mg were 

loosely pressed, weighed, and dropped from room temperature into 3Na2O · 4MoO3 molten 

solvent at 702 °C. Measurements were repeated eight times for each sample to achieve 

statistically reliable data. The calorimeter was calibrated against the heat content of 5 mg pellets 

of high purity α-Al2O3 (Alfa Aesar, 99.997 %) dropped into an empty crucible. Surface energy 

calculations from high-temperature drop solution calorimetry data were completed according 

to methods of earlier studies 49-51. 

 

 

3. Results and discussion 

(1) Phase composition, structural and microstructural characterization 

The as-synthesized set of alkali tantalate and niobate samples were analysed by XRD in the 

2θ range of 20 – 70 ° (Figure 1), and in all cases monophasic patterns were detected within a 

detection limit of about 2 % of a second phase. XRD patterns match the following JCPDS-PDF 

files: rhombohedral LiTaO3 to 01-087-2461 (SG (space group): R3c), rhombohedral LiNbO3 to 

04-009-3436 (SG: R3c), orthorhombic NaTaO3 to 04-010-2738 (SG: Pnma), orthorhombic 

NaNbO3 to 04-014-2322 (SG: Pbcm) and orthorhombic KNbO3 to 04-007-9572 (SG: Bmm2). 

The refined average crystallite size (diameter), <D>, for LiTaO3, LiNbO3, NaTaO3, NaNbO3 

and KNbO3 is given in Table 1. 

According to ICP-MS LiTaO3 and LiNbO3 have compositions Li1.002±0.004Ta0.998±0.004O3 and 

Li1.003±0.006Nb0.997±0.004O3, whereas NaTaO3, NaNbO3 and KNbO3 as determined by microprobe 

(EPMA), are Na0.999±0.006Ta1.001±0.007O3±0.002, Na0.998±0.009Nb1.002±0.009O3±0.008 and 
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K0.998±0.003Nb1.002±0.003O3±0.009, respectively. Within the experimental errors the prepared 

compounds are stoichiometric and the nominal compositions are used in the thermodynamic 

calculations. 

BET surface areas, SABET, of the nanocrystalline alkali tantalates and niobates are shown in 

Table 1. The SABET ranges from 4.17 to 8.97 m2/g. Additionally the crystallite size from BET 

surface area was calculated, assuming spherical crystallites (which is reasonable because of the 

relatively isotropic nanoparticles). The <D> from BET surface ranges from 31.5 to 106.2 nm. 

The crystallite diameters calculated from BET surface area are similar to those from XRD, 

indicating that there is no significant agglomeration in the nanocrystalline samples. 

(2) Calculation of surface and formation enthalpies 

The measured average drop solution enthalpies (∆Hds) of bulk and nano LiTaO3, LiNbO3, 

NaTaO3, NaNbO3 and KNbO3 are given in Table 1. The difference between the enthalpy of 

drop solutions, ΔHds, of the bulk and nano samples, corrected for water content, arises from the 

surface enthalpy term (γhyd   SA, where SA is the surface area and γhyd is the surface enthalpy 

of the hydrated surface), essentially equivalent to the surface energy and as argued previously, 

very similar to the surface free energy 46. The γhyd is calculated as the difference between the 

drop solution enthalpies of macroscopic (bulk) and nanosized (nano) materials, divided by the 

difference in surface area: 

𝛾ℎ𝑦𝑑 =
∆𝐻𝑑𝑠 (𝑏𝑢𝑙𝑘)−∆𝐻𝑑𝑠 (𝑛𝑎𝑛𝑜)

𝑆𝐴𝐵𝐸𝑇
 (2) 

where γhyd represents the surface enthalpy of the hydrated surface, ΔHds stands for the drop 

solution enthalpy and SABET is the surface area. Since all nanocrystalline samples contain 

adsorbed water on their surfaces, the ΔHds values were corrected for water content following 

procedures described previously 41, 50. The thermochemical cycle used for water correction for 

nanosized samples is given in Table 2. The energy of the hydrated surface is 1.04 ± 0.34, 

1.21 ± 0.78, 1.58 ± 0.29, 2.16 ± 0.57 and 2.95 ± 0.59 J/m2 for LiTaO3, LiNbO3, NaTaO3, 

NaNbO3 and KNbO3, respectively. The measured surface energies refer to the real samples 

having a range of surface planes and defect structures. 

Table 3 presents the thermochemical cycles used to determine the formation enthalpies of 

LiTaO3, LiNbO3, NaTaO3, NaNbO3 and KNbO3 perovskites both from oxides and elements. 

The formation enthalpies of LiTaO3, LiNbO3, NaTaO3, NaNbO3 and KNbO3 from constituent 

Page 7 of 24 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



    

8 
 

oxides ΔHf
ox at 25 °C are -93.74 ± 1.82, -93.44 ± 1.55, -147.35 ± 2.50, -141.63 ± 2.40 and -

207.12 ± 1.85 kJ/mol, respectively. The formation enthalpies of alkali tantalate and niobate 

perovskites become more exothermic with increase in the size of the alkali cations, however 

for a given alkali cation, the niobate and tantalate perovskite have comparable energetics. 

LiNbO3 has a reported enthalpy of formation from constituent oxides of -98.33 ± 1.70 kJ/mol 27 

and NaNbO3 has reported enthalpy of formation of -153.46 ± 2.33 kJ/mol 27
 and -

157.40 ± 2.2 kJ/mol 30, in good agreement with our present values. Formation enthalpy of 

NaNbO3, ΔHf
0 (NaNbO3) was determined by Popovič et al. 28 and Kobertz et al. 29 using 

Knudsen effusion mass spectrometry and are found to be -1220 kJ/mol and -1250.8 ± 7 kJ/mol, 

respectively. These values of ΔHf
0 matches well with our results. The ΔHf

0 of LiNbO3, NaNbO3 

and KNbO3 at 25 °C was calculated by Shigemi et al. 34-36 using a plane-wave pseudopotential 

method within a density functional formalism, and were found to be -1327.70 (rhombohedral 

R3c), -1291.04 (orthorhombic Pbma) and -1306.04 kJ/mol (orthorhombic Bmm2), Körbel 

et al. 52 calculated the ΔHf
0 to be -1336.51 and -1378.97 kJ/mol for NaNbO3 and KNbO3, 

respectively. These values agree well with our formation enthalpies derived using calorimetric 

techniques. Reznitskii 53 calculated the heat of reaction using the enthalpies of changes, ΣδH, 

in the cation coordination number, ΔHf
ox = -31.3 + 0.84·ΣδH (kJ/mol), or from the function 

ΔHf
ox = 2[-60 + 500·(1 - t)] (kJ/mol); the calculated values were -150.00 ± 60, -150.00 ± 60, -

206.00 ± 26 and -206.00 ± 22 kJ/mol for NaNbO3, NaTaO3, KNbO3 and KTaO3, in good 

agreement with our experimental data. Table 4 collects the experimental energetics of LiTaO3, 

LiNbO3, NaTaO3, NaNbO3, KNbO3 from the present study and those recently reported by us 

for KTaO3 
54. 

(3) Stability of alkali tantalates and niobates 

Figure 2 depicts the variation of formation enthalpies of LiTaO3, LiNbO3, NaTaO3, 

NaNbO3, KNbO3 and KTaO3 with respect to their tolerance factors. The tolerance factor, t, 

defines the structural stability, and is frequently referred in discussion related to the perovskites. 

The tolerance factors of individual perovskites can be obtained based on the following 

expression 55: 

𝑡 =
𝑟𝐴+𝑟𝑂

√2(𝑟𝐵+𝑟𝑂)
  (3) 

Here, rA, rB, and rO refer to the ionic radii of A1+, B5+ and O2-, respectively. The ionic radii were 

taken from Shannon’s effective ionic radii table 56, and the coordination of 6 is assumed for Li+, 
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8 for Na+, 12 for K+ and 6 for Ta5+ and Nb5+. In the ideal cubic perovskite structure, the ratio 

of the A – O bond length (rA + rO) to the B – O length (rB + rO) equals √2, and thus t = 1. When 

this condition deviates, the structure distorts largely via tilting of its BO6 octahedra, and thereby 

departs from cubic symmetry 57. With increase in tolerance factor of alkali tantalate and niobate 

perovskites formation enthalpies becomes more negative (Figure 2). 

The energetics of perovskite oxides and their phase stability can be discussed based on acid-

base concepts 58, 59. The enthalpy of formation of a ternary oxide such as ABO3 (where A-site 

is occupied by ions: A+, A2+ and A3+, while B-site: B5+, B4+, B3+, respectively) from the binary 

constituent oxides (reaction in Equation 4) reflects the strength of the chemical bonds in the 

ternary oxide relative to those in the binary oxides. 

1

2
𝐴2𝑂 (𝑜𝑟 𝐴𝑂 𝑜𝑟

1

2
𝐴2𝑂3) +

1

2
𝐵2𝑂5(𝑜𝑟 𝐵𝑂2 𝑜𝑟 

1

2
𝐵2𝑂3) = 𝐴𝐵𝑂3 (4) 

In the case of a ternary ABO3 oxides, the most stable compounds form when the most basic 

binary A oxides combine with the most acidic B oxides (oxygen ions transferred from the base 

to the acid oxides). The oxide acidity/basicity can be measured in terms of ionic potential of the 

metal cation, z/r, where z is the formal charge and r the ionic radius. The larger the z/r of the 

cation, the less basic or the more acidic its oxide 57. Then, the stability of ABO3 perovskites can 

be defined by a parameter so-called stability index (ratio of ionic potential), s, which is defined 

as a z/r ratio between B and A cations: 

𝑠 =
(𝑧/𝑟)𝐵

(𝑧/𝑟)𝐴
 (5) 

Figure 3 depicts the relation of the experimental enthalpies of formation, ΔHf
ox, of a number 

of perovskites as a function of s. Compounds from the present study are included (with KTaO3 

taken from Zlotnik et al. 54), together with other perovskites from group III-III, II-IV and I-V 

(and additionally mixed II-IV and I-V). The III-III group is represented by the lanthanides 60, 

61: LaAlO3, GdAlO3, YAlO3, DyAlO3, EuAlO3, LaGaO3, NdGaO3, LaFeO3, EuFeO3, GdFeO3, 

DyFeO3 and LuFeO3, the II-IV group by the titanates and zirconates 62: SrTiO3, CaTiO3, 

BaTiO3, PbTiO3, SrZrO3, CaZrO3, BaZrO3 and PbZrO3, and the mixed II-IV and I-V group by 

(Na1-xSrx)(Nb1-xTix)O3 
30. Since an A oxide acts as a base and a B oxide as an acid, thus, the 

larger the s the more stable the perovskite, i.e. more exothermic is the enthalpy of formation of 

the ternary oxide from its binary constituents. It is clearly demonstrated in Figure 3 that with 

an increasing of s, ΔHf
ox becomes more exothermic. The data for the III-III and mixed II-IV 
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and I-V perovskites fall well on the trend, but some compositions from the II-IV and I-V type 

somewhat deviate from the polynomial fitted line. 

Figure 4 (a) shows variation of formation enthalpies of alkali tantalates and niobates with 

their surface energies, along with the reported formation enthalpies and surface energetics of 

selected perovskite titanates: CaTiO3, SrTiO3, BaTiO3 and PbTiO3 
41, 63. The perovskites having 

more exothermic enthalpies of formation, ΔHf
ox, appear to have higher surface energies. PbTiO3 

has a less exothermic integral enthalpy of water vapour adsorption, indicating a lower affinity 

of water and less hydrophilic character 41, 63. It has been observed that the more ionic the 

perovskite, more exothermic the ΔHf
o, the higher its surface energy, and more tightly it binds 

H2O 55
.
 The surface energy increases with increase of tolerance factor (Figure 4 (b)). The 

different surface energies of alkali tantalates and niobates are potentially important in the liquid 

phase synthesis of the nanoparticles, in particular influencing processes such as nucleation, 

growth, Ostwald ripening, and nanoparticle stabilization. The higher surface energy may 

accelerate nucleation and growth 63. 

 

 

4. Conclusions 

Alkali tantalates and niobates with perovskite-type structure, LiTaO3, LiNbO3, NaTaO3, 

NaNbO3 and KNbO3, were synthesized by mixed oxide method and their formation enthalpies 

and surface energetics were determined by high-temperature oxide melt solution calorimetry. 

The formation enthalpy becomes more exothermic (higher thermodynamic stability) and 

surface energy increases with an increase in ionic radius of the A-site cation (Li, Na and K), or 

with the tolerance factor. 
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Figure Captions 

Figure 1. The XRD patterns of the alkali tantalates: LiTaO3 and NaTaO3, and niobates: 

LiNbO3, NaNbO3 and KNbO3, with perovskite-like structures synthesized via conventional 

solid-state reaction. In all cases the samples were detected to be monophasic, matching to the 

following JCPDS-PDF files: rhombohedral LiTaO3 to 01-087-2461 (SG: R3c), rhombohedral 

LiNbO3 to 04-009-3436 (SG: R3c), orthorhombic NaTaO3 to 04-010-2738 (SG: Pnma), 

orthorhombic NaNbO3 to 04-014-2322 (SG: Pbcm) and orthorhombic KNbO3 to 04-007-9572 

(SG: Bmm2). The major diffraction peaks are indexed. 

 

Figure 2. Experimental data of formation enthalpies, ΔHf
ox, of alkali niobates and tantalates vs 

tolerance factor, t. Solid symbols correspond to data of the present study and open symbols to 

literature data. The formation enthalpy is more exothermic for the perovskites with tolerance 

factor close to the ideal cubic, t = 1. 

 

Figure 3. Formation enthalpies, ΔHf
ox, of alkali tantalates and niobates (solid diamond 

symbols): LiTaO3, LiNbO3, NaTaO3, NaNbO3, KNbO3 and KTaO3, together with other 

perovskites (open triangles for III-III, open circles for II-IV and open squares for mixed II-IV 

and I-V type perovskites, taken from literature) as a function of stability index (ratio of ionic 

potential), s. The curve represents a polynomial fit to all the data. 

 

Figure 4. (a) Formation enthalpies of alkali niobate and tantalate together with CaTiO3, SrTiO3, 

BaTiO3 and PbTiO3 perovskites versus surface energies. The surface energy increases as the 

formation enthalpy becomes more exothermic. (b) Surface energies of alkali niobate and 

tantalate perovskites together with CaTiO3, SrTiO3, BaTiO3 and PbTiO3 versus tolerance 

factors. The γhyd increases with an increase of the t. Solid squares represent data from the present 

work and open circles literature data 41, 63. 
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Table Captions 

Table 1. Characterization and thermochemical data for alkali tantalates: LiTaO3, NaTaO3, and 

niobates: LiNbO3, NaNbO3 and KNbO3. 

 

Table 2. Thermochemical cycle used for water correction for as-synthesized nanocrystalline 

LiTaO3, LiNbO3, NaTaO3, NaNbO3 and KNbO3. 

 

Table 3. Thermochemical cycle used to calculate the formation enthalpies LiTaO3, LiNbO3, 

NaTaO3, NaNbO3 and KNbO3. 

 

Table 4. Tolerance factor and energetics of LiTaO3, LiNbO3, NaTaO3, NaNbO3, KNbO3 and 

KTaO3. 
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Figure 1 
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Figure 2 
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Figure 3. 
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Figure 4 (a) and (b). 
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Table 1. 

 

Table 1: Characterization and thermochemical data for alkali tantalates: LiTaO3, NaTaO3, and niobates: LiNbO3, NaNbO3 and KNbO3. 

 

Surface area, 

SABET 

(m2/g) 

Crystallite size, <D> 

(nm) 
Water content, 

n, in 

ABO3·nH2O 

(moles) 

ΔHds 

(kJ/mol) 

Surface energy, 

γhyd 

(J/m2) 

 

(Hydrated surface) 
From XRD From BET a Bulk Nano 

LiTaO3 7.62 ± 0.38 100.7 ± 5.8 106.2 0.040 93.79 ± 0.43 91.91 ± 0.42 1.04 ± 0.34 

LiNbO3 4.17 ± 0.35 103.1 ± 2.5 103.9 0.021 95.27 ± 0.21 94.52 ± 0.36 1.21 ± 0.68 

NaTaO3 8.97 ± 0.54 47.4 ± 3.1 31.5 0.082 88.77 ± 0.44 85.19 ± 0.65 1.58 ± 0.29 

NaNbO3 6.42 ± 0.55 63.9 ± 2.1 68.2 0.025 84.83 ± 0.38 82.56 ± 0.42 2.16 ± 0.57 

KNbO3 5.97 ± 0.37 72.5 ± 3.6 70.1 0.037 95.10 ± 0.41 91.93 ± 0.44 2.95 ± 0.59 

a Calculated from SABET: <D> = 6000 / (SABET · ρ), using theoretical densities, ρ, of 7.415 g/cm3 (LiTaO3, JCPDS-PDF 01-087-2461), 

4.618 g/cm3 (LiNbO3, JCPDS-PDF 04-009-3436), 7.089g/cm3 (NaTaO3, JCPDS-PDF 04-010-2738), 4.565 g/cm3 (NaNbO3, JCPDS-PDF 04-

014-2322), and 4.619 g/cm3 (KNbO3, JCPDS-PDF 04-007-9572). Uncertainties are calculated as two standard deviations of the mean. 
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Table 2. 

 

Table 2: Thermochemical cycle used for water correction for as-synthesized nanocrystalline LiTaO3, LiNbO3, NaTaO3, NaNbO3 and KNbO3. 

ABO3-nH2O (solid, 25˚C)  ABO3 (soln., 702˚C) + nH2O (gas, 702˚C) ΔH1 = ΔHds 

nH2O (gas, 702˚C)  nH2O (gas, 25˚C) ΔH2 = n (-25.1 ± 0.1) kJ/mol 64 

nH2O (gas, 25˚C)  nH2O (liq., 25˚C) ΔH3 = n (-44.0 ± 0.1) kJ/mol 64 

ABO3 (solid, 25˚C)  ABO3 (soln., 702˚C) ΔH4 = ΔHds = ΔH1 + ΔH2 + ΔH3 

Soln. means dissolved in 3Na2O·4MoO3 
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Table 3. 

 

Table 3: Thermochemical cycle used to calculate the formation enthalpies LiTaO3, LiNbO3, NaTaO3, NaNbO3 and KNbO3. 

 Reaction Enthalpies (kJ/mol) 

F
ro

m
 o

x
id

es
 

(1) Li2O(xl, 25˚C) → Li2O(soln, 702˚C) ΔH1 = -90.3 ± 2.5 

(2) Na2O(xl, 25˚C) → Na2O(soln, 702˚C) ΔH2 = -207.56 ± 4.25 

(3) K2O(xl, 25˚C) → K2O(soln, 702˚C) ΔH3 = -318.0 ± 3.1 

(4) Ta2O5 (xl, 25˚C) → Ta2O5 (soln, 702˚C) ΔH4 = 90.41 ± 2.5 

(5) Nb2O5 (xl, 25˚C) → Nb2O5 (soln, 702˚C) ΔH5 = 93.97 ± 1.6 

(6) LiTaO3 (xl, 25˚C)→  ½ Li2O(soln, 702˚C)+ ½ Ta2O5 (soln, 702˚C) ΔH6 = 93.79 ± 0.43 

(7) LiNbO3 (xl, 25˚C)→  ½ Li2O(soln, 702˚C)+ ½ Nb2O5 (soln, 702˚C) ΔH7 = 95.27 ± 0.31 

(8) NaTaO3 (xl, 25˚C)→  ½ Na2O(soln, 702˚C)+ ½ Ta2O5 (soln, 702˚C) ΔH8 = 88.77 ± 0.44 

(9) NaNbO3 (xl, 25˚C)→  ½ Na2O(soln, 702˚C)+ ½ Nb2O5 (soln, 702˚C) ΔH9 = 84.83 ± 0.38 

(10) KNbO3 (xl, 25˚C)→  ½ K2O(soln, 702˚C)+ ½ Nb2O5 (soln, 702˚C) ΔH10 = 95.10 ± 0.41 

(11) ½ Li2O(soln, 702˚C)+ ½ Ta2O5 (soln, 702˚C) →  LiTaO3 (xl, 25˚C) ΔH11 = -93.74 ± 1.77 

(12) ½ Li2O(soln, 702˚C)+ ½ Nb2O5 (soln, 702˚C) →  LiNbO3 (xl, 25˚C) ΔH12 = -93.44 ± 1.48 

(13) ½ Na2O(soln, 702˚C)+ ½ Ta2O5 (soln, 702˚C) →  NaTaO3 (xl, 25˚C) ΔH13 = -147.35 ± 2.46 

(14) ½ Na2O(soln, 702˚C)+ ½ Nb2O5 (soln, 702˚C) →  NaNbO3 (xl, 25˚C) ΔH14 = -141.63 ± 2.27 

(15) ½ K2O(soln, 702˚C)+ ½ Nb2O5 (soln, 702˚C) →   KNbO3 (xl, 25˚C) ΔH15 = -207.12 ± 1.74 
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F
ro

m
 e

le
m

en
ts

 

 

(16) 2Li(xl, 25˚C)+ ½ O2 →  Li2O (xl, 25˚C) ΔH16 = -597.9 

(17) 2Na(xl, 25˚C)+ ½ O2 →  Na2O (xl, 25˚C) ΔH17 = -414.8 

(18) 2K(xl, 25˚C)+ ½ O2 →  K2O (xl, 25˚C) ΔH18 = -358.02 ± 3.74 

(19) 2Ta(xl, 25˚C)+ ½ O2 →  Ta2O5(xl, 25˚C) ΔH19 = -2046.5 ± 4.2 

(20) 2Nb(xl, 25˚C)+ ½ O2 →  Nb2O5(xl, 25˚C) ΔH20 = -1899.54 ± 1.5 

(21) Li(xl, 25˚C)+Ta(xl, 25˚C)+3/2 O2 →  LiTaO3(xl, 25˚C) ΔH21 = -1415.94 ± 2.29 

(22) Li(xl, 25˚C)+Nb(xl, 25˚C)+3/2 O2 →  LiNbO3(xl, 25˚C) ΔH22 = -1342.16 ± 1.72 

(23) Na(xl, 25˚C)+Ta(xl, 25˚C)+3/2 O2 →  NaTaO3(xl, 25˚C) ΔH23 = -1378.00 ± 3.27 

(24) Na(xl, 25˚C)+Nb(xl, 25˚C)+3/2 O2 →  NaNbO3(xl, 25˚C) ΔH24 = -1298.80 ± 2.52 

(25) K(xl, 25˚C)+Nb(xl, 25˚C)+3/2 O2 →  KNbO3(xl, 25˚C) ΔH25 = -1335.90 ± 2.73  

where: ΔH11 = ½ ΔH1 + ½ ΔH4 – ΔH6, ΔH12 = ½ ΔH1 + ½ ΔH5 – ΔH7, ΔH13= ½ ΔH2 + ½ ΔH4  – ΔH8, ΔH14= ½ ΔH2 + ½ ΔH5  – ΔH9, ΔH15= ½ 

ΔH3 + ½ ΔH5  – ΔH10, ΔH21= ½ ΔH16 + ½ ΔH19  + ΔH11, ΔH22= ½ ΔH16 + ½ ΔH20  + ΔH12, ΔH23= ½ ΔH17 + ½ ΔH19  + ΔH13, ΔH24= ½ ΔH17 + 

½ ΔH20  + ΔH14, and ΔH25= ½ ΔH18 + ½ ΔH20  + ΔH15. 
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Table 4. 

 

Table 4: Tolerance factor and energetics of LiTaO3, LiNbO3, NaTaO3, NaNbO3, KNbO3 and KTaO3. 

 LiTaO3 LiNbO3 NaTaO3 NaNbO3 KNbO3 KTaO3 54 

Tolerance factor, t 0.78 0.78 0.94 0.94 1.03 1.03 

Formation enthalpy from 

oxides, ΔHf
ox (kJ/mol) 

-93.74 ± 1.77 -93.44 ± 1.48 -147.35 ± 2.46 -141.63 ± 2.27 -207.12 ± 1.74 -203.63 ± 2.92 

Formation enthalpy from 

elements, ΔHf
0 (kJ/mol) 

-1415.94 ± 2.29 -1342.16 ± 1.72 -1378.00 ± 3.27 -1298.80 ± 2.52 -1335.90 ± 2.73 -1408.23 ± 3.75 

Hydrated surface energy, 

γhyd (J/m2) 
1.04 ± 0.34 1.21 ± 0.68 1.58 ± 0.29 2.16 ± 0.57 2.95 ± 0.59 - 
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