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Graphical abstract 

Figure presents the unit cell of synthesized LaSbO4 compound and the result of H/D isotope exchange 

experiment which proves dominance of protonic conductivity in the material.    
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Abstract 

Lanthanum ortho-antimonate was synthesized using a solid-state synthesis method. To 

enhance the possible protonic conductivity, samples with the addition of 1 mol% Ca in La-

site, were also prepared. The structure was studied by the means of X-ray diffraction, which 

showed that both specimens were single phase. The materials crystallized in the space group 

P21/n. Dilatometry revealed that material expands non-linearly with the temperature. The 

nature of this deviation is unknown; however, the calculated linear fraction thermal expansion 

coefficient was 9.56×10-6 1/K. Electrical properties studies showed that the material is a 

proton conductor in oxidizing conditions, which was confirmed both by temperature studies in 

wet in dry air, but also by the H/D isotope exchange experiment. The conductivity was rather 

modest, peaking at order 10-6 S/cm at 800°C, but this can be further improved by 

microstructure and doping optimization. This is the first time when protonic conductivity in 

lanthanum ortho-antimonates is reported.  

Keywords: 

electrical conductivity; fast-ion conductors; proton conducting ceramics; ceramics 
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Proton Conducting Ceramics (PCCs) are materials exhibiting ionic conductivity in which 

proton (H+) is a charge carrier[1]. This class of materials has gathered interest over the years 

for their potential applications. Especially the so-called triple conducting oxides, i.e. materials 

with three mobile charge carriers: protons, oxygen ions, and electron/electron holes, were 

discovered and studied as potential electrode materials[2–5]. The increased interest leads to 

developing highly-efficient fuel cells [5–7] and steam electrolysers[8]. This interest stems from 

the fact that PCC-based devices can operate with high efficiencies while being cost-

competitive in comparison to traditional Solid Oxide Fuel Cells[5,9]. Apart from that, new 

types of electrochemical devices have been developed. Such devices can be used for the 

synthesis of ammonia[10,11], conversion of methane into aromatics in a membrane reactor[12], 

or thermo-electrochemical production of hydrogen from methane[13].  

Typical members of the PCCs are oxides in which upon exposure to humid condition the 

protonic defect formation occurs according to the hydration reaction (1),  

𝐻2𝑂(𝑔) + 𝑂𝑂
𝑥 + 𝑣𝑂

⦁⦁ = 2𝑂𝐻𝑂
⦁ (1) 

In the reaction, two protonic defects 𝑂𝐻𝑂
⦁  are formed. Since the acceptor doping promotes the 

formation of oxygen vacancies 𝑣𝑂
⦁⦁, such doping is introduced in PCCs to increase the

concentration of protonic defects  and the protonic conductivity. The most known examples of 

this group of materials belong to the oxides with perovskite structure, namely barium cerate-

zirconate solid solutions. Another group of proton-conducting oxides, introduced in 2006 by 

Haugsrud and Norby[14], is formed by compounds with general formula ABO4. These 

ceramics are typically composed of a rare earth metal on the A-site[14–21] and a pentavalent 

cation from group 5[14–17] or 15[18–22] of the periodic table on the B-site. The highest 

conductivity, 10-3 S·cm-1 at 800 °C in wet air, has been achieved for Ca-doped LaNbO4
[14] 

however, this conductivity level is much lower than in the case of the proton-conducting 

perovskites. Consequently, many attempts have been done to increase the conductivity, 

mostly by doping/substitution on both A-[23–27] and B-sites[28,29]. Despite all the efforts, it has 

not been possible yet to increase the conductivity to the desired level. Another problem in the 

utilization of LaNbO4 is the structural phase transition, occurring at ~500 °C, which is 

accompanied by the abrupt change of thermal expansion coefficient[30]. This problem can be 

solved by various doping strategies [17,22,31–33] or by decreasing the grain size[34]. Compounds 

other than LaNbO4 were also studied, but most of the effort was put on different rare-earth 
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niobates, tantalates, or phosphates[14,15,21,35]. Our previous works on B-site substituted 

lanthanum orthoniobate[22,33,36–39] have shown that Sb-substitution decreases the phase 

transition temperature from 404 ± 5 °C in LaNb0.95Sb0.05O4 to around room temperature in 

LaNb0.70Sb0.30O4,
[22,33] while it does not impede the hydration[39] and proton conductivity 

either[38].  

In this work, we report the structural, microstructural, electrical, and thermal properties of 

lanthanum orthoantimonate, LaSbO4, and acceptor-doped lanthanum orthoantimonate, 

La0.99Ca0.01SbO4-δ. For the first time the electrical properties, including the protonic 

conductivity in this system is reported. Hence, these results are complementary for proton 

conducting ABO4 compounds.  

LaSbO4 and La0.99Ca0.01SbO4-δ powders were synthesized via the solid-state reaction route 

using: La2O3 (preheated at 900°C, Alfa, 99.9%), Sb2O5 (abcr, 99.9%), and CaCO3 (POCH, 

99%) as reagents. Stoichiometric amounts of reagents were mixed in an agate mortar. The 

milled powders were uniaxially pressed using 350 MPa to obtain 12mm round pellets, which 

were then sintered at 1400°C for 6h. 

Powder X-ray diffraction (XRD) analysis was performed using the Phillips X’Pert Pro MPD 

with CuKα1 and CuKα2 radiation. To determine unit cell parameters, XRD patterns were 

analyzed with the Rietveld refinement method using the HighScore Plus software[40]. As an 

initial point of the analysis crystal structure of LaSbO4 (space group no. 11, P21/n)[41] was 

used.  

The dilatometry was performed by Netzsch DIL 402 PC/4 dilatometer in argon in the 

temperature range 50 – 1000 °C with a heating/cooling rate of 2°C/min. Thermogravimetric 

(TG) studies were measured on powder samples using Netzsch Tarsus 401 thermobalance in 

synthetic air in the temperature range 40-900 °C with a heating/cooling rate of 2°C/min.   

Micrographs of the cross-section of the pellets were obtained using a FEI Quanta FEG 250 

Scanning Electron Microscope (SEM). 

The electrical properties were studied by the means of electrochemical impedance 

spectroscopy (EIS). Gamry Reference 3000 potentiostat was used. The amplitude voltage was 

set to 1000 mV, and the frequency was swept from 1 Hz to 1 MHz. In the temperature-

dependencies measurements, the temperature range of the study was 550–800 °C in dry, H2O- 

and D2O humidified air. The bubblers containing H2O and D2O were kept in the room 
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temperature, 25°C. The water partial pressures of dry, and wet H2O/D2O synthetic air, are as 

follows: pH2Odry ≈ 6 ∙ 10-5 atm. for dry air, and pH2Owet ≈ 0.02 atm. for H2O- and D2O- 

humidified air. Before the measurements, two circular electrodes were painted using 

ElectroScience ESL 5542 Pt–paste on each side of the pellets.  

The impedance data were deconvoluted in ZView software (Scribner Associates). The 

equivalent circuit used for deconvolution consists of a resistor R connected in series with 

multiple (RQ) elements. An (RQ) element is a resistor, R, and a constant phase element, Q, 

connected in parallel. Each (RQ) element was used as a representation of one of the 

semicircles (arcs) present in the impedance plots. The impedance Z of the constant phase 

element is given by the formula: 

1
𝑍⁄ = 𝑌 = 𝑄0(𝑗𝜔)𝑛  (2) 

where  

Y is the admittance, Q0, and the angle of misalignment, n, are the fitted parameters, j is the 

imaginary unit, and ω is the angular frequency. Further, the capacitance C related to the 

process observed in the impedance measurement can be calculated from the formula: 

𝐶 = 𝑄0

1

𝑛𝑅
1

𝑛
−1   (3) 

The resistance of the crystal grains and grain boundaries was determined using the Brick 

Layer Model and the capacitances calculated with equation (3), as described in detail by Haile 

et al.[42]. The grain response is typically considered as a process associated to 

pseudocapacitance values between 10-11 and 10-12 F·cm-1, whereas grain boundaries usually 

present one or two orders of magnitude higher pseudocapacitances. In this way, the total, 

grain, and grain boundary conductivities were analysed.  

Based on the temperature dependence of the conductivity, the activation energy of the 

conductivity was calculated by fitting the experimental values to the equation: 

𝜎𝑇 = 𝐴𝑒𝑥𝑝 (−
𝐸𝐴

𝑘𝑇
)   (4) 

where σ refers to a conductivity of any type (total, grain, grain boundary), T - absolute 

temperature, A - the pre-exponential factor, EA - activation energy, and k - the Boltzmann 

constant.  
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The XRD patterns and the example of Rietveld refinement are presented in Fig.1. All the 

reflections in the diffraction data of the compounds were indexed with the monoclinic 

structure (space group P21/n). The results agree well with the literature reports[41,43,44]. No 

secondary phases were detected. The Rietveld refinement profile of LaSbO4 is presented in 

Fig. 1b. The unit cell parameters derived from the refinements as well as other structural data 

are listed in Tab. 1. Broad peaks are observed in the case of all specimens. It indicates either 

small crystallite size or relatively high strain in the crystal lattice.  

Figure 1 a) X-ray diffractograms of LaSbO4 and La0.99Ca0.01SbO4-δ, and b) Rietveld 

refinement profile for La0.99Ca0.01SbO4-δ 

Table 1. Structural and microstructural parameters of the synthesized materials. a, b, c, and 

β, denote the unit cell parameters, V- unit cell volume,  Rwp – the weighted profile factor of the 

Rietveld refinement, ρth – theoretical density, and ρrel – relative density. 

Compound 
a 

(Å) 

b 
(Å) 

c 
(Å) 

β 
(°) 

V 
(Å3) 

Rwp 
(%) 

ρth 
(g·cm-3) 

ρrel 
(%) 

LaSbO4 5.398 5.067 13.59 109.27 350.99 13.4 6.14 84 

La0.99Ca0.01SbO4-δ 5.397 5.066 13.60 109.31 350.86 12.9 6.15 82 

The micrographs of the polished fractures of LaSbO4 and Ca-doped sample are shown in Fig. 

2. The samples are porous ceramics which is coherent with the results of density

measurements (Tab. 1) showing that the density for the antimonates is about 83% of the 

theoretical density. Both materials have a similar microstructure with average grain size, 2.6 ± 
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0.5 µm in LaSbO4, and 2.5 ± 0.6 µm in La0.99Ca0.01SbO4-δ. Therefore, the substitution of 

lanthanum with calcium does not visibly affect the microstructure. In SEM images one can 

also see pores of the average size around 2 μm.  

Figure 2. Scanning electron micrographs of polished fractures of a) LaSbO4, and b) 

La0.99Ca0.01SbO4-δ 

Figure 3. a) Relative elongation vs temperature in argon. Dashed line represents the linear 

temperature dependence of relative elongation extrapolated into the high-temperature range, 

b) relative mass loss in synthetic air as a function of temperature for LaSbO4.

The results of the thermal properties measurements are presented in Fig.3. The relative sample 

elongation as a function of temperature during cooling is shown in Fig. 3a. As can be seen, in 

the studied temperature range the length of the sample increases, however, at a temperature 

between 400 and 450 °C a deviation from a linear dependence is observed, which means that 

the thermal expansion coefficient depends on temperature. Such a temperature dependence 
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may originate from various temperature-dependent phenomena, for example, changes in ion 

interactions or structural changes other than bond elongation. It is often described with an 

experimentally determined polynomial function[45]. Another phenomenon often observed in 

oxides, contributing to the total linear expansion of the material, is chemical expansion related 

to the formation of oxygen vacancies at elevated temperatures. Temperatures at which oxygen 

vacancies may be considered as relevant depend on defect formation energy. In LaSbO4 

oxygen vacancy formation requires Sb reduction into Sb3+ state. The calculated values for 

similar system, namely FeSbO4, has been reported to be 3.4 eV[46]. So high energy of defect 

formation indicates that the contribution of chemical expansion related to oxygen vacancy 

formation to the total thermal expansion of lanthanum antimonate may be expected at a 

temperature much higher than 450 °C. It should be noted that the relative mass change above 

450 °C (Fig. 3b) is very low. Within the assumption that the thermal expansion coefficient 

(TEC) is constant in the low-temperature range, TEC determined with the linear fitting of the 

data below 350 °C equals 9.56(1)·10-6  1 𝐾⁄  . A similar value was obtained (9.38(1)·10-6 1 𝐾⁄ )

because of fitting the temperature dependence of relative elongation with a second-order 

polynomial.   

The relative mass loss of LaSbO4 as a function of temperature during heating in air is 

presented in Fig. 3b. The sample mass decreases as the temperature increases. In general, the 

total mass loss (around 0.1 %) of LaSbO4 between room temperature and 1000 °C is low, 

when compared to other LaXO4 compounds. For example, in La0.98Mg0.02NbO4-δ relative mass 

loss observed in the same temperature range was 1.6%[25], whereas in LaAsO4 it was 7%[47]. 

In the first case, the processes may be attributed to the carbon and carbon dioxide emissions, 

due to high affinity of lanthanum compounds to CO2, for the latter it is associated with the 

dehydration effect, which is more visible at higher temperatures. In lanthanum 

orthoantimonate, a major part of mass-loss (0.08 %) occurs between room temperature and 

approximately 550 °C. We suggest that in lanthanum orthoantimonate, the mass losses 

between approximately 50 and 350 °C, 400, and 700 °C and above 750 °C might be 

associated with desorption of water, desorption of carbon dioxide and oxygen vacancies 

formation, respectively. It may be supported by the properties of other LaXO4 compounds. 

For example, Pradhan and Choudhary[47] studying thermal properties of LaAsO4 with 

Thermogravimetry (TG) combined with differential scanning calorimetry showed that up to 

300 °C mass loss is associated with surface water desorption.  Mielewczyk-Gryń et al.[25] in a 

combined TG and Mass Spectroscopy (MS) experiment found that in Mg-doped LaNbO4 
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surface water desorption occurs between 100 °C and 360 °C, whereas, between 400, and 700 

°C, CO2 release was observed. 

To evaluate electrical properties, EIS measurements as a function of temperature have been 

performed. An example of a complex impedance plot with a fit, together with an example of 

pseudocapacitance analysis are presented in Fig. 4. The pseudocapacitance of each (RQ) 

element was calculated to determine whether the feature observed in the impedance plot 

represents the conduction processes of the specimen or the electrode responses. The 

calculated pseudocapacitances of  first (RQ) element were in the range of 10-11 to 10-10 F·cm-1 

and were independent of the temperature (cf. Fig. 4 b). For the second (RQ) element 

pseudocapacitance includes values in the range of 10-8 F·cm-1 and the corresponding 

semicircle was considered as an electrode response and was not taken for further 

consideration. 

Figure 4. a) Nyquist plot for La0.99Ca0.01SbO4-δ (open symbols), with the corresponding fit 

(solid line). The equivalent circuit used for fitting is presented at the top. b) Capacitance vs. 

temperature for the sample presented in the Nyquist plot corresponding to the material 

response (left axis), and the material resistance (right axis). Both results correspond to data 

obtained in the H2O-humidified atmosphere. 

The total conductivity of lanthanum orthoantimonates deconvoluted from EIS data collected 

in dry, D2O and H2O humidified air is presented in Fig. 5a. First, conductivities are between 

10-7 – 10-9 S·cm-1 at 550 °C and around 10-6 S·cm-1 at 800 °C. This is roughly three orders of

magnitude lower than in the case of Ca-doped LaNbO4
[14]. As expected, the conductivity is 

thermally activated, however, the apparent activation energy exceeds 1 eV, which is much 
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higher than 0.5-0.8 eV usually observed for typical proton conduction[14]. This could be a 

result of the dominance of grain boundaries. In our previous work on Sb-substituted 

LaNbO4
[38] it was shown that while the activation energy of grain conductivity was around 

0.5-0.6 eV the respective value for grain boundaries was around 1.3 eV. Since in Sb-

substituted niobates total conductivity is dominated by grain boundaries the apparent 

activation energy of total conductivity was also above 1 eV. Lanthanum orthoantimonates 

appear to have similar properties. The activation energies of the conductivity of LaSbO4 and 

La0.99Ca0.01SbO4-δ are almost the same. This suggests that acceptor doping in this system does 

not significantly influence the total conductivity, contrary to LaNbO4 where conductivity 

increased a few orders of magnitudes in Ca-doped samples[27]. Although the reason for it 

should be confirmed in a separate study on its own some reasons for such a difference could 

be outlined. One of them could be the low solubility of acceptor dopant which is accompanied 

by precipitation of a secondary phase in the grain boundaries. This results in a lower-than-

expected concentration of the dopant in the bulk. In some cases, this may lead to situation 

when the effect of doping would not be observed on the conductivity data. Moreover, small 

amounts of secondary phases (~1 mol %) could not be picked by standard XRD measurement 

and other techniques, such as synchrotron x-ray diffraction should be used instead. Such 

effects have been previously observed in ABO4 materials [48]. Another reason of no apparent 

effect of doping on conductivity could be defect trapping. For instance, if most of the oxygen 

vacancies formed by acceptor doping are trapped and are not mobile then they do not 

contribute to higher conductivity both in dry, due to no new mobile vacancies as a main 

charge carrier, and wet conditions, due to inability of immobile vacancies to participate in 

hydration reaction. Then no effect on conductivity would be observed.  
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Figure 5. a) Total conductivity presented in the Arrhenius-type plot of LaSbO4 and 

La0.99Ca0.01SbO4-δ. Red circles – H2O humidified air, blue diamonds – D2O humidified air, 

and black squares – dry air. b) The ratios of total electrical conductivities in H2O and D2O-

humidified air as a function of temperature for LaSbO4, and La0.99Ca0.01SbO4-δ. Horizontal 

dashed lines mark the σH2O/σD2O equal to √2 (classical model of an ideal proton conductor) 

and 1 (non-proton conductor) 

As shown in Figure 5a the conductivity values and activation energies in dry, H2O- and D2O- 

humidified air are different. In both samples, the difference between conductivity in the three 

atmospheres is noticeable. Below 700°C, the conductivity in H2O -wet air is at least two times 

higher than in dry, whereas above this temperature, the difference is lower. This indicates that 

protons take part in the conduction process in this material. To further examine whether 

LaSbO4 and La0.99Ca0.01SbO4-δ are proton conductors, the isotope exchange effect was 

analysed. In principle, only protonic conductivity is affected by H/D isotope exchange thus if 

isotope effects are observed in the total conductivity, the material should be dominated by 

protonic conduction. As can be seen from Fig.5a, the total conductivity in H2O- is higher than 

in D2O- humidified air. In general, two models describe the effects of H/D exchange on 

conductivity in proton conductors[49]. The classical model limits the consideration of isotope 
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effect to change of vibration frequency of the O-H(D) bond caused by mass change by 

exchanging defects from 𝑂𝐻𝑂
⦁  to 𝑂𝐷𝑂

⦁ . In such a case, the conductivity of proton conductor in 

H2O-wet atmosphere should be √2 times higher than conductivity in D2O-wet atmosphere. A 

more accurate quasi-classical model also considers the change of the ground state energy of 

the proton (deuteron) in the OH(D) group. According to the model, the activation energy of 

conductivity in the H2O-wet atmosphere should be roughly 0.05 eV lower[49]. Because in 

undoped and doped antimonate the activation energy in D2O- was higher by, respectively, 

0.04 eV and 0.05 eV than in H2O- humidified atmosphere,  the quasi-classical model should 

be applied to these materials. Figure 5b presents 
𝜎𝐻2𝑂

𝜎𝐷2𝑂
ratio, where σH2O is the total 

conductivity in H2O-wet air, and σD2O is conductivity in D2O-wet air, plotted as a function of 

temperature for examined antimonates. In both cases the ratio is higher than unity and 

decreases with temperature increase. This shows that below 800° C protons have a significant 

contribution to the total conductivity in LaSbO4 and La0.99Ca0.01SbO4-δ. As may be expected, 

the 
𝜎𝐻2𝑂

𝜎𝐷2𝑂
 ratio is higher in La0.99Ca0.01SbO4-δ than in the undoped antimonate. 

The presence of the isotope effect confirms that in wet conditions protons dominate total 

conductivity below 800°C. This is similar to the properties of other ABO4 oxides: such as 

LnNbO4, LnTaO4
[14], LaAsO4

[20], or LaVO4
[50]. However, the total difference between the 

conductivity in dry and wet air, smaller than one order of magnitude, indicates a contribution 

from other charge carriers, i.e., oxygen ions and/or electron holes. These two types of charge 

carriers are dominant in dry conditions or wet conditions, at temperatures higher than 800 °C. 

This is consistent with literature findings concerning ABO4
[14,20,38,50]. 

To sum up; structural, thermal, and electrical properties of LaSbO4 and La0.99Ca0.01SbO4-δ 

have been studied. Single-phase undoped and acceptor doped (with 1 mol % Ca) compounds 

have been obtained. All materials crystallize in monoclinic structure with space group P21/n. 

Dilatometry studies have shown that material elongation is a non-linear function of 

temperature. The calculated linear component of thermal expansion was equal to 9.56×10-6

1/K. The total conductivity of antimonates is dominated by grain boundaries. The effect of 

acceptor doping was limited, and the conductivity was not increased by a factor higher than 2, 

however, the Ca addition enhanced protonic conductivity. The H/D isotope exchange 

experiment confirmed the proton contribution to the total conductivity, and the material shows 

typical features of the proton conductor. It is the first time that proton conductivity in LaSbO4 

is reported. 
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