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Abstract
In this work, lanthanum orthoniobates doped with either antimony, calcium, or both have been synthesized and studied.

The water uptake of the investigated materials has been analyzed by means of thermogravimetric studies. The results show

the difference between the thermodynamics of hydration between the lanthanum orthoniobate system and other proton

conducting ceramics. The relation between the water uptake and effective acceptor doping for the investigated system has

been found, and the energetics of the water uptake relation are discussed.
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Introduction

Lanthanum orthoniobate is a well-recognized proton-con-

ducting oxide with potential applications in electrochemi-

cal devices [1–4]. The prospective applications have

attracted attention to this oxide because of its chemical

stability and, what is even more important, pure proton

conductivity across a wide range of temperatures [3].

Therefore, the understanding of phenomena associated

with this compound is crucial. As in most of proton-con-

ducting ceramics, the ionic conductivity of lanthanum

orthoniobate relies on protonic defect formation:

H2O þ V ��
O þ Ox

O $ 2OH�
O ð1Þ

The number of protonic defects present in the oxide

structure depends on the concentration of oxygen vacan-

cies. Vacancies may be formed either as intrinsic defects,

or they may be introduced by acceptor doping. In the case

of lanthanum orthoniobate, a dopant can be incorporated on

both lanthanum and niobium sites [3–6]. Acceptor doping

on the lanthanum (e.g., with Ca2?) and niobium (e.g., with

Sb3?) sites can introduce oxygen vacancies according to

the following equations and, respectively:

2CaO þ Nb2O5 ! 2Ca0La þ 2Nbx
Nb þ V ��

O þ 7Ox
O ð2Þ

Sb2O3 þ La2O3 ! 2Sb00
Nb þ 2Lax

La þ 2V ��
O þ 6Ox

O ð3Þ

The increased number of oxygen vacancies present in

the oxide can promote ion transport by increasing charge

carriers. The increase in proton concentration is linked to

the hydration process, that is, to the water uptake of the

oxide in humid atmospheres.

In the last decade, the hydration energetics of proton

conductors have received much attention; however, studies

have mostly been limited to the barium and strontium

zirconate systems [7–10]. For barium zirconate, a gradual

rise of water uptake with decreasing temperature has been

observed, showing enthalpy of hydration at levels of - 22

to - 40 kJ mol-1 [7]. To the best of our knowledge, no

directly measured data on water uptake are available for lan-

thanum orthoniobate and the only information on its hydration

thermodynamics is based on transport measurements

[3, 11, 12]. Haugsrud and Norby calculated enthalpy of

hydration for 1% Ca-doped LaNbO4 to be - 115 kJ mol-1

[3], whereas Huse et al. reported even higher values based on

modeling of titanium-doped material—approximately

- 140 kJ mol-1 and - 170 kJ mol-1 in the case of non-

associated and associated defect models, respectively [11].
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These numbers indicate that the difference in hydration

energetics of barium zirconate and lanthanum orthoniobates is

significant. The threefold difference between the hydration

enthalpy values has to seriously affect the water uptake in

these systems. In contrast, Ferrara et al. calculated the

hydration enthalpy of lanthanum niobate from DFT studies for

unstrained samples to be - 30 kJ mol-1 [13]. Such discrep-

ancies in reported values reflect the complexity of the ener-

getics of hydration of this system.

In this work, we report the thermogravimetric determi-

nation of water uptake of doped lanthanum orthoniobates

for the first time.

Experimental

Following doped lanthanum orthoniobates were prepared

and studied: La0.99Ca0.01Nb1O4-d, La0.98Ca0.02Nb1O4-d,

La0.99Ca0.01Nb0.9Sb0.1O4 -d, La0.98Ca0.02Nb0.9Sb0.1O4-d,

and LaNb0.9Sb0.1O4-d. The samples were synthesized

using a two-step solid-state reaction described in detail

elsewhere [5, 14]. Phase purity was determined by means

of X-ray diffraction. The measurements were performed on

a Phillips X’Pert Pro MPD diffractometer with Cu Ka
radiation in the 2h range of 20�–90�. The microstructure of

the measured powders was characterized using a FEI

Quanta FEG 250 scanning electron microscope operating

in high vacuum mode. Thermogravimetric analysis was

performed using a Netzsch Jupiter� 449 F1, following two

experimental approaches. Firstly, the as-prepared powders

were heated to 1273 K (1000 �C) and held at this tem-

perature for 0.5 h under dry air to remove water and pos-

sible surface carbon dioxide. Lanthanum oxides are well

known for their affinity to water; therefore, the drying step

was required [15]. Our previous studies on lanthanum

orthoniobate mass decay upon heating have shown that

1000 �C is sufficient to ensure complete desorption of

adsorbed species (mainly water and carbon dioxide) [2].

The sample gas was then saturated with water (PH2O-

= 0.023 atm), and the mass change was recorded upon

cooling. Data were collected every 100 �C in temperature

range 1273–573 K (1000–300 �C), with a 2–4 h stabiliza-

tion time at each temperature. Secondly, an isothermal

approach was used, in which the samples were cooled to

573 K (300 �C) in dry gas after dehydration. After 2 h of

stabilization, the dry gas was switched to humidified gas,

and after an additional 2 h, the wet gas was switched back

to dry gas. Selected samples were also analyzed with the

use of an isothermal approach where instead of 300 �C
several temperatures in the range of 1073–473 K

(800–200 �C) were used. Prior to each of the measure-

ments, a blank run for baseline correction was carried out.

To test the method used for measuring water uptake, a

BaZr0.8Y0.2O3-d (BZY) sample was analyzed, which was

synthesized by a co-precipitation method as described

elsewhere [16]. The obtained powder was preheated at

1473 K (1200 �C) to ensure uniformity of the grain size

and to minimize the surface water adsorption. The mass

change of BaZr0.8Y0.2O3-d and temperature as a function

of time under water partial pressure of 0.001 atm. are

presented in Fig. 1. It can be seen that the mass increase

corresponding to water uptake proceeds in steps matching

decreasing temperature periods. The water uptake begins at

1173 (900 �C) and increases with temperature decrease.

The total mass change between 1273 and 573 K is 0.5%.

This agrees well with the results observed by

Yamazaki et al. [7] and therefore validates the system.

Room temperature water vapor sorption studies were

undertaken on a Quantachrome iQ Autosorb apparatus in

the relative pressure range p/p0 from 0.05 to 0.9. The

surface of both powders and ceramics of antimony-doped

lanthanum orthoniobate was characterized using X-ray

photoelectron spectroscopy (XPS). The spectra were

recorded on a Thermo Scientific K-Alpha ? X-ray photo-

electron spectrometer system operating at a base pressure

of 2 9 10-9 mbar. The system incorporates a monochro-

matic, microfocused Al Ka X-ray source (hm = 1486.6 eV)

and a 180� double focusing hemispherical analyzer with a

2D detector. The X-ray source was operated at 6 mA

emission current and 12 kV anode bias, and an X-ray spot

size of 400 lm was used. Data were collected at 200 eV

pass energy for survey and 20 eV pass energy for core-

level spectra, and a flood gun was used to minimize sample

charging. Spectra were aligned assuming the C 1s core line

to be at the binding energy of 285.0 eV. All data were

analyzed using the Avantage software package.
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Fig. 1 Mass change of BaZr0.8Y0.2O3-d sample and temperature as a

function of time under water partial pressure of 0.001 atm
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Results and discussion

All reflections observed in the collected X-ray diffraction

data for the different compositions could be indexed with a

monoclinic fergusonite phase (I2/c). For samples co-doped

with 2% antimony and calcium, additional small reflections

of a secondary phase have been identified in the diffrac-

togram. More information on the in-depth structural anal-

ysis of the investigated compounds can be found in

previous works [5, 14, 17].

Since the issue of surface adsorption in the case of

powders has been previously reported [18–21], bulk pow-

der samples were produced by solid-state synthesis method

to ensure relatively small specific surface areas. Scanning

electron microscopy analysis (see Fig. 2) shows that the

resulting particle size is between 1 and 5 lm, confirming

the synthesis of bulk powders, and it can be assumed that

adsorption of water on the powder surface can be neglected

even at low temperatures [22].

The lanthanum niobate samples studied in this work are

acceptor-doped. Calcium Ca0La always acts as an acceptor-

type defect in lanthanum niobate, whereas the role of

antimony depends on its valence state. Figure 3 shows the

Sb 3d and O 1s core-level spectra of LaNb0.9Sb0.1O4. (The

La and Nb core levels as well as the survey spectrum can

be found in the Supplementary Information.) Two oxygen

environments are observed with the dominant peak at

529.9 eV (OI) characteristic of the main oxide and the

smaller peak at 531.5 eV (OII) stemming from, among

other species, surface hydroxide. Two antimony environ-

ments are observed, with Sb3? at binding energies of

529.6 eV (3d5/2) and 538.9 eV (3d3/2) and Sb5? at binding

energies of 530.3 eV (3d5/2) and 539.7 eV (3d3/2). Some

weak satellites are also observed in the background around

the Sb 3d3/2 line. From a peak fit analysis of the Sb core

level, which is complicated by the fact that the Sb 3d5/2

core level sits under the O 1s core level, the ratio between

Sb3?/Sb5? on the sample surface was determined to be

57:43. Therefore, it may be assumed that at the surface,

approximately half of the antimony atoms substituting

niobium plays the role of acceptor dopants (Sb00
NbÞ, whereas

the other half is isovalent with niobium (Sbx
Nb). Within this

assumption, the effective acceptor dopant content, denoted

as [Acc], in the studied samples may be estimated as being

between 0.01 and 0.12, while the lowest and highest limits

correspond to La0.99Ca0.01Nb1O4-d and La0.98Ca0.02Nb0.9

Sb0.1O4-d, respectively. On the basis of these results and

assuming neutrality conditions, the oxygen vacancy

Fig. 2 Scanning electron

images of micropowders for

a La0.99Ca0.01NbO4-d,

b La0.98Ca0.02NbO4-d,

c La0.99Ca0.01Nb0.9Sb0.1O4-d,

d La0.98Ca0.02Nb0.9Sb0.1O4-d

specimens
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fraction may be calculated. Values of estimated effective

acceptor content, as well as other properties of all studied

materials, are summarized in Table 1.

Figure 4 presents the mass changes of the LaNb0.9-

Sb0.1O4-d and La0.98Ca0.02Nb0.9Sb0.1O4-d samples and

temperature as a function of time under a water partial

pressure of 0.023 atm. For both samples, the mass change

during the temperature decreases from 1273 to 573 K is

\ 0.1%. However, the sample co-doped with calcium and

antimony (La0.98Ca0.02Nb0.9Sb0.1O4) shows a clear mass

change resulting from hydration of the sample. The mass

change of the sample doped solely with antimony

(LaNb0.9Sb0.1O4) is much smaller, and the mass of this

sample even decreases below 773 K. This means that the

water uptake in lanthanum niobates is much lower than that

in yttrium-doped barium zirconate observed both in this

work (Fig. 1) and by Yamazaki et al. [7]. Therefore, to

determine the water uptake for lanthanum niobate samples,

we decided to perform the thermogravimetric analyses in

isothermal conditions with the atmosphere switch from dry

to wet air. The results for the isothermal switch at 573 K

are presented in Fig. 5. Values of the water uptake and

proton content versus effective acceptor concentration are

shown in Fig. 6. The values for all investigated samples are

relatively low. They are the lowest for the sample solely

doped with 1–2% calcium, and they tend to increase with

an increase in acceptor content. This indicates that, in

accordance with reactions (1–3), the formation of oxygen

vacancies due to doping influences hydration levels via the

formation of proton defects within the structure.

One of the most interesting properties observed in Fig. 6

is the highest water uptake for the La0.98Ca0.02Nb0.9Sb0.1

O4-d sample. The reason for such a large difference

between the water uptake values of sole calcium- and

calcium and antimony-substituted samples is the difference

between the crystal structures of the materials. The data

shown in Fig. 6 were obtained at a relatively low temper-

ature of 300 �C, which is below the structural phase tran-

sition for calcium-doped samples but above the one for

antimony-doped ones. The transition between the high-

temperature tetragonal scheelite to the monoclinic fergu-

sonite structure occurs at approximately 773 K [23] and

473 K [14] in the samples doped only with calcium and the

co-doped samples with 10 mol% of antimony, respectively.

Electrical measurements of the compositions investi-

gated here have shown tendencies which do not fit the

hydration data in the past. The highest achieved conduc-

tivity values for doped lanthanum orthoniobates of

10-3 S cm-1 at 1223 K in atmospheres containing ca 2%

H2O have been reached in 1 mol % calcium doping in

studies by Haugsrud and Norby [24]. In contract, the value

at 1073 K for antimony-substituted samples was of the

order of 10-4 S cm-1 [5]. In comparison, results for

BaZr0.8Y0.2O3 investigated previously by the authors as

well as Yamazaki et al. [7] show 5 9 10-2 for BaZr0.8-

Y0.2O3 versus maximum of 3 9 10-3 for La0.98Ca0.02-

Nb0.9Sb0.1O4-d proton concentration at 300 �C. One of

the main differences between the two compounds is the

nature of their charge transport. In the case of barium

zirconate, proton conduction is accompanied by oxygen

ion transfer, while lanthanum orthoniobate is a pure pro-

ton conductor [3].

To determine the temperature dependence of the water

uptake of calcium-doped lanthanum orthoniobate, the

isothermal switches between dry and wet atmosphere were

Table 1 Selected properties of

studied materials
Material [Acc] Total conductivity at 1073 K, S/cm

Wet air Dry air

La0.99Ca0.01NbO4-d [3, 24] 0.01 1.0 9 10-3 3.0 9 10-4

La0.98Ca0.02NbO4-d [29] 0.02 2.3 9 10-4 n/a

LaNb0.9Sb0.1O4-d [5] 0.10 3.4 9 10-5 1.7 9 10-5

La0.99Ca0.01Nb0.9Sb0.1O4-d 0.11 n/a n/a

La0.98Ca0.02Nb0.9Sb0.1O4-d [5] 0.12 3.1 9 10-4 1.3 9 10-4

546 543 540 537

Binding energy/eV

LaNb0.9Sb0.1O4

O 1s (OII)

O 1s (OI)

Sb 3d (Sb+3)
Sb 3d (Sb+5)

534 531 528 525

Fig. 3 Sb 3d and O 1s XPS core-level spectra of LaNb0.9Sb0.1O4-d
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performed at various temperatures. The results for La0.99-

Ca0.01NbO4 are shown in Fig. 7. The values of the water

uptake varied from 0.01 to 0.03 mg, and apart from the

temperatures close to the structural phase transition, the

water uptake is temperature independent, yielding a total

proton concentration per formula unit in the range of 10-4.

This result shows that lanthanum orthoniobate allows water

uptake across a wide range of temperatures. This is in

contrast with other proton-conducting systems like barium

zirconate-cerate, where hydration is strongly temperature

dependent. Following the weak temperature dependence of

the water uptake, a mean weak temperature dependency of

the hydration reaction constant is expected following

Eq. (1).

Given the set of defects described in Eqs. (1–3), the

overall electroneutrality condition is given as:

2 V ��
O

� �
þ OH�

O

� �
¼ Acc½ � ð4Þ

Moreover, the number of oxygen sites per formula unit

of lanthanum niobate is restricted to 4, giving a site

restriction relationship of:
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Fig. 4 Mass change of a LaNb0.9Sb0.1O4-d and b La0.98Ca0.02Nb0.9Sb0.1O4-d samples and temperature as a function of time under water partial

pressure of 0.001 atm
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V ��
O

� �
þ Ox

O

� �
þ OH�

O

� �
¼ 4 ð5Þ

In the analyzed case:

Acc½ � ¼ Ca0La

� �
ð6Þ

With relationships (1–6), the equilibrium constant for

the water incorporation reaction can be formulated as:

Kw ¼ exp
DS0

hydr

R
exp �

DH0
hydr

RT

 !

¼
OH�

O

� �2

pH2O V ��
O

� �
Ox

O

� �

¼
4 OH�

O

� �2

pH2O Acc½ � � OH�
O

� �� �
8 � Acc½ � � OH�

O

� �� � ð7Þ

According to Eq. (6) in constant pH2O, the reaction

constant depends only on OH�
O

� �
and Acc½ �: The TG data

presented in Fig. 8 show weak temperature dependency,

and from previous studies for calcium-doped lanthanum

orthoniobate, there is no indication of any phase segrega-

tion with temperature [23, 25]. As calcium has a stable 2?

valence state, the acceptor concentration has to be constant

with respect to temperature changes. The thermogravi-

metric data presented in Fig. 4 show a small temperature

dependency of water uptake for investigated samples.

Thus, one can estimate the hydration enthalpy to be low.

This suggests that the reaction is favorable and therefore

the limiting factor of proton incorporation is not the ther-

modynamics of hydration, but the diffusion of protonic

defects in the crystal lattice.

The results illustrated in Fig. 7 show the minimum of

the total water uptake at 773 K. For lanthanum orthonio-

bate, this temperature is significant because of its structural

phase transition [23], which changes the mobility of the

charge carriers [26, 27]. It is possible that the coexistence

of two separate orthoniobate phases, occurring during

phase transition [25], can influence the water uptake by

changing proton defect pathways within the structure.

Li et al. studied strontium-substituted LaNbO4, which

showed a low value of diffusion coefficient of protons in

this structure [28]. The work suggests that the formation of

stoichiometric impurities might have eliminated the surface

oxygen vacancies, thus blocking water intake pathways

between the gas phase and the oxide surface. A similar

phenomenon may be present in our sample. This would

help explain why even though the energetics of water

uptake are thermodynamically favorable, the net water

uptake is relatively small. The number of vacancies

available for hydration is simply too small for the material

to hydrate in an extensive way. This phenomenon can be

either related to the segregation or the low surface diffu-

sivity, which can be an intrinsic property of this system.

This is in accordance with the results presented in Fig. 5

for different dopants and dopant concentrations and with

the rise of the total water uptake with nominal acceptor

content. Possible surface segregation can also be a reason

for differences in room temperature water vapor sorption

for materials with different dopant content (Fig. 8). For

samples with higher acceptor dopant content, the surface is

much more prone to adsorption. However, for all investi-

gated samples, the total adsorbed water content is relatively

low in comparison with other materials, especially

nanocrystalline powders [19]. Therefore, at elevated tem-

peratures, one can be sure that water uptake observed in

lanthanum orthoniobates is due to bulk proton incorpora-

tion not surface phenomena. Presented results along with

previous studies of electrical properties of doped lan-

thanum orthoniobates lead to the conclusion that intro-

duction of antimony on the niobium site promotes water

uptake in these compounds, since it enhances the proton

conductivity in relation to the undoped material [5]. It is

also possible that the proton defect mobility is different for

a structure with antimony dopant. It is well known that

antimony alters the structure and lowers the structural

phase transition temperature, leading to changes in unit cell

parameters. It was suggested that in antimony-doped lan-

thanum orthoniobate, the (Nb, Sb)–O bond type is more

covalent than that of Nb–O [14], which can influence the

proton diffusion pathways within the crystal lattice [5, 14].

Slow diffusion can be a limiting factor for the hydration

phenomena in this case. Since the lack of strong temper-

ature dependence indicates a low hydration enthalpy, the

low diffusivity can explain the slow hydration kinetics of

the investigated system.
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Conclusions

The water uptake of antimony- and calcium-doped lan-

thanum orthoniobate has been analyzed by thermogravi-

metric studies. The relation between water uptake, material

stoichiometry, and temperature has been studied. The weak

temperature dependency of water uptake for all of the

studied materials has been observed leading to the con-

clusion that the hydration reaction for lanthanum ortho-

niobate is favorable from the thermodynamic point of view.

The low water uptake values have been assigned to pos-

sible low diffusivity of protonic defects in the structure.

Further studies of the effect of surface segregation on the

diffusion process are needed to fully understand the

occurring phenomena.
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