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Abstract: Oxygen-ionic and proton-conducting oxides are widely studied materials for their ap-
plication in various electrochemical devices such as solid oxide fuel cells and electrolyzers. Rare
earth oxides are known as a class of ionic conductors. In this paper, La;ZnNdOs 5 and its Ca-doped
derivatives LayNdg 9Cag1ZnOs 45 and LayZnNd 9Cag 1 Os5 45 were obtained by a solid-state reaction
route. Phase composition, lattice parameters, and hydration capability were investigated by X-ray
diffraction and thermogravimetric analyses. The conductivities of these materials were measured
by the electrochemical impedance spectroscopy technique in dry (pH,O = 3.5 x 1075 atm) and wet
(pH,0 =2 x 1072 atm) air. All phases crystallized in a trigonal symmetry with P3m1 space group.
The conductivity difference between undoped and calcium-doped samples is more than two orders of
magnitude due to the appearance of oxygen vacancies during acceptor doping, which are responsible
for a higher ionic conductivity. The LayNdg 9Cag 1ZnOs 45 sample shows the highest conductivity of
about 1073 S-cm~! at 650 °C. The Ca-doped phases are capable of reversible water uptake, confirming
their proton-conducting nature.

Keywords: rare earth oxides; oxygen-ion conductivity; proton conductivity; hydrogen energy

1. Introduction

Oxygen-ionic and proton-conducting complex oxides are widely studied materials
because of their potential application in various electrochemical devices such as solid oxide
fuel cells and electrolyzers [1-9]. These devices allow hydrogen production from water
(electrolyzers) and then convert this hydrogen directly into electrical energy (fuel cells)
without any mechanical work. This type of energy conversion is therefore environmentally
friendly and highly efficient compared to traditional energy sources [10-15]. The further
development of hydrogen energy requires the development of new materials and devices
based on them. Therefore, the search for new highly conductive electrolytic materials
is very important. Traditional proton-conducting materials are complex oxides based
on acceptor-doped barium cerates/zirconates [16-20]. This type of doping leads to the
formation of oxygen vacancies in the anionic sublattice, which can be the reason for the
increase in ionic conductivity in dry air and the formation of proton defects in the crystal
structure in wet air.

Rare earth oxides have been the subject of proton conductivity studies by Norby et al.
for about 30 years [21-25]. The effect of calcium as an impurity on the formation and value
of proton transport of LayO3, Nd»O3, and LaNdO3 oxides was investigated [26]. It was
found that the oxides with more densely packed lattices and smaller cationic radii are
characterized by a preference of proton transport as opposed to oxygen-ion transport. The
LaNdOj3 phase is therefore of interest from the viewpoint of the possibility of controlling the
conductivity contributions and producing a material with the desired properties. However,
studies of these objects are very limited. Thus, for the first time, the new composition
was obtained, in which a half of the Nd** ions were replaced by Zn?* ions. Zinc ions are
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significantly smaller than Nd3* and La®* ions, which should have a positive effect on the
proportion of proton transport; zinc is also an acceptor dopant, which generally increases
the ionic conductivity. Finally, its introduction can also increase the density of the resulting
ceramics [27].

2. Results and Discussion
2.1. Structure Characterization

All synthesized samples LayZnNdO5 5, LaNdg 9Cag 1ZnOs 45, and LayZnNdg ¢Cag 105 45
were found to be single-phase at room temperature, as an example the results of Rietveld
refinement patterns are shown for the La,ZnNdQOs 5 sample (Figure 1). The phase of
La;ZnNdO5 5 and Ca-doped samples crystallized in a trigonal symmetry (s.g. P3m1). These
oxides are isostructural with LayO3 as well as LaNdOs3. No superstructure lines were found
in the diffraction patterns, which implies that no ordering of the cations occurred during
doping, i.e., zinc and calcium are statistically distributed in the LaNdOs. It should also be
noted that in this work, the process of calcium doping was controlled by the creation of an
initial deficiency of lanthanum or neodymium.
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Figure 1. X-ray diffraction pattern of LayZnNdOs 5; observed (points), calculated (line), difference
data (bottom), and angular positions of reflections (dashes) are shown.

The unit cell refinement parameters are given in Table 1.

Table 1. Refined lattice parameters of La;ZnNdOs 5 and Ca-doped solid solutions.

Compositions a(Ad) c(A) V (A%)

La,ZnNdOs 5 3.906 (6) 6.091 (8) 80.51 (451)
La; 9Cag1ZnNdOs 45 3.895 (3) 6.075 (6) 79.83 (653)
LayZnNdgoCap 105 45 3.897 (4) 6.081 (4) 79.99 (893)

Lattice parameters are not strongly affected by calcium doping. The changes in the
lattice parameters are the result of the action of two parameters: first, the ratio of the radii of
the doping and native ions, and, second, the presence of oxygen vacancies (the appearance
of oxygen vacancies leads to a decrease in the cell parameters as well [28]).

Thus, on the one hand, the introduction of calcium ions into the lattice leads to
the creation of oxygen vacancies in the system, which causes a reduction in the lattice
parameters, according to the equations:
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2ca0 " 2ca), 1+ 205 + Vge, (1)
d
20 M 2cal,, + 205 + V. )

On the other hand, the sizes of the cations are close, but some differences correspond
to the following order: 11, = 1.1 A>rc,=1.06A > rng = 1.046 A [29]. Thus, in the case
of LayZnNdy 9Cap 10545, the decrease is due to the appearance of vacancies, but in the
case of Lay 9Cag1ZnNdQOs 45, it is the sum of both factors and the decrease in volume is
more significant.

The SEM images for the powder samples are given in Figure 2. The results show
that the grain size was in a range of ~2 pm; grain boundaries were clean. Introduction of
calcium does not affect the morphology of the samples.

Figure 2. SEM images of LayZnNdOs5 (a), Laj 9Cag1ZnNdOs 45 (b), and Lay;ZnNdg9Cag 10545
(c) powders.

Figure 3 shows EDS maps for the elements of the La; 9Cag 1ZnNdOs 45; the homoge-
neous distribution of elements is clearly visible, and there are no impurities. The cationic
composition is in good agreement with the theoretical values (Table 2).
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Figure 3. EDS maps of CaLZN for calcium (a), lanthanum (b), neodymium (c), and zinc (d).
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Table 2. The average element ratios determined by EDS analysis for the sample La; 9Cag 1 ZnNdOj 45
(theoretical values are in brackets).

Element Ca La Nd Zn

Content, atomic

o 2.2 (2.5) 48.1 (47.5) 25.5 (25.0) 24.2 (25.0)

2.2. Hydration Properties

During the TG studies, the possibility of interaction of the samples with water vapor
was revealed. These data are shown in Figure 4. La;ZnNdOs 5 does not interact with
water vapor; therefore, it can be assumed that oxygen vacancies in this oxide are not
available for water incorporation. This may be due to the tendency of zinc to form stable
low-coordination polyhedra, which do not tend to transform into polyhedra with a higher
coordination number.
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Figure 4. TG data for La,ZnNdOs 5, La; 9Cag 1 ZnNdOj5 45 and LayZnNd 9Cag 105 45 samples.

Oppositely, the Ca-containing samples La; 9Cag 1 ZnNdOs 45 and Lay ZnNdy 9Cap.1O5.45
are able to incorporate up to 0.12 and 0.035 mol H,O in the structure, respectively. The
interaction of water with the oxygen vacancies created by the introduction of calcium
(Equations (1) and (2)) can be described by the following reaction:

V2* + HyO 4+ O < 2(0OH); 3)

where V* is the oxygen vacancy, O is the oxygen atom in a regular position, and (OH);
is the hydroxyl group in the oxygen sublattice. However, it should be noted that the sample
with a smaller lattice volume is able to retain a greater amount of water. A redistribution of
cations with different coordination numbers may be responsible for this effect.

2.3. Conductivity Properties
2.3.1. Conductivity Measurements as a Function of Temperature

Figure 5 shows typical complex impedance plots at different temperatures. A semi-
circle starting from zero of the complex impedance plot was observed over the entire
temperature range investigated. This semicircle was associated with the bulk process
as the value of the capacitance was in the range of 10711-1071° F (which is typical for
bulk processes).
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Figure 5. The impedance spectra of La,ZnNdOj 5 recorded at 400-700 °C.

The temperature dependencies of the conductivities for the La,ZnNdOs 5 compound
and doped samples of La; 9Cag 1ZnNdO5 45 and LayZnNd 9Ca 105 45 are shown in Figure 6.
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Figure 6. Temperature dependencies of the conductivities of LayZnNdOj5 5, Laj 9Cag 1ZnNdOs 45, and
LazZnNd()gCﬂOJ 05,4.

Calcium doping leads to an increase in total conductivity of more than two orders
of magnitude over the investigated temperature range. To explain this, let us look at the
factors that influence ionic conductivity [30,31]. There are two main factors—mobility p;
and concentration C;. These are related to conductivity by the equation:

o = Z;ie;G;. (4)

At introduction of calcium in La,ZnNdOs 5 increases the concentration of oxygen
vacancies in the structure (Equations (1) and (2)); this explains the increase in conductivity. If
we compare the conductivity of calcium-substituted samples with each other, the phase with
larger lattice volume LayZnNd 9Cag 105 45 exhibits the highest conductivity. This agrees
with the provisions of Sammells” work [30] that the larger the lattice volume, the higher the
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mobility of the ions and, hence, the conductivity, which is also accompanied by a decrease
in the activation energy. The activation energies for La,ZnNdOs 5, Laj 9Cag 1ZnNdOs 45, and
LayZnNd 9Cap 10545 were 1.59, 0.79, and 0.68 eV, respectively, indicating a facilitation of
the transport process.

A comparison of conductivity in a dry and humid atmosphere is shown in Figure 6.
The response to the changes in humidity correlates with the water uptake data. The
LayZnNdOs 5 and LayZnNdy9Cap 10545 samples showed little response to changes
in humidity.

At the same time, for the Laj 9Cag 1ZnNdOs 45 sample, the influence of humidity begins
to be demonstrated at temperatures below 900 °C (which is consistent with the TG data),
manifesting itself in an increase in the total conductivity. This is explained by the fact
that, during hydration according to Equation (3), mobile proton defects are formed, which
contribute additionally to charge transfer.

To confirm the assumptions about the nature of the conductivity, the electrical conduc-
tivity of the samples was studied as a function of oxygen partial pressure (pOy).

2.3.2. Conductivity Measurements as a Function of Oxygen Partial Pressure

Figures 7 and 8 show the results of the conductivity measurements as a function of
pOs in the temperature range of 500-900 °C. Two regions can be distinguished on these
isotherms: a region of electrolytic conductivity as a plateau and a region at high oxygen
partial pressures where a positive slope of the dependence is observed. For pO, < 10~# atm,
the concentration of oxygen vacancies is fixed by the doping level, and a pO,-independent
oxygen-ionic conductivity can be observed. The incorporation of oxygen into the lattice
with increasing pO; is accompanied by the generation of electron holes (h*®), which can be
described as follows:
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Figure 7. Conductivity as a function of oxygen partial pressure at different temperatures in dry
atmosphere for LayZnNdOj5 5 sample.

Therefore, it can be assumed that La,ZnNdOs 5 and Ca-doped samples are mixed
oxygen-hole conductors in a dry atmosphere. Oxygen-ion transference numbers were
calculated as a ratio of ionic conductivity to total conductivity:

tion = Cion/ Tiotal- (6)

For the undoped sample, the isotherms could be obtained in the temperature range

of 700-900 °C due to the low conductivity values (Figure 7). The La;ZnNdO; 5 sample

has the lowest tj,, levels, ~30%; however, the proportion of the ion contribution increases

with decreasing temperature. In contrast to La,ZnNdQOs 5, the Ca-substituted samples have

stable transference numbers of ~40% throughout the study interval (Figure 9). This increase

may be due to an increase in the number of oxygen vacancies upon the introduction of
calcium, as it acts as an acceptor dopant.
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Figure 8. Conductivity of Laj 9Cag 1ZnNdOs 45 (a) and LayZnNdy 9Cag 1O5 45 (b) samples as a function
of pO, at different temperatures.
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Figure 9. Calculated transport numbers: total ionic in humid air (squares), total ionic in dry air or
oxygen-ion (circles) and proton (stars) for Laj 9Cag 1ZnNdOs 45 (red) and LayZnNd 9Cap 105,45 (blue).

In a humid atmosphere below 900 °C for the calcium-substituted samples, an increase
in conductivity in the electrolytic region coupled with a slight expansion of the plateau
region are observed (Figure 8). This is due to an increase in the ionic component of the
conductivity due to the appearance of more mobile proton charge carriers. However,
the form of the dependence is different for La; 9Cag 1 ZnNdO5 45 and LayZnNdp 9Cag 105 45.
The effect of humidity on Laj 9Cag;ZnNdOj5 45 being significantly greater than that on
LayZnNd 9Cag 10545, and in the region of high oxygen pressures, La,ZnNd 9Cap 105 45 is
characterized by an equal conductivity value for wet and dry atmospheres (as we can see in
Figure 6), which is related to the smaller contribution of proton carriers to the conductivity
of this sample.

The formation of proton defects can occur due to interaction with electron carriers
according to the equation:

H,O +2h* + 20 & %Oz +2(0H)® @)
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Therefore, for LayZnNd.9Cay 105 45 with a high proportion of electronic conductivity
in a humid atmosphere, the concentration of hole carriers, which are more mobile than
protons, decreases, reducing the overall conductivity; however, this can be compensated by
an increase in the proton contribution, which tends to increase significantly with decreasing
temperature. Thus, we observe the opposite effect of these two factors.

The values of the ion transport numbers in a humid atmosphere increase with de-
creasing temperature (Figure 9), approaching 0.8 for La; 9Cap1ZnNdOs 45 and 0.6 for
LayZnNd 9Cap.10s5 45, which is associated with an increase in the proton concentration
at low temperatures (see TG data).

Using expression (6), the proton transport numbers were also calculated. According
to the data presented in Figure 9, the ratio of the contributions of the ionic conductiv-
ity in the calcium-substituted samples is significantly different. Laj 9Cag1ZnNdO5 45 is
characterized by a significant increase in the proton component, and, at temperatures
below 650 °C, proton transport dominates over oxygen-ion transport. However, for the
sample LayZnNd 9Cay 105 45, despite some increase in proton transport with decreasing
temperature, associated with an increase in proton concentration, the predominant type of
transport remains oxygen-ion transport throughout the temperature range investigated.
These correspond to the dependence discovered by Norby [26], in which the level of proton
conductivity increases with decreasing cation size and denser lattice packing. For the com-
positions of La; 9Cag 1 ZnNdO5 45 and La,ZnNdy 9Cag 1 Os 45, the conductivity was separated
and the partial contribution changes with temperature were analyzed (Figure 10). Such
a separation was based on the assumption that the value of the oxygen-ion transport is
independent of humidity.
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Figure 10. Temperature dependencies of partial conductivities for Laj¢Cag;ZnNdOs 45 and
Lu2ZnNd0'9Cu0'1 05‘45 samples.

For the Laj 9Cay 1ZnNdO5 45 sample below 500 °C, the total conductivity is attributed
mainly to proton transport, which is not observed for the LayZnNd 9Cag 1O5 45 sample. The
LayZnNd 9Cag 105 45 sample becomes predominantly an ionic conductor only at temper-
atures below 500 °C in a humid atmosphere, but the dominant type of transport cannot
be distinguished.

It is important to note that no hydrolysis decomposition of the phases was observed in
these experimental conditions (temperature range 300~1000 °C and pH,O =2 x 1072 atm),
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i.e., the samples are stable under the specified conditions. The possibility of proton transfer
dominating was also confirmed. In addition, the phases are chemically stable in a wide
range of pO,. Thus, the phases under further modification are promising as electrolytes for
electrochemical devices.

3. Materials and Methods
3.1. Synthesis of Perovskite LayNdZnOj 5 and Doped Samples

The LaNdZnOs 5 phase and Ca-doped samples were synthesized by the solid-state
method. High-purity powders (99.99% purity, REACHIM, Moscow, Russian Federation)
of NdyO3, LayO3, and CaCO3; were used as precursors. They were pre-calcined before
weighing: Nd,O3 at 500 °C, CaCOj at 300 °C for 5 h to remove adsorption water; LapO3 was
calcined at 1100 °C for 3 h to decompose the surface lanthanum carbonates LaOHCO3; and
LayO,CO; [32]. Stoichiometric amounts of oxides were weighed on an analytical balance
(Sartorius AG, Gottingen, Germany) with an accuracy of £0.0001 g, and then mixed with
ethanol and manually ground in an agate mortar and calcined in the temperature range of
700—1400 °C with heating steps of 100 °C; isothermal holding for 24 h and cooling in the
furnace; and intermediate grinding was performed for each step. The solid-phase reactions
were carried out according to the following equations:

LayO3 + 0.5Nd203 +7Zn0O — LazandO5.5, (8)
0.95La203 + 0.5Nd203 + ZnO+ 0.1CaC03 — Lal_gCaOJZnNdO5_45 +0.1CO, (9)
La203 + 0.45Nd203 + ZnO+ 0.1CaCO3 — Lazand0.9Ca0.105.45 + 0.1C02 (10)

3.2. X-ray Diffraction

The phase composition was monitored by powder X-ray diffraction (XRD) on a D8
Advance diffractometer (Bruker, Billerica, MA, USA) using Cu K« radiation in a 26 range
of 10°-80° with a step of 0.05° and an exposure time of 1 s, a voltage of 40 kV, and a current
of 40 mA. The basic cell parameters of the samples were determined by Rietveld refinement
using the FULLPROF software [33]. Phases have been identified according to the Inorganic
Crystal Structure Database (ICSD, version 2020/2).

3.3. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used to determine the proton concentrations.
The TGA was performed on the hydrated powder samples using a STA 409 PC analyzer
(Netzsch, Selb, Germany). The samples were first treated at 1000 °C for 1 h in dry Ar to
remove any volatiles (CO,, HyO), and then the samples were cooled to 200 °C at a rate of
1 °C/min in humid air (pH,O =2 x 1072 atm) from which the CO, was removed. The
samples were then hermetically sealed.

3.4. Conductivity Measurements

Preparation of compacted samples. For electrical measurements, the powder samples
were compacted to pellets at 50 MPa on a PLG-12 laboratory hydraulic press (LabTools,
Saint-Petersburg, Russia). The solution of rubber in hexane was used as a plasticizer. The
pellets were sintered at 1300 °C for 24 h. The values of relative densities were found to be
~95-97%. The polished surfaces of the sintered pellets were then coated with Pt paste and
annealed at 900 °C for 3 h in air.

Measurement conditions. Conductivity measurements as a function of temperature
were carried out in the temperature range of 200-1000 °C with a cooling rate of 1 °C/min
and taken every 20 °C. The AC conductivity of the samples was measured using the
2-probe method with the impedance spectrometer Z-1000P (Electrochemical Instruments
(Elins), Chernogolovka, Russia) in the frequency range 1-10° Hz. The bulk resistance
was calculated from a complex impedance plot using Zview software fitting (Scribner
Associates, Southern Pines, NC, USA) [34].
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Conductivity measurements as a function of oxygen partial pressure (pO,) were made
using the direct-current 2-probe method in the temperature range 400-900 °C and taken
every 100 °C at oxygen partial pressure (pO,) ranging from 0.21 to 10~!8 atm. Each pO,
step was held for 4 h to allow the sample to equilibrate with a gas phase. Measurements
were performed using a coupled electrochemical pump and an YSZ sensor, controlled by a
Zirconia-M (Project Zirconia, Ekaterinburg, Russia [35]). This automatic microprocessor
controller was used to adjust the temperature and oxygen partial pressure within the
electrochemical cell. The relative errors in the determination of the conductivity values
did not exceed 5% and were caused mainly by the accuracy of the measurement of the
dimensional parameters of the sample.

The temperature inside the furnace was controlled with an accuracy of £1 °C by
means of a Pt-Pt/Rh thermocouple placed next to the ceramic sample.

Conductivity measurements were carried out in dry and wet atmospheres.

Preparation of “dry” and “wet” air. To produce the desired humidity and to remove
COy, the air was then bubbled through 30% NaOH and saturated KBr solutions at room
temperature to produce “wet” air. To obtain a “dry” atmosphere, the air was passed
through NaOH and P,Os powders. Partial water vapor pressure was measured with a
humidity sensor HIH-3610 (Honeywell, Freeport, IL, USA) and was 2 x 10~2 atm for “wet”
and 3.5 x 107> atm for “dry” air.

4. Conclusions

LayZnNdOs 5 oxide and calcium-substituted derivatives were synthesized for the first
time. The electrical properties of the phases, as well as the possibility of interaction with
water vapor, have been under investigation. The introduction of calcium significantly
increases the electrical conductivity by more than two orders of magnitude, but the degree
of increase depends on which initial ion is substituted. Sample Lay;ZnNdy 9Cag 105 45 has the
highest electrical conductivity of about 1072 S-cm ™! at 650 °C. It is shown that by varying
the average radius of the cation (i.e., by introducing a larger or smaller ion into the native
lattice), one can influence the ratio of the contributions to ionic conductivity (proton and
oxygen-ion). Substitution of lanthanum by a smaller calcium ion reduces the lattice volume
and increases the proportion of proton transport to values where it becomes the dominant
type of transport (T > 500 °C). At the same time, substitution of niobium by a larger calcium
ion increases the lattice volume and the proportion of oxygen ion transport. These data
are fully consistent with Norby’s suggestion that oxides with denser lattice packing favor
proton transport over oxygen-ion transport [26].
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