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Abstract—Solid solution  with a pyrochlore structure is synthesized for the first time. The
cationic composition is confirmed via chemical analysis and nuclear reactions. It is found that the stoichiom-
etry with respect to lithium is retained up to 1100°C. The lattice parameter diminishes in the homogeneity
range 0 ≤ x ≤ 0.30, while the free volume of migration grows. Introducing lithium into the Gd sublattice raises
oxygen–ion conductivity, due to the emergence of oxygen vacancies and enhancement of their mobility.
Maximum conductivity is reached for composition with х = 0.10 (~1 × 10−3 Ω−1 cm−1, 650°C). An assump-
tion is made about the formation of associates of the type  at high contents of the dopant
(x = 0.30), accompanied by an increase in the activation energy of conductivity.
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INTRODUCTION
The use of molten salt electrolytes opens up new

resource-saving ways of processing industrial waste,
including radioactive substances and organic com-
pounds, that are safe for humans and the environ-
ment [1–3]. Electrochemical ways present minimal
environmental hazards and allow us to create con-
trolled closed technological schemes. Impurities
(mainly of oxygen) contained in them have a strong
effect on the properties of molten salt electrolytes.
Reliable oxygen sensors are therefore needed in par-
ticular for measuring both contents of oxygen in situ
during chemical processes and those in technological
media [4]. However, this problem remains unsolved.
Materials currently proposed for oxygen ion activity
sensors are susceptible to corrosion in melts based on
halides. They are thus ineffective, since they cannot
ensure accurate control over the parameters of tech-
nological processes [5, 6].

Crystal matrix Gd2Zr2O7 with a pyrochlore struc-
ture is of interest as a material that could be used as an
O2– sensor for Li+-halide melts. Gadolinium zirconate
Gd2Zr2O7 has attracted considerable attention from
scientists in the last few years, due to its high thermo-
chemical stability and structural f lexibility [7, 8].
There have recently been intense studies of the trans-

port properties of phases based on Ln2Zr2O7, includ-
ing Gd2Zr2O7. The transport of oxygen ions in
pyrochlores of general formula A2B2O (1)6O (2) is due
to the possibility of anti-Frenkel disordering (i.e., oxy-
gen vacancies at 48f and interstitial oxygen at 8b) [9,
10]. Acceptor doping of matrix Ln2Zr2O7 is usually
used to identify oxygen deficiencies and improve O2–

ion conduction. It was found for phase Gd2Zr2O7 that
isovalent substitutions of Gd3+ with La3+, Er3+, Y3+,
Dy3+, Sm3+, and Nd3+ had no appreciable effect on
ionic conductivity [11–13]. The highest conductivity
was observed for samples with Gd3+ sublattices doped
with doubly charged cations [14–16].

In terms of possibly using such phases as sensors on
O2– ions in melts containing Li+, we must also pre-
clude the possibility of ion exchange in the melt, so it
is advisable to use Li+.

In this work, solid solution  is
synthesized for the first time. The width of the homo-
geneity range is evaluated, transport properties are
investigated, and the effects the nature and concentra-
tion of defects have on oxygen-ion transport are dis-
cussed.
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EXPERIMENTAL

Samples of  (x = 0.10, 0.20, 0.25,
0.30, 0.33, 0.35, 0.40, 0.45, 0.50, 0.60) were obtained
using a modified Pechini approach and glycerol-
nitrate technology. Corresponding weights of pre-cal-
cined powders of Gd2O3 (GdO-D, TU 48-4-524-90)
(600°C, 3 h) and Li2CO3 (special purity, TU 6-09-
4757-84) (400°C, 2 h) were dissolved in an excess of
concentrated nitric acid (special purity 27-5, Russia)
at 60–80°C. The content of crystallization water was
preliminarily determined via thermogravimetry for
zirconyl nitrate ZrO(NO3)2⋅nH2O (analytical grade,
TU 6-09-1406-76, Russia), and a corresponding
amount was dissolved in distilled water. The concen-
tration of the resulting solutions ranged from ~0.5 to
1 mol/L. All solutions were then mixed together. Cit-
ric acid (extra pure grade, TU 6-09-584-75), used as a
ligand in complexation reactions, and glycerol (ana-
lytical grade, GOST 6259-75, VEKTON), which
serves as a polymer-forming agent, were next added
with stirring. The molar ratio of the sum of metal cat-
ions to citric acid and glycerol was 1 : 1.5 : 1. An excess
of citric acid in a ratio of 1.5 mol for each mol of metal
ion was taken to create the necessary conditions for the
formation of possible polynuclear citrate complexes.
The resulting mixture was neutralized to pH 4 with a
solution of ammonia. The mixture was then heated for
several hours at temperatures of 80–90°C with the
removal of nitrogen oxides. Heating also resulted in
the removal of water and initiation of the polyconden-
sation of citrate complexes and an excess of citric acid
with glycerol. Polycondensation produced a gel that
was subjected to stepwise drying at temperatures of 100
to 140°C. Heat treatment was done for several hours at
400°C to remove residual organic compounds and
decompose organometallic compounds.

The main strategy for removing the organic matrix
was maintaining homogeneity (which ensured the uni-
formity of the distribution of elements in the final
product) and preventing deviation from stoichiometry
with respect to lithium, due to the volatility of its
oxide. These requirements were met by the proposed
heat treatment scheme, which ensured a smooth f low
of processes. There was no spontaneous combustion of
the solutions that boiled off, but lithium was bound
into intermediate phases.

To form the final product, heat treatment was per-
formed in the temperature range of 700–1100°C with
steps of 100°C and holding for 12 h at each stage, with
intermediate grinding in ethanol in an agate mortar.
The last stage of synthesis (1100°C, 20 h) was per-
formed by heating in a laboratory microwave oven
(Ural-Gefest, Russia) and coincided with the tem-
perature of ceramic sintering.

X-ray analysis was performed to control the phase
composition of the products of synthesis and deter-
mine the structural parameters of the considered sam-
ples. X-ray diffraction patterns were obtained at room
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temperature on a Bruker D8 Advance diffractometer
(Germany) in the range of angles 2θ = 10°–90° with
steps of 0.01° and exposition of 1 s at each point. The
interplanar distances were calculated and the parame-
ters of unit cells were determined using the FullProf
program.

The surface morphology of the samples was studied
on a Phenom ProX scanning electron microscope
(Eindhoven, The Netherlands). The tablets were not
subjected to any special treatment for analysis. Images
were recorded at 15 kV and a working distance of
10 mm using a back scattering detector. The operation
of the microscope was monitored, and the operating
parameters were altered using the Phenom Pro Suite
software.

Samples of  were analyzed in a
number of ways to determine its composition.

Chemical analysis was performed for gadolinium
and zirconium after annealing at each temperature via
inductively coupled plasma atomic emission spectros-
copy on an Optima 4300 DV Perkin Elmer spectrom-
eter (United States). A 0.1 g sample was preliminarily
dissolved in a mixture of concentrated sulfuric acid
and ammonium sulfate with a ratio of 3 : 2 by weight.

The content of lithium was determined via nuclear
microanalysis using the reaction 7Li(p, α)4He. The
source of the accelerated protons was a 2 MV Van de
Graaff accelerator, and the particle energy of the ini-
tial beam was 762 keV. Nuclear reaction spectra were
recorded using a silicon surface-barrier detector with
an area of 1 cm2. The irradiation of the samples was
measured using a secondary monitor with an error of
1% for lithium. Powder particles were pressed into an
indium plate to make measurements via nuclear
microanalysis. A layer at least 2 μm thick and contain-
ing only oxide particles formed near the outer surface
of each sample. To calculate the concentrations of
lithium, we compared spectra from the test sample
and a reference sample with a concentration of lithium
that was constant over depth. The reference for lithium
was Li2ZrO3, the content of lithium in which was taken
to be 33.33 at % (9.06 wt %) in accordance with the
stoichiometric formula. Since the concentration of
lithium isotope 7Li was determined and its content was
92.5% in the natural mixture of isotopes, the obtained
values must be divided by 0.925 to determine the con-
centration of lithium. This allowed us to determine the
concentration of lithium with a high degree of accu-
racy, due to the large cross section of the nuclear reac-
tion on isotope 7Li when a sample was irradiated with
protons. The root-mean-square error in measuring
the lithium concentration in the studied samples did
not exceed 8%.

For electrical measurements, the powders were
pressed into pellets ~10 mm in diameter and ~2 mm

2– 2 7–Gd Li Zr Oх х x
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Fig. 1. X-ray samples. Superstructural reflections are indicated by asterisks; diffraction peaks of Li2ZrO3, by black dots.
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thick. The compression and sintering of powders was
done in a number of ways.

● Spark-plasma sintering on a hybrid SPS Labox-
125 setup (Japan). Heating was done by passing a
pulsed direct current at a rate of 150 and 200 K/min up
to 1100°C. The temperature was controlled outside the
graphite matrix using an optical pyrometer and a ther-
mocouple. The powder was compacted with a con-
stant load (at a pressure of 5, 25, 50 MPa) before heat-
ing. The load was removed after heating was stopped.
The high temperature holding time was 60 min, at the
end of which both the sample and the chamber were
cooled at a rate of 10 K/min.

● Using a hand press with a pressure of ~6.5 MPa.
The pressed samples were sintered inside a microwave
oven for 20 h at 1100°C.

The density of ceramic samples was measured
according to their geometric dimensions and via
hydrostatic weighing in kerosene, in accordance with
GOST 2409-2014.

Electrodes made of fine platinum (platinum paste
in a solution of rosin in ethanol) were applied to the
end surfaces of the sintered samples to measure elec-
trical conductivity. The organic binder was burned out
and the Pt electrodes were baked for 1 h at a tempera-
ture of 900°C. The electrical conductivity of the stud-
ied samples was measured according to the electro-
chemical impedance in a two-contact cell, using a
Z-500PX impedance parameter meter (Elins, Cher-
nogolovka). The frequency range of measurements
was 100 Hz–1 MHz at temperatures of 300–900°C.
Resistance was determined by extrapolating the
impedance spectrum to the axis of active resistance
RUSSIAN JOURNAL O
using the ZView2 software. Specific electrical con-
ductivity was found with the familiar ratio

(1)
where R is the sample’s resistance, l is its thickness,
and S is its cross-section area. Electrical conductivity
was measured in air.

RESULTS AND DISCUSSION
X-ray data showed that the samples of

 in the range of compositions 0 ≤ x ≤
0.30 consisted of a single phase characterized by a
pyrochlore structure (sp.gr. Fd m) along with the
basic composition of Gd2Zr2O7. A slight broadening of
diffraction lines and the emergence of a shoulder were
observed on the X-ray diffraction patterns of samples
with x = 0.33 and 0.35, as is shown in the inset in Fig. 1
for the example of composition x = 0.35. It was not
possible to reliably identify the nature of the second
phase for these compositions. Samples with high lith-
ium contents of x ≥ 0.40 contained an impurity phase
of lithium zirconate Li2ZrO3. X-ray diffraction pat-
terns of the synthesized samples of 
are shown in Fig. 1.

When lithium was introduced into Gd3+ sublattice,
the lattice parameter fell monotonically (Fig. 2),
which agrees with the ratio of the radii of substituting
atoms: (r(Gd3+) = 1.053 Å, r(Li+) = 0.92 Å for coordi-
nation number of 8 [17]).

According to data from scanning electron micros-
copy of the lithium-doped materials, the shape and
dispersion of grains were approximately the same for
each of the studied samples, which consisted of

σ = (/ ,)l SR
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Fig. 2. Dependence of  lattice parame-
ter on composition.
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Fig. 3. SEM image of  powder (x =
0.50), obtained using backscattered electrons. Data from
energy-dispersive microanalysis are presented.
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rounded particles with sizes of 3–5 μm. However, the
emergence of individual uniformly distributed grains
of different colors was observed for samples of compo-
sition x ≥ 0.40, suggesting the presence of an impurity
phase (Fig. 3). According to energy dispersive X-ray
microanalysis, the main component of this phase was
ZrO2, so the impurity phase was obviously lithium zir-
conate Li2ZrO3 (since it is a light element, lithium was
not detected). We may therefore conclude that the
homogeneity range of the studied solid solution was
limited by the composition x = 0.30.

The chemical composition of the obtained phases
was monitored at all stages of heat treatment during
synthesis and in preparing the ceramic samples. No
deviations from stoichiometry were observed for gad-
olinium and zirconium; their atomic ratios did not
change and remained in exact correspondence with
the charged samples. The lithium content was main-
tained only up to a temperature of 1100°C. There was
a considerable loss of lithium upon annealing at higher
temperatures, which is described in Table 1 using the
example of Gd1.7Li0.3Zr2O6.7.

Because of the above, our task was to obtain ceram-
ics of a given stoichiometry with respect to lithium.
Means of low-temperature sintering (spark plasma
and microwave) were therefore used. Ceramics
obtained via spark plasma sintering had a relative den-
sity of 70%. According to data on nuclear reactions,
however, there was a redistribution of the lithium con-
tent: an increase in 6.75 times relative to the nominal
composition was observed on the surface of a pellet,
accompanied by a reduction in its volume. Other
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Table 1. Lithium content in a sample of Gd1.7Li0.3Zr2O6.7,
nuclear reaction data

Temperature of annealing 1000°C 110

Li index in the formula 0.34 ± 0.03 0.30 ±
ceramics were therefore obtained via 20 h of micro-
wave sintering at 1100°C, allowing us to preserve the
stoichiometry with respect to lithium. The samples
were characterized by a relative density of ~70%.

Electrical Measurements

It is known that the electrical properties of poly-
crystalline solid electrolytes must be compared using
samples of approximately the same relative density,
since their electrical conductivity depends on the
porosity of the material [18]. Electrical conductivity is
therefore normally measured on high-density sam-
ples. Since high-temperature annealing was not per-
formed in order to preserve the stoichiometry of solid
solution  with respect to lithium and
the relative density was ~70%, data on the electrical
conductivity of samples with the same relative density
were used for a correct comparison to matrix phase
Gd2Zr2O7. The electrical conductivities of Gd2Zr2O7
samples with different relative densities were presented
in [19].

Temperature dependences of 
electrical conductivity are compared in Fig. 4. We can
see that introducing the dopant did not alter the gen-
eral nature of the dependences, but the conductivity
changed dramatically. The oxygen-ion character of

2– 2 7–Gd Li Zr Oх х x
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Fig. 4. Dependences of  electrical con-
ductivity on temperature.
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Fig. 5. Dependence of  electrical con-
ductivity on composition.
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Table 2. Oxygen-ion conductivity (σ) at 650°C, activation

energy (Ea), pre-exponential factor (A), and free migration

volume (Vf) for compositions with 

x
σ × 105, 

Ω−1 cm−1

Ea ± 0.01, 

eV

A × 10−6, 

Ω−1 cm−1 K
Vf, Å

3

0.00 9.66 1.11 0.05 422.63

0.10 97.72 0.96 3.50 429.27

0.20 64.56 0.91 3.99 436.26

0.25 27.54 0.83 5.07 441.21

0.30 18.20 1.04 0.22 444.55

2– 2 7–Gd Li Zr Oх х x
the conductivity of Gd2Zr2O7 and doped phases based

on it was proved in [19].

The concentration dependence of conductivity is
shown in Fig. 5. We can see that the electrical conduc-
tivity rose along with the concentration of lithium, a
natural consequence of the increased concentration of
oxygen vacancies upon doping.

The formation of oxygen vacancies upon introduc-
ing lithium into the gadolinium sublattice is described
by the quasi-chemical formalism of the reaction

(2)

Reaching its maximum value for composition with
x = 0.10, conductivity then falls. This behavior is a
consequence of several multidirectional factors. Ion
transfer in solid electrolytes is known to be determined
by the concentration of mobile ions and their charge
and mobility. The last is in turn determined by the size
of the ion, the number of crystallographic positions
available to mobile ions, the energy of a mobile ion
bonding with the crystal lattice, and the geometry of
the unit cell [20].

The concentration of oxygen vacancies rises upon
the doping of Gd2Zr2O7 with lithium, which favors an

increase in oxygen-ion conductivity. However, the lat-
tice is compressed. Ionic conductivity is known to be
proportional to the mean free path, and hence to the
interatomic distance. An increase in the lattice param-
eter therefore facilitates ion transport. As can be seen
from the data in Table 2, the preexponential factor in
the equation

(3)

falls as the concentration of lithium grows (i.e., with a
drop in the lattice parameter, which is consistent with
the above reasoning).
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On the other hand, doping increases the free vol-
ume of migration (Table 2), which facilitates the

migration of oxygen ions. It should also be noted that
the nature of the dependence of the activation energy
(a quantity that directly ref lects ion mobility) con-
firms the above. Activation energies of ionic conduc-

tivity Ea, calculated according to Eq. (3) and depend-

ing on the content of the dopant, are also shown in
Table 2. We can see that the activation energy falls
upon an increase in the lithium content.

At the same time, it is known that the conductivity
of many oxygen-ion conductors depend strongly on

the concentration of the dopant [21]. In such systems,
a drop in conductivity in the region of high concentra-
tions of an acceptor-type dopant is usually explained
by effects of the interaction between defects with

opposite charges [21]. We may assume that typical
patterns of oxygen-ion transport are observed for the

considered  system (i.e., associates of

the  type can form at high concentrations

2– 2 7–Gd Li Zr Oх х x
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of defects). This lowers the concentration of free oxy-
gen vacancies and reduces conductivity. The data in
Table 2 for a sample with high lithium content x = 0.30
show that the activation energy is higher than for other
Li+-doped phases, confirming our assumption about
the association of defects.

Introducing lithium into the Gd3+ sublattice thus
allows us to obtain solid solution  in a
fairly wide range of concentrations (0 ≤ x ≤ 0.30). There
is an optimum range of dopant concentrations for
which oxygen-ion conductivity reaches its maximum
and exceeds the values of Gd2Zr2O7 by an order of mag-
nitude. We may therefore assume that lithium is an
effective acceptor dopant for the pyrochlore structure.

CONCLUSIONS
Solid solutions with pyrochlore structure

 were obtained using a modified
Pechini approach. Monitoring the content of lithium in
a sample with a method employing nuclear reactions
allowed us to develop ways of synthesis that preserve the
stoichiometry with respect to lithium. Phase Gd2Zr2O7
displayed high tolerance to lithium as a dopant, and was
characterized by a fairly wide homogeneity range of

 solid solution (0 ≤ x ≤ 0.30). Intro-
ducing lithium into the Gd sublattice lowered the lat-
tice parameter. Oxygen-ion conductivity can be raised
by an order of magnitude (x = 0.10) with lithium dop-
ing, due to an increase in the concentration of oxygen
vacancies and their mobility.
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− −2 2 7Gd Li Zr Oх х x

2– 2 7–Gd Li Zr Oх х x

2– 2 7–Gd Li Zr Oх х x
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