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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini LnyZryO7 (Ln = Sm, Gd) zirconate solid solutions doped with Mg on the Ln and Zr sites have been prepared via

mechanical activation of oxide mixtures, followed by heat treatment of green compacts at 1500 and 1600 °C for

Keywords: 4 h. The ceramics prepared at 1600 °C have been characterized by X-ray diffraction and scanning electron

REE zirconates microscopy. Their electrical conductivity has been determined in dry and wet air using impedance spectroscopy,

S’roc.}:lores and the total conductivity of the best samples has been measured from 700 to 1000 °C in a wide range of oxygen
uorites

partial pressures. The conductivity data obtained in dry and wet air for the samarium zirconate-based solid
solutions doped with Mg on the Zr site demonstrate that raising the Mg content on the Zr site in the
SmyZry ,Mg07_5 (x = 0, 0.05, 0.1, 0.2) pyrochlore series leads to a decrease in the total conductivity of the
materials. However, the SmyZr, ,Mg,O7_s (x = 0.05, 0.1) materials have a proton component of conductivity in
the range of 300-600 °C, which also decreases with increasing Mg content. Among the samarium zirconates
studied here, high proton conductivity (1 x 10~* S/cm at 500°C) is offered by the SmyZr; 95sMgp.0507-_s solid
solution. Smy gMgp 1Zr207_s, containing Mg on the Sm site, has the highest oxygen ion conductivity: 5 x 10°%s/
cm at 750°C. The total conductivity of the GdaZry_,Mg,O7_5 (x = 0, 0.05, 0.1, 0.2) series also decreases with
increasing Mg content, and no proton conduction has been detected in these zirconates. Mg doping of GdaZr207
on the Zr site reduces the total conductivity of the material, whereas Mg doping on the Gd site
(Gd;.9Mgp.1Zr07_) raises it to 7.5 x 1073 S/cm at 750 °C.

Oxygen-ion conductivity
Proton conductivity

1. Introduction

It is known that, for practical applications, the oxygen ion conduc-
tivity of solid oxide fuel cell (SOFC) electrolytes should be in the range
8.4 x 1073 to 7.4 x 1072 S/cm at 700 °C [1]. This high level of oxygen
ion conductivity is offered by 8YSZ (8 mol% Y5Os-stabilized ZrOs) [2,3],
gadolinium-doped ceria GDC (Cep9Gdp10195) [4,5] and
scandia-stabilized zirconia (ScSZ) [6-10] solid electrolytes. The last one
is known to undergo a phase transition from the high-conductive cubic
phase to a low-conductive tetragonal phase during cooling or aging at
1250-1550°C [6], but Ce doping of scandia-stabilized zirconia, e.g. in
the case of the composition (Sc203)9.08(Ce02)0.01(ZrO2)¢.91, was shown
to stabilize its cubic phase in a wide temperature range [8-10].
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Raising the LnyO3 content of the LnyO3-ZrOy (Ln = La - Gd) systems
to 33.3 mol. % leads to the formation of pyrochlore-structured com-
pounds LnyZry07. In the pyrochlore LnyZryO7 series, the compounds
near the pyrochlore-fluorite morphotropic phase boundary, i.e. the
LnyZry07 (Ln = Sm, Eu, Gd) compounds, are known to have the highest
oxygen ion conductivity [11-14]. The material of most practical interest
is GdaZr207, whose conductivity at 700 °Cis 1 x 1073 S/cm, and the fact
that gadolinium has only one oxidation state (Gd>") is favorable for the
stability of this material in a reducing atmosphere and in the working
temperature range of fuel cells (500-800 °C). Thus, to reach conduc-
tivity optimal for practical application (8.4 x 107>~ 7.4 x 10”2 S/cm at
700°C [1]), a dopant capable of raising the conductivity of GdyZr,07 by
an order of magnitude should be found.
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Since GdyZr,07 is the most attractive material for doping because its
own oxygen ion conductivity is high, in many studies both iso- and
aliovalent doping on the Gd and Zr sites was used to raise its conduc-
tivity [15-18]. For example, Diaz-Guillen et al. [15,16] studied elec-
trical properties of the Gd,_,La,Zr,07 (0 < y < 1) series. The synthesis
temperature was 1200 [15] and 1500 °C [16]. In the lower temperature
series, the highest conductivity was offered by the Gdz_,La,Zr,07 (y =
0.4) solid solution: 7 x 10~* S/cm at 700 °C [15]. When the synthesis
temperature was raised to 1500 °C, the highest conductivity in air was
obtained in the case of Gdz_yLayZr;O7 (y = 0.8): 4 x 1072 S/em at
700°C. In our opinion, interesting results were reported by Xia et al.
[171, who studied the conductivity of GdaZrs_4Nb,O7 (0 < x < 0.4). The
highest electrical conductivity was observed for GdaZry ,Nb,O7 1 (x =
0.1). The authors believe that this ceramic has proton conductivity
because its conductivity in Hj is slightly higher than in air. It is worth
noting that none of the cations in this solid solution have pronounced
basic properties and, accordingly, all of them have low activity upon
proton dissolution in the lattice, unlike in the case of, e.g., Ca®>*-doped
La22r207 [19].

Doping of GdyZr207 with Ca and Sr divalent cations has been the
subject of the most intensive research effort [20-22], but no significant
increase in conductivity was ensured. For example, the oxygen ion
conductivity of Gdy_,Ca,Zr207_s (x = 0.1) was determined to be 1.2 x
1073 S/cm at 700 °C [22]. In a number of studies, the conductivity of the
Ca-doped material was even observed to decrease with increasing Ca
concentration. It is important to emphasize that, in the case of
Gdy_CayZry07_y2 (x = 0.1), only its grain-boundary conductivity
responded to changes in ambient humidity, and this was shown to be
due to a perovskite CaZrOs-based proton-conducting impurity phase
formed on grain boundaries [21,22].

Shlyakhtina et al. [23] and Liu et al. [24] reported doping with
beryllium and molybdenum on the Zr site, which led to a decrease in
oxygen ion conductivity. Xia et al. [17] and Anokhina et al. [25,26]
doped with Nb and Li on the Zr site observed an increase in oxygen ion
conductivity at degrees of substitution of up to x = 0.1, but the con-
ductivity dropped at higher degrees of substitution [17,26]. The best
results were obtained in the case of Gd; 7Lip3Zr20¢.7 [25], with a high
degree of Li substitution on the Gd site: its oxygen ion conductivity (~8
x 1073 S/cm at 700 °C) was an order of magnitude higher than that of
undoped GdZr,07.

Comparing the dependence of total conductivity on oxygen partial
pressure for ceramics doped on the Zr site, we note a considerable region
of purely oxygen ion conductivity, without a hole contribution (at high
oxygen partial pressures) or an electron contribution (at low oxygen
partial pressures) in the case of ceramics doped on the Zr site with Li
(below 750 °C), Be (below 900 °C), or Mo (below 800 °C) [20,22,25]. At
the same time, above 600 °C, the most promising solid solution
Gdj 7Lig.3Zr;0¢7 has hole and electron conductivity at high and low
oxygen partial pressures, respectively, with a marked decrease in the
region of purely ionic conductivity [25]. In the case of Ca doping of
GdyZry07, the Gdy_,CaZryO7 /2 (x = 0.1) solid solution had no hole
conduction in a wide temperature range, up to 950 °C, but at low oxygen
partial pressures the electron contribution markedly reduced the oxygen
pressure range where ionic conduction prevailed (from 1072° Pa at
700 °C to 10712 Pa at 950 °C) [22].

As mentioned above, Ca-doped GdyZroO7-based solid solutions
demonstrate bulk oxygen ion conduction over the entire temperature
range measured. This distinguishes them from pyrochlore Ca-doped
SmyZro0y-based solid solutions, which were shown to have proton
contributions to their bulk and grain-boundary conductivity below
600 °C [22,27]. Note that, above 700 °C, the oxygen ion conductivity of
Smy_,Ca,Zra07_x/2 (x = 0.1) (2.5 x 1073 S/cm at 700 °C) slightly ex-
ceeds that of Gda_xCa,ZroO7_x/2 (x = 0.1), which is due to the more
disordered structure of the latter. The oxygen ion conductivity data re-
ported by Xia et al. [28] for Smy_xCa,Zry07_y/ 2 agree with later results
[21,22].
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Along with high conductivity, an important point for practical
application is the absence of hole conduction in SOFCs at high oxygen
partial pressures and in air [29]. As shown earlier [22],
Gdg_xCayZra07_5/2 (x = 0.1) has no hole conductivity at least up to
800 °C, like the Smy_,Ca,Zr07_y/2 (x = 0.05) solid solution [22], but
the latter has a very narrow purely ionic conductivity region.

There is very limited information about magnesium doping of the
LnyZry07 (Ln = Sm, Gd) pyrochlores. One exception is a report by Qu
et al. [30], who related the observed variation in the thermal expansion
coefficient of SmyZry07-based solid solutions to defect chemistry. Their
results demonstrate that, at low doping levels, Mg occupies interstitial
sites, whereas at higher doping levels Mg cations begin to occupy the Sm
site, producing oxygen vacancies. These processes can be represented by
the following Kroger-Vink equations:

MgO + Vo™ —>Mg™ + O] (€D)]
ZMgO Lny 03 2MgLn + 208 + VO“ (2)

Xiong et al. [31] co-doped SmyZr;0; with Dy and Mg on the Sm site
(SmDy; _Mgy)Zr207_y/2 (0 < x < 0.20)), but the oxygen ion conduc-
tivity of the resultant material was just ~ 1 x 1073 S/cm at 700 °C,
whereas the conductivity of the (GdSm;_,Mg,)Zr207_y,2 (x = 0.15) solid
solution was four times higher [32].

Shimura et al. [33] studied the proton conductivity of LnyZr,0; (Ln
= La, Nd, Sm, Gd, Er) based rare-earth oxides with the pyrochlore
structure and showed that, in a hydrogen atmosphere above 600 °C, the
conductivity of LnyZry §Y207_5 (Ln = La, Nd, Sm, Gd), doped with
yttrium on the Zr site, was comparable to that of perovskites. The
LnyZry §Y0.207_5 (Ln = La, Nd, Sm, Gd) materials were shown to be pure
proton conductors in hydrogen, whereas in an oxidizing atmosphere
they had oxygen ion conductivity with a transport number under unity,
except for GdyZr; gY0.207_s.

A number of detailed studies have been concerned with how sub-
stitutions of Y and Mg, Ca, Sr, and Ba alkaline-earth cations on the La
and Zr sites in the pyrochlore structure of La;Zr,07 influence its proton
conductivity [19,34,35]. The proton conductivity of the materials
acceptor-doped on the La site was shown to be about three times that in
the case of Zr-site substitution [19].

It is worth noting that we have found no data on Zr-site doping of
LnyZry07 (Ln = Sm, Gd) with Mg, even though it is Zr-site doping with
Y3+ which favours proton conduction in rare-earth pyrochlores [33].

The pyrochlore unit cell contains 88 atoms and has a rather complex
arrangement of atoms. Doping with small cations (A; = r(Smyy®") —

r(Mgvn?*) = 0.189 A and A; = r(Gdym®") - r(Mgum*) = 0.163 &)

would be expected to be more successful than that with large cations:
calcium and strontium [31]. A smaller dopant size can ensure a more
uniform dopant distribution over the structure [36]. Although Ca and Sr
are known to have the greatest tendency toward hydration among
divalent dopants, whereas Mg is less susceptible to hydration [34].

The purpose of this work was to study the conductivity of
Lny(Zry_xMg,)O7_s (Ln = Sm, Gd, Dy; x = 0, 0.05, 0.1, 0.2) solid solu-
tions, containing Mg on the Zr site, and compare the results to the
conductivity of Lny_,Mg,Zr,07_5 (Ln = Sm, Gd; x = 0.1), containing Mg
on the lanthanide site.

2. Experimental part

Lny(Zry Mg,)07 5 (Ln = Sm, Gd; x = 0, 0.05, 0.1, 0.2) and
Lny_,Mg,Zrs07_s (Ln = Sm, Gd; x = 0, 0.1, 0.3) were synthesized by
reacting appropriate oxide mixtures (LnyOs (Ln = Sm, Gd) + ZrO, +
MgO) after mechanical activation in a SPEX8000 ball mill. Initial re-
agents: GdoO3 (99.99 % purity, Aldrich Chem Company, Inc.), SmyO3
(99.99 %, manufactured by OOO Lankhit, Russia), ZrO, (99 %, Aldrich
Chem Company, Inc.), MgO (99.99 %, Aldrich Chem Company, Inc.).

The parameters of SPEX8000 ball mill are presented in Ref. [22]. The
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Lny03 (Ln = Sm, Gd) starting powders were annealed at 1000 °C for 2 h
and then placed in a desiccator after cooling to 850 °C. After the milling,
the mixtures were pressed at 680 MPa and then fired at 1500 or 1600 °C
for 4 h in air. In addition, we synthesized (Dy2(Zra_,Mg,)O7_s5 (x = 0.1)
fluorite by a similar procedure in order to compare its properties to those
of Lny(Zry_,Mg,)O7_5 (Ln = Sm, Gd, x = 0.1). The Dy precursor used was
Dy,03 (DiO-I, TU 48-4-193-72).

The density of the resultant 1600 °C samples was determined by
measuring their mass and dimensions and ranged from 87.4 to 99 % of
their X-ray density. In some cases, the density of the samples was
determined by hydrostatic weighing in toluene. Characteristics of the
compounds and solid solutions under investigation presented in Table 1.
All of the synthesized solid solutions were characterized by X-ray
diffraction (XRD) on a DRON-3M (filtered Cuk, radiation, step scan
mode with a step of 0.1°, angular range 20 = 10-75°).

The microstructure of the sintered ceramics was examined using
scanning electron microscopy (JEOL JSM-6390LA). Using the SEM
method, we analysed the grain size distribution and porosity of the ce-
ramics on the polished and thermal etched or fresh surfaces.

Thermogravimetric analysis was performed by using the NETZSCH
STA 449C system (30-1000 °C, heating rate of 10 K/min, AloO3 plate) in
O, atmosphere. A detailed description of the experiment can be found in
Ref. [37].

The conductivity of the sintered ceramic materials was measured by
both 2-probe AC and 4-probe DC methods. Disk-shaped polycrystalline
samples (diameter ~ 9 mm and thickness 2-3 mm) were used for
measurements by the 2-probe AC method. Contacts to the sample faces
were made by firing ChemPur C3605 paste, containing colloidal plat-
inum, at 950 °C, 0.5 h. The conductivity of Sma(Zrz_,Mg,)O7_5 (x =0,
0.05, 0.1, 0.2) (SmZrMgO system), Gda(Zry_,Mgy,)O7_s5 (x =0, 0.05, 0.1,
0.2) (GdZrMgO system), Dya(Zry_,MgO7-5 (x = 0.1) and
Lny_,Mg,Zrs07_s (Ln = Sm, Gd; x = 0.1, 0.3) was characterized by
impedance spectroscopy in dry and wet air. Electrical conductivity
measurements of the samples were performed on cooling regime using a
P-40X potentiostat/galvanostat combined with frequency response
analyzer module (Elins Ltd, Russia) over the frequency range of 0.1
Hz-500 kHz at signal amplitude of 150 mV in the temperature range of
100-900 °C. Dry atmosphere was created by passing air through a KOH
and wet atmosphere - through a water saturator held at 20 °C, which
ensured constant humidity of about 0.023 atm. (2.3 % H30). Air flow
rate was 130 ml/min. To get stable state (water vapor pressure) before
conductivity measurement, the sample was kept at each temperature for
40 min. In fitting impedance measurement results and calculating total
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conductivity, we used a classic model based on an equivalent electrical
circuit that describes ion transport in ceramic solid electrolytes in terms
of a combination of bulk and grain boundary resistances (Bauerle
model) [38].

The 4-probe DC measurements were carried out using a micropro-
cessor regulator Zirconia-M (Zirconia, Russia). A bar-shaped sample was
cut from the sintered ceramic of the composition Smy(Zrp xMgy)O7_s (x
= 0.05). Four platinum wires were wound on the sample. A platinum
paste was deposited on the contact points of platinum wires with the
sample. After that, firing was performed at 1100 °C for 1 h. Measure-
ments were carried out in heating mode in the temperature range of
500-900 °C in oxidizing (dry and wet air) and reducing (wet nitrogen)
atmospheres at different humidities. Soaking times were 5 h at 500 °C
and 3 h at 600, 700, 800 and 900 °C. The dry air (pH,0 = 1-10* atm.,
where pH,O0 is the water vapor partial pressure) was obtained by passing
air through a zeolite column, whereas the wet air and wet nitrogen
(pH20 = 0.03 atm.) were obtained by passing gases through a water
bubbler heated to 25 °C.

Electrical characterization of Lny_,Mg,Zr207_s (Ln = Sm, Gd; x =
0.1) was carried out also by impedance spectroscopy in the frequency
range of 20 Hz to 1 MHz, with a signal amplitude of 200 mV, using a
Hewlett-Packard 4284A precision LCR bridge, as a function of the oxy-
gen partial pressure, during reoxidation, after reduction with a mixture
of 95 % N5 and 5 % H», between 700 and 950 °C.

The synthesis and measurements scheme is shown in Fig. 1.

3. Results and discussion

3.1. XRD characterization of LnyZr;07 (Ln = Sm, Gd) doped on the Ln
and Zr sites

Fig. S1 shows XRD patterns of samarium zirconate-based solid so-
lutions prepared by firing at 1500 °C for 4 h and containing Mg on the Zr
site (SmaZry ,Mg,O7_5 (x = 0.05, 0.1, 0.2)) (scans 1-3). Also shown in
Fig. 1a are XRD patterns of gadolinium zirconate-based solid solutions
containing Mg on the Zr site (GdpZry_,Mgy,O7_s (x = 0.1, 0.2)) (scans 4,
5) and the XRD pattern of Dy»Zr; gMgp 1075 (scan 6). The intensity of
pyrochlore superstructure reflections is seen to decrease with decreasing
Ln ionic radius. Almost all of the solid solutions, synthesized at 1500 °C,
are phase-pure.

Fig. 2a, scans 1-4, presents XRD data for the SmyZry ,Mg,O7_s5 (x =
0, 0.05, 0.1, 0.2) solid solutions prepared by firing at a higher temper-
ature, 1600 °C, for 4 h. In the case of SmyZry_,Mg,O7_s (x = 0.2), it is

Table 1
Synthesis conditions, density, and average grain size of the materials prepared at 1500 and 1600 °C.
Sample Nominal Synthesis Geometric Relative geometric Hydrostatic density (weighing  Relative hydrostatic Average
no. composition conditions density, g/cm® density, % in toluene), g/cm® density, % grain size,
pm
1 SmyZry 95Mgo.0507_s 1500°C, 4 h 5.81
2 SmyZr1.oMgo 1075 1500°C, 4 h 5.69
3 SmyZry sMgo 2075 1500°C, 4 h 5.70
4 GdaZry.9Mgo.107_5 1500°C, 4 h 5.40
5 GdyZry gMgo 2075 1500°C, 4 h 5.23
6 Dy»Zr;1.6Mgo107_5 1500°C, 4 h 5.74
7 SmyZr,07 1600°C, 10 h 5.86 87.4 1.72
8 SmyZry 95sMgo.0507-_5 1600°C, 4 h 6.12 92.67 6.31 £ 0.01 95.5 0.94
9 SmyZr1 oMgo107_5 1600°C, 4 h 6.08 92.83 6.25 + 0.01 95.4 1.37
10 SmyZry gMgp 2075 1600°C, 4 h 6.04 94 1.20
11 Sm; oMgo.1Zr207_5 1600°C, 4 h 6.52 98.96 1.86
12 Sm; ,Mgo.3Zr207_5 1500°C, 3 h 6.12 97 -
13 Gd»Zr,05 1450°C, 44 6.24 89.74 2.66
+1600°C, 4 h
14 GdaZry 95Mgo.0507_s 1600°C, 4 h 5.70 82.93 5.92 £ 0.01 86.13 -
15 GdyZr1 oMgo107_5 1600°C, 4 h 5.58 81.78 0.90
16 GdaZr gMgo.207_s 1600°C, 4 h 5.77 86.07 5.97 £ 0.01 1.28
17 Gd;.9Mgo.1Zr207_5 1600°C, 4 h 6.78 99.3 3.42
18 DyaZr; oMgo107_s 1600°C, 4 h 6.09 85.69 1.72
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Fig. 2a. XRD of the SmyZr, ,Mg,O7_s (x = 0, 0.05, 0.1, 0.2) samples, syn-
thesized at 1600 °C, 4 h:

(1) SmaZry07; (2) SmaZr1.95Mgo.0s07-5 (3) SmaZr; 9Mgo107 5
Sm,Zry gMgo 2075 (the impurity phase is marked with asterisks).

4

worth noting the presence of the impurity ZrO, fluorite phase (ICDD
PDF 37-31) (Fig. 2a, scan 4), with an increased parameter due to doping
with Sm (this phase is marked with asterisks in Fig. 2a). Thus, when the
zirconium sublattice of SmyZry0; is doped with Mg, the homogeneity
region of the pyrochlore is within 0 < x < 0.1.

Fig. 2b presents XRD data for the GdyZry _,Mg,O7_s (x =0, 0.05, 0.1,
0.2) series (Fig. 2b, scans 1-4), and DyyZr; Mg 107_5 solid solution
(Fig. 2b, scan 5). It is worth noting the formation of a fluorite impurity
phase at lower dopant concentrations in comparison with the samarium
system (x = 0.1). The formation of a ZrO,-based fluorite solid solution
with an increased parameter due to doping with Gd is observed for
GdaZr; oMgp107_5 (Fig. 2b, scan 3). It is remarkable that the solid
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Fig. 2b. XRD of the Gd,Zr; ,Mg,07; 5 (x = 0, 0.05, 0.1, 0.2) samples, syn-
thesized at 1600 °C, 4 h:

(1) GdaZry07; (2) GdaZry.9sMgo.0507-s; (3) GdaZry 9Mgo107_5 (the impurity
phase is marked with asterisks); (4) GdaZr; gMgo 20755 (5) Dy2Zry 9Mgo.107_5.

solution having an even higher dopant concentration,
GdyZr; gMgp.207_5 (x = 0.2), turned out to be single-phase. We believe
that the GdyZr; gMgg 107_s material was obtained in a nonequilibrium
state, but, as shown below, the ZrO,-based fluorite impurity phase had
no significant effect on the conductivity of the ceramic (Fig. 7, scans 2,
3). Doping with Mg on the Zr site reduced conductivity in the GdZrMgO
system, in spite of the increase in lattice parameter of the single-phase
GdoZre_,Mg,O7_s5 (x = 0, 0.05, 0.2) materials (Fig. 7, scans 1, 3, 6).
The peaks in the XRD pattern of DyyZrj gMgp.107_s are shifted to
larger angles (Fig. 2b, scan 5), indicating that it has a smaller unit-cell
parameter in comparison with the gadolinium zirconates
GdoZrp ,Mg,O7_5 (x = 0, 0.05, 0.1, 0.2). Thus, when the zirconium
sublattice of SmyZro07 is doped with Mg, the homogeneity region of the
pyrochlore is within 0 < x < 0.1, and when similarly doped with
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GdyZry0y, it is smaller (0 < x < 0.05).

Fig. 3 shows the unit-cell parameter and volume as functions of Mg
content for the Mg-doped gadolinium and samarium zirconates,
including the LnyZr;07 (Ln = Sm, Gd) stoichiometric compositions,
synthesized at 1600 °C, for 4 h. The data are presented for two zirconate
series. Curves 1 in Fig. 3a and b represent the composition dependences
of the unit-cell parameter and volume for the gadolinium zirconates
doped with Mg on the Zr site GdsZrs_,Mg,O7_5 (x = 0, 0.05, 0.1, 0.2),
and curves 1 in Fig. 3c and d represent such data for the
SmyZry ,Mg,O7_5 (x = 0, 0.05, 0.1) series. Curves 2 represent data for
the Lny_,Mg,Zr,07_s (Ln = Sm, Gd; x = 0, 0.1) solid solutions, doped
with Mg on the lanthanide site. It is more adequate to compare the data
for the Sm-containing SmyZr, ,Mg,O7_s (x = 0, 0.05, 0.1) samples
because they are single-phase.

Curves 1 and 2 in Fig. 3c demonstrate that the unit-cell parameter of
Sm; gMg 1Zr207_; is smaller than that of SmyZry gMgp.107_s, in accor-
dance with the ionic radii of their constituent cations. Mg?* and Zr**
have the same six-coordinate ionic radius, 0.72 A [39], so Mg doping on
the Zr site would be expected to cause no changes in unit-cell parameter.
However, we observe an increase in unit-cell parameter and volume
with increasing Mg content on the Zr site. Similar behavior was reported
by Vendrell et al. [40], who studied the NdyZrs ,Mg,O7_5 (x = 0.0,
0.005, 0.01, 0.02) solid solution series. Therefore, Mg?" incorporation
into the Zr sublattice leads to the formation of oxygen vacancies, which

increase the pyrochlore cell volume (Eq. (3)):
MgO + 2Smy,, + 2Zr;, + 605 —Mg, + Vo** + SmyZr,0,. 3)

It should be emphasized that Mg enters the zirconium sublattice of
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the SmyZr;0; pyrochlore in small amounts up to x < 0.1 and
SmyZra_,MgxO7_5 (x = 0.05, 0.1) solid solutions do not contain impurity
phases. As the Mg content increases at x = 0.2 the system becomes non-
single phase and contains an impurity of Sm-doped ZrO, (ICDD PDF 37-
31). For the GdyZry ,Mg,O7_s system, the range of solid solutions be-
comes even narrower: an impurity of Gd doped ZrO, (ICDD PDF
42-1164, 73-1441) was found in GdpZry ,Mg,O7_5 (x = 0.1).

If Mg resides on the Sm site, there is a different relationship between
the eight-coordinate ionic radii, Mg&iis = 0.89 A and Smd{s = 1.079 A, i.
e., the ionic radius of Mg is noticeably smaller than that of Sm [39], and
even the formation of oxygen vacancies according to scheme (4):

4MgO + 4Sm},, + 27r}, + 30, —4Mg,,, + 25m), + 3Vo" + SmyZr, 0.
@

causes no increase in unit-cell parameter or volume, unlike in the case of
Mg doping on the Zr site. For Smy_yMgyZrs07_5 (x =0, 0.1, 0.3) system,
the formation of a single-phase pyrochlore was also observed only up to
a content of x < 0.1.

3.2. Microstructure of the LnyZrs07 (Ln = Sm, Gd)-based solid solutions
Mg-doped on the Ln and Zr sites

We studied the microstructure of the SmyZry_,Mg,O7_s (x = 0, 0.05,
0.1, 0.2) and Smj gMgp.1Zr207_s pyrochlores prepared at 1600 °C. The
data are presented in Fig. 4a—e. The single-phase SmoZry ,Mg,O7_5 (x =
0, 0.1) materials range in grain size from 0.5 to 3 pm and have insig-
nificant open porosity (Fig. 4a,c). The single-phase SmyZry_,MgyxO7_s (x
= 0.05) has grain size from 0.5 to 1.5 (Fig. 4b) and very high density
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Fig. 3. Composition dependences of the unit-cell (a, ¢) parameter and (b, d) volume for the (a, b) gadolinium zirconates doped with Mg on the (1) Zr site
GdoZry ,Mg,07_5 (x = 0, 0.05, 0.1, 0.2) and (2) Gd site Gdo_,Mg,Zr207_s (x = 0, 0.1) and (c, d) samarium zirconates doped with Mg on the (1) Zr site
SmyZr, ,Mg,07_5 (x = 0, 0.05, 0.1) and (2) Sm site Sm,_,Mg,Zr,0;_5 (x = 0, 0.1).
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~95.5 % (Table 1). The particle size distribution for the two-phase
SmyZry ,MgxO7_5 (x = 0.2) material is slightly wider (from 0 to 3
pm) (Fig. 4d). The microstructure of Smy gMgq 1Zr207_s ranges widely in
grain size: from O to 6 pm (Fig. 4e). On the whole, it is worth noting that
doping with Mg improves the sintering behavior of the Sm-containing
pyrochlore ceramics, which as a result have low open porosity
(Table 1, sample 11).

The GdoZr, ,Mg,O7 s (x = 0.1, 0.2) (Fig. 4b and c¢) and
DyoZry_,Mg,O7_s (x = 0.1) (Fig. 5e) ceramics, containing Mg on the Zr
site and prepared at 1600 °C as well, are more porous than GdyZr,07 and
Gd;.9Mgo.1Zr,07_;5 (Fig. 5a,d). Note that the porosity of the ceramics
increases with decreasing Ln ionic radius in the zirconates doped on the
Zr site: LnpZry ,Mg,07_s (Ln = Sm, Gd, Dy; x = 0.1) (Fig. 4c, Fig. 5b,e).
Porosity makes ion transport more difficult. So the higher the porosity,
the worse the ion transport.

The ceramics doped on the lanthanide site, Ln; gMgg 1Zr207_5 (Ln =
Sm, Gd), showed much better sintering behavior (Fig. 4e and 5d).
Clearly, the Gd; gMgg.1Zr207_s ceramic (Fig. 5d) stands out among the
Gd-containing samples studied here in that it consists of large grains (up
to ~ 9 pm in size) and has a low pore density and highest relative
density ~ 99 % (Table 1, sample 17).

3.3. Conductivity of the LnaZrs07 (Ln = Sm, Gd)-based solid solutions
Mg-doped on the Ln and Zr sites

In this study, we used two synthesis temperatures, 1500 and 1600 °C,
because too high a synthesis temperature can lead to both an increase in
the density of the material, which is advantageous, and a uniform
dopant distribution between the two cation sites, which is undesirable
[36]. Fig. S2 and S3 show the typical view of the impedance spectra of
SmyZry ,MgxO7_5 (x = 0.05) at 530 and 615 °C in dry and wet air,
respectively, and an equivalent circuit used to fit these impedance
spectra. Fig. S4 shows Arrhenius plots of conductivity for the
LnyZry ,Mg,O7_s (Ln = Sm, Gd; x = 0.05, 0.1) ceramics prepared at
1500 °C. Fig. 6a shows Arrhenius plots of the total conductivity in dry
and wet air of the SmyZroO7-based ceramics synthesized at 1600 °C:
SmyZry ,Mg,O7_5(x =0, 0.05, 0.1, 0.2) and Smy_,Mg,Zrs07_5(x=0.1,
0.3). Fig. 6b shows Arrhenius plots of the total conductivity of
SmyZry 9sMgp 05s07-s in different atmospheres (4-probe DC method).
Fig. 7 demonstrates Arrhenius plots of the total conductivity in dry and
wet air of the GdyZryOy-based ceramics synthesized at 1600 °C:
Gdzzrz_ngxO7_5 x = 0, 0.05, 0.1, 0.2) and Gdl‘gMg0,12r207_5.
Arrhenius plot of the total conductivity of DysZry_,MgyO7_s (x = 0.1) is
also show in Fig. 7.

Firstly, it should be noted that the Sm and Gd-containing ceramics
LnyZry ,Mg,O7_s (Ln = Sm, Gd; x = 0.05, 0.1) prepared at 1600 °C
(Fig. 6a and 7) had higher conductivity than those synthesized at
1500 °C (Fig. S4). The activation energy for these ceramics is presented
in Table 2. Note that the Sm-containing samples have a proton contri-
bution in the range 300-600 °C and that the Gd-containing ceramics
have lower total conductivity in this temperature range and higher ox-
ygen ion conductivity above 800 °C in comparison with the Sm-
containing ceramics doped on the same site.

Fig. 6a presents data for the Sm-containing ceramics prepared by
firing at 1600 °C for 4 h, including undoped SmyZr»07. The conductivity
of the Sm; Mg 1Zr207_; solid solution, doped with Mg on the Sm site, is
seen to exceed that of SmyZr,07 doped on the Zr site (SmaZrs_,Mg,O7_5
(x =0.05, 0.1, 0.2)) over the entire temperature range studied. Note also
that the SmyZr, ,Mg,O7_s ceramics have proton conductivity in the
range 300-550 °C at degrees of substitution x = 0.05 and 0.1 and in the
range 300-400 °C at x = 0.2. In this case, proton conduction is not
intrinsic, but results from interaction of oxygen vacancies with water
vapor from the ambient atmosphere:

H,0 + Vo™ + 03—2(0H)," ©)
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In addition a complex oxide, undergoes classic quasi-chemical reactions
with atmospheric oxygen (6):

%o2 + Vo™ -0} + 2h° 6)
According to (6), hole conduction is possible at elevated oxygen

partial pressures. As a result, there will be a competition between at-

mospheric oxygen and water vapor for filling oxygen vacancies.

The 4-probe DC measurements were additionally carried out in dry
and wet atmospheres (air and nitrogen) in order to confirm the presence
of proton conductivity in Sm; 9sMgo 05Zr207_s. The proton conduction
contribution was ascertained by comparing the conductivities measured
in dry air (pH,0 = 1.10~* atm., pO, = 0.21 atm.), wet air (pH,0 =
0.023-0.03 atm., pO3 = 0.205-0.024 atm.), and wet nitrogen (pH20 =
0.03 atm., pOy = ~7.107° atm.). For example, oxygen ion conductivity
prevailed in dry air between 500 and 600 °C (Fig. 6b), with no proton
contribution because pH,O was very low, whereas in wet nitrogen and
wet air (higher pH>0 and lower pO, in comparison with dry air) there
was proton conduction along with oxygen ion conduction. Thus, the
difference between the conductivities in wet nitrogen and dry air was
due to proton conduction in wet nitrogen. The obtained results (Fig. 6b)
correlate with the impedance (2-probe AC method) data in wet air. The
estimated values of proton conductivity in wet air are close and equal to
9 x 107> S/cm (4-probe DC method) and 1 x 10~ S/cm (2-probe AC
method) at 500 °C.

Among the samarium zirconates studied here, high proton conduc-
tivity (1 x 10~* S/cm at 500°C) is offered by the Smj 95sMgo.05Zr207_5
solid solution. At the same time, no proton conduction was detected in
Smj gMg 1Zr,07_s. Thus, like in the case of yttrium doping of various
LnyZro0O7 zirconates on the Zr site (LngZry gYo.207_s (Ln = La, Nd, Sm,
Gd, and Er)) (measurements in Hy) [33], Zr-site doping of SmyZr,0;
with Mg to x = 0.05, 0.1, and 0.2 gives rise to a proton contribution in
wet air, but an increase in Mg content leads to a decrease in both total
and proton conductivity. Thus, Zr-site doping leads to proton conduction
in wet air even in the case of Mg, a poorly hydratable cation [34]. It
should be noted that at temperatures below 450 °C, pure SmyZr,07 also
exhibits higher conductivity in wet air than in dry air (Fig. 5a, curve 6).
According to Shinozaki et al. [41], SmyZr20, like GdyZr,07 [25], has a
hole conductivity contribution at high oxygen partial pressures. The
high conductivity of SmZr,O; with a density of 87.4 % in dry air is of
mixed type (oxygen ions and holes). In this case, the conductivity is also
sensitive to the humidification of the system [42].

In comparing results of Sm-site doping with Mg and Ca, it should be
noted that Smj gCag1Zr207_s has proton conductivity [22], whereas
Sm; gMgo 1Zr207_5 does not, in accordance with the low hydratability of
Mg cations [34]. The oxygen ion conductivity of the zirconates (T>
800°C) is independent of the dopant (Ca®* [22] or Mg2+ [this work]).

Table 3 lists the activation energies for conduction in the Mg con-
sisting zirconates (Tsyy, = 1600 °C) in dry and wet air between 300 and
600 °C. The activation energy in the SmyZry ,Mg,O7_s (x = 0.05, 0.1,
0.2) series in dry air is 0.95, 0.93, and 0.9 eV, respectively, and that in
wet air is 0.85, 0.86, and 0.88 eV (Table 3). With increasing Mg content,
the activation energy in wet air rises and that in dry air decreases. The
activation energy for conduction in SmyZry_,Mg,O7_s (x = 0.05, 0.1) in
wet air is lower than that in dry air. In dry air, the majority charge
carriers are oxygen ions and holes, whereas those in wet air are oxygen
ions, holes, and protons. Protons have a small mass and small size, so
their mobility is higher than that of oxygen ions. As a result, the energy
needed to overcome the potential barrier to proton transport is lower
[43]. The higher the mobility, the higher the conductivity (all else being
equal). An increase in conductivity usually leads to a decrease in acti-
vation energy [44,45].

Fig. 7 presents data for the Gd-containing ceramics prepared by
firing at 1600 °C for 4 h. The conductivity of the GdZr,07 doped with
Mg on the Gd site (Gd; gMgp.1Zr207_s) (Fig. 7, curve 4) is seen to exceed
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Fig. 6b. Arrhenius plots of the total conductivity of SmyZr; 9sMgo.0507-5 in
different atmospheres (4-probe DC method).

that of the Zr-site-doped GdyZr207 (GdaZre—_,Mg,O7_s (x = 0.05, 0.1,
0.2)) (Fig. 7, curves 1-3) over the entire temperature range studied. The
fluorite-like DysZr; Mg 107_s ceramics have the lowest oxygen ion
conductivity (Fig. 7, curve 5). Curve 6 in Fig. 7 presents data for
undoped GdyZry07 studied previously in air. The oxygen ion conduc-
tivity of Gd; .9Mgp 1Zr207_s is seen to exceed that of GdyZry07, whereas
Zr-site doping in GdpZry_,MgxO7_s (x = 0.05, 0.1, 0.2) reduces its
conductivity, which decreases with increasing Mg content on the Zr site.

However, no proton conductivity was detected in this case by direct
measurements on the Gd-containing samples in our cell. That there is no
appreciable proton contribution in the range 300-600 °C is also evi-
denced by the activation energy for conduction obtained in dry and wet
air (Table 4). E, is seen to be insensitive to wet air. In comparing the
oxygen ion conductivity of the Gd-containing solid solutions doped with
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Table 2
Activation energy for the total conductivity of the solid solutions prepared at
1500 °C, as determined by measurements between 300 and 900 °C in dry and
wet air.

Composition Atmosphere E,, eV
SmyZry oMgo.107_5 Dry air 0.93
Wet air 0.90
SmyZr1.95Mg0.0s07-5 Dry air 0.86
Wet air 0.82
GdyZr; oMgo.107_5 Dry air 1.11
Wet air 1.10
GdaZry 95Mg0.0507 5 Dry air 1.08
Wet air 1.08

Table 3
Activation energy of the Sm,Zr,0;-based solid solutions prepared at 1600 °C, as
determined by measurements between 300 and 900 °C in dry and wet air.

Sample Composition Temperature range, °C  Activation energy, eV
Dry air ~ Wet air

3 SmyZry gMgo.207-5 300-900 0.90 0.88

2 SmyZry oMgo.107_5 300-600 0.93 0.86
600-900 0.78 0.78

1 SmyZry.95sMgo.0s07-5s  300-600 0.95 0.85
600-900 0.73 0.72

11 Smj 9Mgo.1Zr207_5 300-600 0.91 0.91
600-900 0.73 0.70

12 Smy 7Mgo.3Zr207_5 300-600 1.16 1.14
600-900 0.99 0.97

7 SmyZr;0; 300-600 0.87 0.81
600-900 0.70 0.70

Ca and Mg, it is worth noting that the conductivity of Gd; ¢Mgo 1Zr207_5
(5 x 1072 S/cm at 700 °C) is four times that of Gd; 9Cag.1Zry07_5 [22].

Specific features of oxygen transport in Gd; gMgo 1Zr207_5 were
studied using oxygen isotope exchange with 8CO, in a flow reactor in
temperature-programmed mode or under isothermal conditions [46].
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Table 4
Activation energy of the Gd,Zr,0,-based solid solutions prepared at 1600 °C, as
determined by measurements between 300 and 900 °C in dry and wet air.

Sample  Composition Temperature range, °C  Activation energy, eV
Dry air =~ Wet air

16 GdjZr, gMgo.207_5 300-600 1.17 1.17
600-900 1.04 1.04

15 GdjZry 9Mgo.107-5 300-600 1.15 1.14
600-900 0.99 1.01

14 GdyZr1.05Mgo.0507-5  300-600 1.13 1.13
600-900 0.98 0.98

17 Gd; oMgo.1Zr207_5 300-600 1.09 1.09
600-900 0.85 0.84

18 Dy,Zr,.0Mgo.107_5 400-900 1.29 1.31

13 Gd,Zr,0, 300-600 1.29 -
600-800 0.94 -

According to mathematical modelling results, there was very fast
grain-boundary diffusion (D ~ 10~° - 1078 cm?/s at 700 °C) involving 5
% of the total amount of oxygen. Presumably, there are three diffusion
channels in the grain bulk, related to oxygen transport along the
following bond chains in the pyrochlore structure: Zr-O-Zr, Zr-O-Gd, and
Gd-O-Gd. The modelling results are in excellent agreement with exper-
imental data [46].

Comparison with conductivity of NdsZrs ,Mg,O7_, (x = 0.01)
neodymium zirconate-based ceramics in Ny atmosphere [38] shows that
the 800 °C oxygen ion conductivity of LnpZrs_,Mg,O7_s5 (Ln = Sm, Gd; x
= 0.05, 0.1) is one order of magnitude higher. Unfortunately, the con-
ductivity of NdoZry ,Mg,O7_, (x = 0.01) depends strongly on the at-
mosphere, leading to p-type semiconductivity under pure Oy atmosphere
[38]. Thus, like in the case of the undoped LnyZr,O7 (Ln = Nd, Sm, Gd)
zirconates [11], above 700 °C the oxygen ion conductivity of the
LnyZry_,Mg,O7_s (Ln = Nd, Sm, Gd) solid solutions, doped with Mg on
the Zr site, increases with decreasing Ln ionic radius.

3.4. Thermogravimetric analysis of SmaZrs,MgO7_5 (x = 0.05) in dry
oxygen

Fig. 8 presents TG data obtained during heating in dry oxygen for
SmyZry ,Mg,O7_5 (x = 0.05) with a hydrostatic density above 95 %
(Table 1), which has a proton contribution to conductivity. Three weight
loss steps can be distinguished in the first heating cycle. The first step,
between 50 and 420 °C, is the removal of surface water, water in the
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Fig. 8. Weight loss (TG) data obtained for the SmyZry 9sMgp 05075 powder
during two sequential heating cycles in oxygen.
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pores of the material, and hydroxyl ions. The second step, up to 660 °C,
corresponds to the removal of hydroxyl ions and some of the structurally
bound protons [47]. The process above 660 °C and up to 1000 °C is
gradual removal of structurally bound water and interstitial protons
[47]. The weight loss curve is seen to not plateau even after the second
heating. We believe that this is due to the hygroscopicity of the ceramic.
During the first heating, there possibly were carbon impurities, which
burned in oxygen. The final amount of such impurities in terms of car-
bon (graphite) did not exceed 0.2-0.5 wt % [48]. It seems likely that the
SmyZry ,Mg,O7_5 (x = 0.05) powder had a tendency to pick up water
and CO; during cooling, as evidenced by the fact that the weight loss
curve did not plateau even after the second heating.

The stability of the single-phase SmyZr, ,Mg,O7_s (x = 0.05) ma-
terial under reducing conditions was studied using the TPR method and
these data are presented in Fig. S5. These results show that the
SmyZry_,MgxO7_s5 (x = 0.05) ceramic was not reduced. Hy absorption
was at the level of detector sensitivity.

3.5. Dependence of the total conductivity on oxygen partial pressure for
Lnj Mgy .1Zr207_5 (Ln = Sm, Gd; x = 0.1) in the high temperature range
(700 < T <1000 °C)

The width of the oxygen pressure range where ion conduction pre-
vailed was assessed for the materials doped with Mg on the lanthanide
site and having the highest oxygen on conductivity: Ln; gMgg 1Zr207_s
(Ln = Sm, Gd; x = 0.1).

Fig. 9 presents log-log plots of total conductivity versus oxygen
partial pressure at high temperatures (700-1000 °C), demonstrating that
conductivity remains independent of oxygen partial pressure, a hall-
mark of pure ionic conductors. It is worth noting that at these high

-1.8
- 1000
- 950
E-21 f 900
< - 850
(@]
o + 800
¥-24 " 750
2.7 1 1 L 1
-20 -15 -10 -5 0 5 10
log(p0O,/Pa)
(a)
-1.5
ceeseens - 1000
18 - 950
=" T . 900
£
o " .850
% 2.1 - + 800
ey N 111
(@]
=24t 700
2.7 1 1 L 1
-20 -15 -10 -5 0 5 10
log(p0O,/Pa)

(®)

Fig. 9. Log-log plots of total conductivity vs. oxygen partial pressure for (a)
Sm; gMgo 1Zr207_5 and (b) Gd; Mg 1Zr207_5 in the range 700-1000 °C.
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temperatures, proton conductivity is typically negligible, leaving the
oxygen ion contribution as the single component of the total conduc-
tivity. Thus, the oxygen partial pressure having no effect on conductivity
indicates that we are in a so-called electrolytic conduction range, where
the oxygen ion contribution to conductivity prevails and there is no n- or
p-type electronic conductivity. It is also worth noting that the oxygen
stoichiometry of mixed oxides is determined by dopant concentration.
Moreover, the fact that the conductivity is independent of pO, indicates
that the material has stable composition and that, under the conditions
of our measurements, its oxygen stoichiometry remains unchanged,
being insensitive to pO,. Otherwise, the conductivity would be observed
to vary with pO,. The absence of hole conduction at high oxygen partial
pressures is an obvious advantage of the pyrochlores over many pe-
rovskites. It is such materials, having high oxygen ion conductivity and
no hole contribution in air, which are needed for practical application in
SOFCs [29].

The conductivity of the Gd; gMg( 1Zr207_s solid solution (Fig. 9a) is
seen to exceed that of Sm; gMg 1Zr,07_; (Fig. 9b), reaching 5.5 x 1073
S/cm at 700 °C, which approaches the level of practical importance at
this temperature: 8.4 x 10~2 S/cm [1]. The activation energy for oxygen
ion conduction above 700 °C is 0.68 eV for the samarium zirconate
Smj gMg1Zr,07_s and 0.8 eV for the gadolinium zirconate
Gd;.9Mg.1Zr,07_s. These values approach those obtained in dry air by
impedance spectroscopy: 0.73 and 0.85 eV, respectively (Tables 3 and
4.

3.6. Analysis of potential relationship between microstructure and
conductivity in ionic conductors under investigation

The average grain size of the ceramics doped with Mg at the Ln site,
Lny_,Mg,Zr207_s (Ln = Sm, Gd; x = 0.1), is larger than that of the ce-
ramics doped with Mg at the zirconium site and is 1.86 pm for
Smj gMgo.1Zr207_s and 3.42 pm for Gd; gMgo 1Zr207_5, respectively
(Table 1). The samarium sample is more homogeneous than the gado-
linium sample (Fig. 4e and 5d). The particle size distribution is similar
for pure SmyZr,0; and doped Smj gMg( 1Zr207_5 (Fig. 4a and d). The
main fraction is between 0.5 and 3.5 pm. In the gadolinium system, the
similarity of the grain size distributions for GdzZr,O; and doped
Gd;.9Mgo.1Zr,07_; can also be observed (Fig. 5a and d) However, in the
gadolinium system there are two fractions of grains: smaller and larger.
In GdyZro0y, the smaller fraction is from 0 to 5.5 pm and the larger
fraction is from 5.5 to 8.0 pm. In Gd; 9Mgg 1Zr207_s, the smaller fraction
is 0.5-4.5 pm and the larger is 4.5-7.0 pm. However, the oxygen-ion
conductivity is high in both ceramics doped with magnesium in the Ln
sublattice, mainly due to the appearance of oxygen vacancies in pyro-
chlore, which increase the oxygen transport of the electrolyte, and the
high density of Mg-containing samples.

Among the proton conducting ceramics Smy(Zry_,Mg,)07_5 (x =
0.05, 0.1, 0.2), the maximum proton conductivity was found for
Smy(Zra_xMg,)O7_s (x = 0.05) with the narrowest grain distribution
from 0.5 to 1.5 pm and with the highest density among the studied
samarium samples (Fig. 4b, Table 1). The appearance of an impurity
phase (according to the XRD data) in the form of dark inclusions for the
two-phase material Sma(Zry_,Mg,)O7_s (x = 0.2) (Fig. 4d) leads to a
decrease of the total conductivity by 6-7 times. It is interesting to note
that in the Gd system the total conductivity of the two-phase material
Gda(Zry_,Mg,)07_s (x = 0.1) according to X-ray diffraction, decreases
insignificantly.

Analysis of the Arrhenius dependencies of the GdZrMgO system
shown in Fig. 6 indicates that for oxygen-ion conductors, the structural
rearrangement from pyrochlore to fluorite is more critical factor than
the presence of the impurity fluorite phase, Gd-doped ZrO, in pyro-
chlore. The total conductivity of the two-phase material Gda(Zre_,Mg,)
O7_5 (x = 0.1) is higher than that of the single-phase fluorite-like
Gdy(Zry_,Mg,)O7_s (x = 0.2) and Dyy(Zrp_,Mg,)O7_5 (x = 0.1) mate-
rials (Fig. 7).

Ceramics International 51 (2025) 32808-32820

4. Conclusions

The electrical conductivity of zirconate pyrochlores with the general
compositions LnpZry_,Mg,O7_s (Ln = Sm, Gd; x = 0, 0.05, 0.1, 0.2),
Lny_,Mg,Zr,07_s(Ln=Sm, Gd; x =0, 0.1, 0.3), and Dys(Zry_,Mg,)07_5
(x = 0.1) has been measured as a function of temperature between 300
and 900 °C in dry and wet air. In wet air, the SmyZry ,Mg,07_;5 (x =
0.05, 0.1, 0.2) materials have proton conductivity, which is maximal, 1
x 107* S/cm at 500 °C, in SmyZry_,Mg,07_s (x = 0.05), the densest
ceramic (95.5 % density), and decreases with increasing Mg content.
The same proton conductivity was previously found in Smy_,Ca,Zr,07_s
(x = 0.05; 0.1) Ca-containing zirconates [22]. Note that
Lag(Zry.985Cag.015)07_s was reported to have such proton conductivity
in wet hydrogen [19]. Total conductivity vs. oxygen partial pressure
data for the Smy_,Mg,Zr,O7_5 (x = 0.1) zirconates demonstrate that
they have no p-type conductivity at high oxygen partial pressures up to
10* Pa, which is their advantage over Ca-doped zirconates with the same
stoichiometries [22] and pure SmyZry07 [41].

Among the Sm-containing ceramics, the highest oxygen ion con-
ductivity, 5 x 1073 S/cm at 750 °C, is offered by Smj 9gMg 1Zr207_s.

In the GdpZry_,Mg,O7_s5 (x = 0.05, 0.1, 0.2) series, no proton con-
duction has been detected under the conditions of this study, but the
total conductivity of these materials decreases with increasing Mg
content, like in the case of the Sm-containing materials having the same
doping levels on the Zr site. The oxygen ion conductivity of
GdpZry _yMg,O7_s5 (x = 0.05, 0.1, 0.2) is lower than that of
Gd1.9Mgp 1Zr,07_5 (5.5 x 1072 S/cm at 700 °C). Mg doping on the Zr
site reduces the total conductivity of the zirconate solid solutions,
whereas Mg doping on the Gd site increases it compared to undoped
GdZZr207.

The highest oxygen ion conductivity among the Mg-doped zirconates
has been offered by Gd; Mg 1Zr,07_5 (5.5 X 1073 S/cm at 700°C), and
this value approaches the level needed for utilizing the material as a
solid electrolyte (8.4 x 10~2 S/cm at 700 °C). An important point is that
it contains neither lanthanum nor alkaline-earth metals, which will
undoubtedly be favorable for long-term operation of this material as a
SOFC solid electrolyte.

To summarize, all else being equal (e.g. the same B cation), proton
conduction in AyB,07 pyrochlores can be determined by the nature of
the A cations, namely, the rare-earth cations in the compounds under
consideration. The ionic radius of the rare-earth cations determines the
free volume in their unit cells, the feasibility of spatial reorientation of
protons relative to oxygens, and hence the feasibility of proton
transport.
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