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� Proton conductivity of Nd con-

taining g-La6W2O15-based com-

posites is studied.

� Pseudorhombohedral La14-xNdx-

W
4
O33 (x ¼ 12, 14) are new oxygen-

ion conductors.

� Reversible phase transition near

910 �C, suppressed by Nd intro-

duction into the composite.

� Synthesis at T � 1500 �C leads to

the WO3 evaporation from La/Nd

mixed tungstates.

� La10W2O21-based composite ap-

proaches conductivity of La6�x-

WO12�d proton conductors.
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The search for new materials with pronounced proton or oxygen-ion conductivities is of

great importance for the development of solid state ionic and electrochemistry fields. Here,

we studied the structure, phase transitions, and ionic (oxygen-ion and proton) conductivity

of the pure and Nd containing g-La6W2O15-based composites and pseudorhombohedral

La14-xNdxW4O33 (x ¼ 12, 14) solid solutions. The proton conductor La14W4O33 (5 � 10�5 S/cm

at 600 �C) was found to be a two-phase material consisting of an anion-deficient La10W2O21

fluorite-related phase and the g-La6W2O15 orthorhombic phase. The phase content of the

pure La10W2O21 cubic phase was ~18 wt% for the g-La6W2O15-based composite. A high

degree of Nd content in g-La6W2O15-based composite leads to formation of solid solutions

based on a pseudorhombohedral phase in La14-xNdxW4O33 with x ¼ 12 and 14. The Nd
ral Research Center for Chemical Physics, RAS, Moscow 119991, Russia
ash@chph.ras.ru (A.V. Shlyakhtina).
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Two phase composites
Proton conductivity

Oxygen-ion conductivity
-containing g-La6W2O15-based composites exhibited proton conductivity, which gradually

decreased with increasing Nd content, whereas La14-xNdxW4O33 (x ¼ 12, 14) pseudo-

rhombohedral solid solutions were identified as oxygen-ion conductors. Nd14W4O33 has the

oxygen -ion conductivity of ~4 � 10�4 S/cm at 700 �C (1.0 � 10�3 S/cm at 900 �C). In contrast

to the g-La6W2O15 phase, the g-La6W2O15-based composite undergoes only a single

reversible phase transition at around 910 �C, which can, however, initiate cracks in ce-

ramics. According to DSC and SEM data, the phase transition near 910 �C can be suppressed

by introducing Nd into the g-La6W2O15-based composites. The cracking process is

enhanced by evaporation of tungsten oxide at T � 1450 �C.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Complex lanthanum-containing oxides with pronounced

proton transfer are of great interest from both fundamental

and applied points of view [1e5]. Interest in the La2O3 e MoO3

and La2O3 e WO3 systems is aroused by the fact that they

contain compounds and solid solutions with high oxygen ion

and proton conductivity. They include La2Mo2O9 [6,7], La6�x-

MoO12�d [6e8], La2W2O9 (high-temperature phase) [9],

La10W2O21 [10], and La6�xWO12�d (x ¼ 0.3e0.7) [11e17]. The

highest proton conductivity so far has been found in 20%

rhenium substituted La6�xWO12�d (x ¼ 0.5) lanthanum tung-

state: ~4 � 10�3 S/cm at 800 �C in wet H2 [18].

La6�xWO12�d (x ¼ 0.6) solid solutions [15,19] have the

highest conductivity among the mentioned compounds,

which is potentially suitable for their utilization as proton-

conducting electrolytes for solid oxide fuel cells. When

doped with molybdenum in the tungsten sublattice, the ma-

terial can be used to fabricate dense membranes for pure

hydrogen generation [15,18,19].

However, a later study of La27(W, Mo)5O55.5�d e La0$87-
Sr0$13CrO3�d composite membranes exposed to a gas flow

containing 45% hydrogen and 2.5% water at 900 �C for 1500 h

[20] revealed lanthanum oxide segregation, which led to a

drop in the ionic conductivity of the membrane. In addition,

the lanthanum tungstate was found to undergo partial

degradation and reduction to metallic tungsten [20]. Thus,

despite the high proton conductivity of the La6�xWO12�d

(x ¼ 0.3e0.7) fluorite-related solid solutions, these materials

turned out to be insufficiently stable under reducing condi-

tions [20].

As shown by Pestereva et al. [21,22] using the Tubandt

method, not only oxygen transport but also [WO4]
2e ion

transport is possible in Ln2(WO4)3 (Ln2O3:3WO3 (1:3)) d rare-

earth tungstates considerably richer in tungsten oxide. The

contribution of the [WO4]
2e ions to their conductivity is rather

small: the corresponding transference number does not

exceed 5%. In addition, it was pointed out that this type of ion

transport led to changes in the composition of thematerial. In

a number of cases, X-ray powder diffraction results indicated

formation of new phases near electrodes. For example,

La6WO12 and La10W22O81 impurities were detected on cathodic

and anodic La2(WO4)3 surfaces that were in contact with the
electrodes. In the case of Lu2(WO4)3, Lu6WO12 was formed in a

tungsten-deficient region andWO3 appeared on the surface of

a tungsten-enriched region.

Partial or complete substitution of La to Nd in La6�xWO12�d

solid solutions has been a subject of several studies [23e26].

Such Nd-doping leads to a systematic decrease in the proton

conductivity of La6�xWO12�d. This behavior can be explained

in terms of differences in the hydration degree and defect

density, both of which affect proton conductivity [27]. At the

same time, hydrogen flux through tungstate membranes with

a large lanthanum-to-neodymium ratio (La5/6Nd1/6)5.5WO12�d

and a small one ((Nd5/6La1/6)5.5WO12�d) was the same, despite

the higher total proton conductivity of La-rich membranes

[25].

Ln14W4O33 compounds exist in the Ln2O3eWO3

(Ln ¼ NdeLu, Y) systems [28e32] but not in the Ln2O3eWO3

(Ln¼ La, Ce) systems [33,34]. Formation of Nd14W4O33 (7Nd2O3:

4WO3 (7:4)) in the Nd2O3eWO3 system was confirmed by

McCarthy et al. [28], whereas the La2O3eWO3 system was re-

ported to contain La6W2O15 (3La2O3:2WO3 (3:2)) instead [25].

According to an early phase diagram [35], in the Nd2O3eWO3

system only one compound is formed (Nd4WO9) without

appearance of Nd14W4O33. Later, La6W2O15 phase was studied

in details by Chambrier [36] and Chambrier et al. [37]. The

high-temperature a-La6W2O15 phase crystallizes in the non-

centrosymmetric orthorhombic space group (No.20) of

C2221, with Z ¼ 2, a ¼ 12.6250 (2) �A, b ¼ 9.1875 (1) �A, c ¼ 5.9688

(1) �A. There are also two low temperature phases, b-La6W2O15

and g-La6W2O15, which are similar in structure. The structure

of g-La6W2O15 was reported much earlier by Yoshimura [38].

The temperatures of the g/ b and b/a reversible poly-

morphic transformations were close to ~615 and ~945 �C,
respectively [37]. Note that the La6W2O15 compound, like

La10W2O21, lies in the La2O3-rich region that contains well-

known La6�xWO12�d (x ¼ 0.3e0.7) proton conductors. Ivanova

et al. [39] studied the effect of La6W2O15 as impurity phase on

the properties and integrity of La6�xWO12�d-based mem-

branes. La6W2O15 is a rather stable phase, which is often

formed as an impurity during synthesis of La6�xWO12�d proton

conductors. Its proton conductivity is lower (by one to two

orders of magnitude) than that of La6�xWO12�d, and it has a

more pronounced tendency to hydrate [39]. The structure and

oxygen ion conductivity of La10W2O21 were studied in detail by

https://doi.org/10.1016/j.ijhydene.2023.03.259
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Chambrier et al. [12], while this compoundwas not reported to

have proton conductivity. The crystal structure of La10W2O21

can be described by a 2 � 2 � 2 anion-deficient fluorite-related

superstructure cubic cell, with space group of F 4 3 m, Z ¼ 4,

and a ¼ 11.17932 (6) �A, similar to Y7ReO14�d. Many compounds

in the La2O3eMO3 (M ¼ Mo, W) systems are known to have

large, complex unit cells [6e10,13e15].

The structure type of Ln14W4O33 compounds of light and

intermediate lanthanides remains the subject of controversy.

According to McCarthy et al. [28], in the case of the interme-

diate lanthanide compounds, Ln14W4O33 (Ln¼Ho, Y), the three

strongest lines of their rhombohedral structure (214, 413, and

422) have the form of doublets and cannot be indexed in a

simple rhombohedral cell. The structure of Ln14W4O33

(Ln ¼ NdeDy) with most lines split into doublets, is evenmore

distorted. Because of this, the structure of the Ln14W4O33

(Ln ¼ NdeHo, Y) compounds is thought to be pseudo-

rhombohedral, and their lattice parameters were determined

using only four unsplit lines [28,31,40].

In this paper, we report the structure, oxygen ion and

proton conductivity of g-La6W2O15-based and La10W2O21-

based composites, respectively. We present the first oxygen

ion and proton conductivity study for Nd containing g-

La6W2O15-based composites and pseudorhombohedral La14-

xNdxW4O33 (x ¼ 12, 14) solid solutions. The influence of neo-

dymium introduction into g-La6W2O15-based composites on

the reversible phase transition and strengthening of proton-

conducting ceramics will be investigated. A La10W2O21-based

composite (~80 wt% pure La10W2O21) with high proton con-

ductivity approaching that of La6�xWO12�d (x ¼ 0.6) fluorite-

like proton conductor will be found.
Experimental part

The nominal compositions La14-xNdxW4O33 (x ¼ 0, 2, 4, 6, 8, 10,

12, 14) and La10W2O21 were synthesized by reacting appro-

priate oxidemixtures (La2O3 þNd2O3 þWO3) aftermechanical

activation in the Aronov ball mill [41,42]. The parameters of

Aronov ball mill were reported in Ref. [43]. Starting powders of

La2O3 and Nd2O3 were annealed at 1000 �C for 2 h and then

placed in a desiccator after cooling to 850 �C. After milling,

mixtures were pressed at 650 MPa and then fired at

1300 �Ce1600 �C for 2e8 h in air. Additionally, a fluorite-like

La6�xWO12�d (x ¼ 0.7) proton conductor with a high La2O3

content was synthesized at a temperature of 1640 �C. It was

studied to refine its local structure by Raman spectroscopy

and to compare it with that of La14W4O33material. The density

of sintered samples was determined by measuring their

weight and dimensions. Table S1 shows characteristics of

studied samples (nominal compositions, abbreviations, syn-

thesis conditions, density, structure type and colour).

X-ray diffraction (XRD) patterns for the powder samples

were collected at room temperature on a DRON-3M automatic

diffractometer (Cu Ka radiation, l ¼ 1.5418 �A, Bragg-reflection

geometry, 35 kV, 28 mA) in the 2q range of 10�e75� (scan step

of 0.1� t ¼ 3 s). Additionally, for some ceramics XRD patterns

were also collected at room temperature with a Rigaku

Smartlab SE X-ray diffractometer (Cu Ka radiation,

l ¼ 1.5418 �A, Bragg-reflection geometry, 40 kV, 50 mA) in
continuous mode. The 2q range was 10�e70�, scan step 0.01�,
scan rate 5�/min. Rietveld refinement was carried out using

the SmartLab Studio II software. Relative weight fractions in

biphasic samples were determined automatically by the

software after fitting according to the formula presented in

Hill & Howard (1987) [44].

The microstructure of ceramic samples was examined by

scanning electron microscopy (SEM) on a JEOL JSM-6390LA,

which was also used to perform energy dispersive X-ray

microanalysis (EDX) and to obtain selected-element X-ray

maps. Using the SEMmethod, we analysed the cation ratio on

the polished and thermal etched or fresh fracture surfaces.

Thermogravimetric analysis was performed by using the

NETZSCH STA 449C system (50e1000 �C, a heating rate of

10 �C/min, Al2O3 plate) in air for nominal La14-xNdxW4O33

(x ¼ 0, 2, 4, 6, 8, 10, 12, 14) ceramics. We aimed to study the

dynamics of phase transitions typical for g-La6W2O15. We

performed TG scans from 50 to 1000 �C in an oxygen atmo-

sphere on heating e cooling mode.

For electrical measurements, the disk-shaped poly-

crystalline samples (diameter ~ 9 mm and thickness 2e3 mm)

were prepared. Contacts to the sample surfaces weremade by

firing ChemPur C3605 paste, containing colloidal platinum, at

950e1000 �C. The conductivity of composites and solid solu-

tions was studied by impedance spectroscopy in dry and wet

air. The technique for measuring conductivity in dry and wet

air on cooling was presented in Ref. [45].

In addition, the total conductivity of Nd14W4O33 was eval-

uated by the four-probe DC method. The measurements were

performed on a Zirconia-M microprocessor system at tem-

peratures from 700 to 900 �C in dry and in wet oxidizing and

reducing atmospheres (air, N2, H2). Wet atmospheres (PH2O-

¼ 0.02 atm) were generated by bubbling gases through water

at 18 �C. In addition, the total conductivity of Nd14W4O33 was

measured as a function of oxygen partial pressure in the range

of 700e900 �C.
Results and discussion

The structure of materials studied by X-ray diffraction
(XRD) and Raman spectroscopy

Structure of 7Ln2O3:4WO3 (Ln ¼ La, Nd) materials by XRD
study
Fig. S2a shows powder XRD patterns of 7La2O3:4WO3 ceramics

sintered at 1300, 1450, and 1600 �C. It is worth noting that, after

high-temperature annealing at 1600 �C, signs of melting were

observed on the surface of ceramics (Fig. S2b). The melting

point of 7La2O3:4WO3 composition is lower than that of

La6�xWO12�d solid solutions (based on La6WO12 (3La2O3:WO3)),

which melt at ~1900 �C [33]. XRD patterns of the bulk and

surface of 7La2O3:4WO3 pellets prepared at 1600 �C (Fig. S2b,

curves 1 and 2) differ markedly. The presence of impurity

phases on the surface is obvious (Fig. S2b, curve 1). In view of

this, 7La2O3:4WO3 ceramics were prepared by firing at 1450 �C
for 4 h. As a result, we obtained identical XRD patterns of the

surface of the pellet and powder prepared from it. According

to XRD data (Fig. 1, Table 1), 7La2O3:4WO3 is two-phase ma-

terial consisting of the mixture of fluorite-related La10W2O21

https://doi.org/10.1016/j.ijhydene.2023.03.259
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Fig. 1 e Rietveld refinement results for the powder

prepared by grinding the ceramic with the nominal

composition 7La2O3:4WO3 prepared at 1450 �C (4 h). The

material consists of two phases: fluorite-related La10W2O21

(5La2O3:2WO3) (ICDD PDF 30e687) and g-La6W2O15

(3La2O3:2WO3) (ICDD PDF 31e374).

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 2 2 6 7 1e2 2 6 8 422674
phase (5La2O3:2WO3) (ICDD PDF 30e687) (~18 wt%) and g-

La6W2O15 (3La2O3:2WO3) (ICDD PDF 31e374) (~82 wt%), in

perfect agreement with phase diagram data [33]. Actually, we

have synthesized g-La6W2O15-based composite.

It is worth noting here a negative feature of the La2O3eWO3

system, in which most of the compounds have a very narrow
Table 1 e Unit cell parameters of g-La6W2O15-based composite
La6W2O15/La10W2O21/Ndx (x ¼ 0, 2, 4, 6, 8, 10)), and La10W2O21

х Phase
g-La6W2O15 - (3:2)

content, wt%

Cell parameters
of g-La6W2O15 (3:2)

phase, �A

Phas
La10W2O21 -(5La

(5:2) conte

g-La6W2O15-based

composite materials

0a 81.7 (2) a, 12.6235 (7) 18.3 (2

b, 8.9097 (5)

c, 5.9569 (3)

2 81.88 (14) a, 12.5878 (9) 18.12 (

b, 8.8922 (6)

c, 5.9484 (4)

4 84.44 (16) a, 12.5575 (6) 15.56 (

b, 8.8621 (4)

c, 5.9394 (3)

6 84.65 (17) a, 12.5238 (8) 15.35 (

b, �A 8.8361 (5)

c, �A 5.9210 (3)

8 83.18 (17) a, 12.4837 (8) 16.82 (

b, 8.8133 (6)

c, 5.9072 (4)

10 81.1 (2) a, 12.4427 (10) 18.9 (2

b, 8.7853 (6)

c, 5.8943 (4)

La10W2O21-based

composite material

0 19.4 (8) a, 12.490 (2) 80.6 (8

b, 9.0134 (2)

c, 5.8931 (7)

a g-La6W2O15-based composite was synthesized at 1450 �C, 4 h.
homogeneity range, within 3 mol %, if any. This feature is

certainly a serious obstacle to cation doping of the compounds

of this system and preparation of various highly conductive

materials [15].

Nd14W4O33 was synthesized at 1200, 1400, 1450, 1500, and

1600 �C using different isothermal holding times (3, 4, and 8 h).

High-temperature annealing at 1600 �C was found to cause

partial surface melting of ceramics, like in the case of

lanthanum tungstate g-La6W2O15-based composite. Fig. S3

shows XRD patterns of the high-conductive (curve 1) and

low-conductive (curve 2) Nd14W4O33 ceramics prepared at

1400 and 1500 �C, respectively. The conductivity of these

phases will be discussed further. No impurity phases were

detected. The pseudorhombohedral cell parameters of

Nd14W4O33 synthesized at the optimal temperature (1450 �C,
4 h) were determined to be а¼ 10.049 (4)�A and с¼ 9.775 (8)�A as

evaluated from ten lines, of which six were split into doublets,

or а¼ 10.050 (3)�A and с¼ 9.790 (8)�A from the four unsplit lines,

in good agreement with the literature data [28], especially in

the former case.

Structure of Nd-containing lanthanum tungstates with the
nominal composition La14-xNdxW4O33 (x ¼ 0, 2, 4, 6, 8, 10, 12)
Most Nd-containing materials are a mixture of La10W2O21

(5La2O3:2WO3) (ICDD PDF 30e687) and g-La6W2O15

(3La2O3:2WO3) (ICDD PDF 31e374) (Fig. 2a, curves 1e6).

The Nd-containing composite materials contain ~15e19 wt%

of the La10W2O21 phase and ~81e85 wt% of the g-La6W2O15

(Table 1). Only at a high Nd content, for La14-xNdxW4O33
, Nd - containing g-La6W2O15-based composites (g-
-based composite synthesized at 1500 �C.

e

2O3:2WO3) -
nt,wt%

Cell parameter
of La10W2O21 (5:2)

phase, �A

Rwp, % Rp, % c2

) 11.1657 (6) 17.19 13.04 2.96

14) 11.1084 (7) 16.65 11.83 3.44

16) 11.0702 (4) 13.80 9.76 4.88

17) 11.0296 (6) 13.01 9.37 4.10

17) 10.9990 (5) 13.56 9.52 3.87

) 10.9684 (5) 12.70 9.22 3.48

) 11.1685 (5) 11.85 7.6 3.55

https://doi.org/10.1016/j.ijhydene.2023.03.259
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Fig. 2 e a: XRD patterns of the g-La6W2O15ebased

composite materials: ((1) La10W2O21/g-La6W2O15, (2)

La10W2O21/g-La6W2O15/Nd2, (3) La10W2O21/g-La6W2O15/

Nd4, (4) La10W2O21/g-La6W2O15/Nd6, (5) La10W2O21/g-

La6W2O15/Nd8, (6) La10W2O21/g-La6W2O15/Nd10), and

pseudorhombohedral solid solutions (7) La2Nd12W4O33, (8)

Nd14W4O33 synthesized at 1450e1500 �C, illustrating the

change in structure type in response to Nd incorporation in

the g-La6W2O15 based composite. b: Raman spectra of the

g-La6W2O15ebased composite materials: (1) La10W2O21/g-

La6W2O15, (2) La10W2O21/g-La6W2O15/Nd2, and (3) highly

conductive fluorite-related proton conductor La5·3WO10.95.

c: Rietveld refinement results for La10W2O21ebased

composite material prepared at 1500 �C (4 h). The material

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 2 2 6 7 1e2 2 6 8 4 22675
(x ¼ 12), we observed formation of Nd14W4O33-based pseudo-

rhombohedral solid solution (Fig. 2a, curves 7, 8). Fig. 2a

(curves 6, 7) clearly shows the structural type change.

Table 1 shows the Rietveld refinement data for composite

materials, from which it follows that the cell parameters

decrease with increasing Nd content for both La10W2O21

(5La2O3:2WO3) and g-La6W2O15 (3La2O3:2WO3) systems. The

most probable scenario is doping of both phases with neo-

dymium, which will be confirmed below by SEM.

XRD patterns of La10W2O21/g-La6W2O15 and La10W2O21/g-

La6W2O15/Nd2 composite materials show that they have

similar crystal structure (Fig. 2a, curves 1, 2). Raman spec-

troscopy results (Fig. 2b, spectra 1, 2) demonstrate that

La10W2O21/g-La6W2O15 and La10W2O21/g-La6W2O15/Nd2 com-

posite materials have the same short-range order structure.

For comparison, the Raman spectrum of the well-known

fluorite-related proton conductor La6�xWO12�d (x ¼ 0.7)

(La5$3WO10.95) is also shown in Fig. 2b (spectrum3). Clearly, the

compositematerials, La10W2O21/g-La6W2O15 and La10W2O21/g-

La6W2O15/Nd2, differ in the short-range order structure from

the highly conductive fluorite-related solid solution La6�x-

WO12�d (x ¼ 0.7).

Fig. 2c and Table 1 demonstrate the Rietveld refinement

data for material with nominal composition 5La2O3:2WO3

(Tsyn. ¼ 1500 �C, 4 h). It is clear that in this case the composite

material is also obtained. The phase ratio La10W2O21/g-

La6W2O15 is reversed in this case compared to the

7La2O3:4WO3 composition (Table 1). Two-phase material of

nominal composition 5La2O3:2WO3 includes ~80.6 wt% of pure

La10W2O21 and ~19.4 wt% of g-La6W2O15. Actually, this is a

La10W2O21-based composite material.

Proton and oxygen-ion conductivity of Nd containing g-
La6W2O15-based and La10W2O21-based composites

Further in the text, we will use the formula La10W2O21/g-

La6W2O15/Ndx (x ¼ 0, 2, 4, 6, 8, 10) to designate two-phase

materials. Table S1 presents nominal compositions and for-

mulas to designate composites for clarity.

Fig. 3a illustrates variation of the proton/oxygen ion con-

ductivity ratio of Nd -containing lanthanum tungstates.

Impedance spectra of some composites La10W2O21/g-

La6W2O15/Ndx (x ¼ 0, 2) and Nd14W4O33 are presented in the

Supplementary material section (Fig. S4a-c).

g-La6W2O15-based composite has the highest proton con-

ductivity: 6 � 10�5 S/cm at 600 �C in wet air. This is an order of

magnitude higher than the proton conductivity of pure g-

La6W2O15 synthesized by Ivanova et al. [39]. The proton con-

ductivity of the La10W2O21/g-La6W2O15/Nd2 composites with

low neodymium content is lower by a factor of 2 (Fig. 3b, curve

2). As the degree of substitution increases in La10W2O21/g-

La6W2O15/Nd4 and La10W2O21/g-La6W2O15/Nd6 composite

materials, proton conductivity further decreases, to 1� 10�5 S/

cm at 600 �C (Fig. 3a, curve 2; Fig. 3b, curve 3). The proton
consists of two phases: fluorite-related La10W2O21

(5La2O3:2WO3) (ICDD PDF 30e687) and g-La6W2O15

(3La2O3:2WO3) (ICDD PDF 31e374).
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Fig. 3 e a: Arrhenius plots of conductivity in dry (filled data

points) and wet (open data points) air for g-

La6W2O15ebased composites and pseudorhombohedral

solid solutions, synthesized between 1450 and 1500 �C: (1)
La10W2O21/g-La6W2O15 composite (1450�С); (2) La10W2O21/

g-La6W2O15/Nd6 composite (1500�С); (3) La10W2O21/g-

La6W2O15/Nd8 composite (1500�С); (4) La10W2O21/g-

La6W2O15/Nd10 composite (1500�С); (5) La2Nd12W4O33

pseudorhombohedral solid solution (1500�С); (6)
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conductivity of La10W2O21/g-La6W2O15/Nd8 and La10W2O21/g-

La6W2O15/Nd10 composite materials persists up to 650 �C, but
is noticeably lower: ~4 � 10�6 S/cm at 600 �C (Fig. 3a, curves 3,

4). The break in the 600e750 �C temperature range, typical of

proton conductors [8,9,46], is small in the case of La2Nd12W4-

O33 pseudorhombohedral solid solution (Fig. 3a, curve 5) and

almost disappears in the case of Nd14W4O33 (Fig. 3a, curve 6;

Fig. 3b, curve 4). Note that, despite the disappearance of the

proton contribution, the total conductivity of the La2Nd12W4-

O33 and Nd14W4O33 materials increases, reaching 7.5 � 10�5 S/

cm at 600 �C in the case of the latter (Fig. 3a, curve 6). Above

700 �C, g-La6W2O15-based composite and Nd14W4O33 differ

little in conductivity in dry and wet air, which seems to be

purely oxygen-ionic (Fig. 3a, curves 1 and 6). Tables 2 and 3

present activation energies for conduction in dry and wet air

for samples represented in Fig. 3a and b, respectively. Even

though the conductivity of La2Nd12W4O33 solid solution in wet

air slightly exceeds that in dry air (Fig. 3a, curve 5), the

contribution of proton conductivity is very small according to

ac impedance measurements. The activation energies for

conduction in La10W2O21/g-La6W2O15/Ndx (x ¼ 0, 2, 4, 6, 8, 10)

composites in wet air between 400 and 600 �C (Tables 2 and 3)

are typical of proton conductors: 0.48e0.82 eV. The activation

energy of the La10W2O21/g-La6W2O15/Ndx (x ¼ 0, 2, 4, 6, 8, 10)

composites in wet air is markedly lower than that in dry air. g-

La6W2O15-based composite has the lowest activation energy.

Total electrical conductivity of g-La6W2O15 at 11.9 kHz as a

function of PO2 in dry atmospherewas investigated by Ivanova

et al. [39]. g-La6W2O15 is mixed electroniceionic conductor in

dry atmosphere with maximum conductivity value

~1 � 10�5 S/cm at 700 �C. At PO2 < 10�5 atm and T > 300 �C n-

type conductivity starts to grow. Under oxidizing conditions,

the electron holes also start to contribute to the total con-

ductivity, but this effect is less pronounced. Since the g-

La6W2O15-based composite consists of 80 wt% of g-La6W2O15

phase, it is not necessary to expect high values of hole con-

ductivity under oxidizing conditions.

Fig. 3c presents the Arrhenius plots of conductivity of two-

phase material with nominal composition 5La2O3:2WO3

including 80.6 wt% of pure La10W2O21 phase and 19.4 wt% of g-

La6W2O15 phase in dry andwet air. This composite with a high

content of the fluorite-like phase La10W2O21 (~81 wt %) (Table

1,Fig. 2 c) showed themaximumproton conductivity inwet air

(1 � 10�3 at 700 �C) comparable to that of the known proton

conductor La6�xWO12�d (x ¼ 0.6) [15,19,39].

Since electrochemical properties of pseudorhombohedral

Nd14W4O33 have not yet been studied, we measured its total

conductivity as a function of oxygen partial pressure (Fig. 4a).
Nd14W4O33 (1500�С). b: Arrhenius plots of conductivity in

dry (filled data points) and wet (open data points) air for g-

La6W2O15ebased composites with low neodymium

content (x ¼ 0, 2, 4) and pseudorhombohedral Nd14W4O33

synthesized between 1400 and 1450 �C: (1) La10W2O21/g-

La6W2O15 composite (1450�С); (2) La10W2O21/g-La6W2O15/

Nd2 composite (1400�С); (3) La10W2O21/g-La6W2O15/Nd4

composite (1400�С); (4) Nd14W4O33 (1450�С). c: Arrhenius

plots of conductivity in dry (1) and wet (2) air for the

La10W2O21-based composite.
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Table 2eApparent activation energy (Ea) of total conductivity temperature dependence of Nd containing g-La6W2O15-based
composites (La10W2O21/g-La6W2O15/Ndx (x¼ 0, 6, 8, 10)) composites and La14-xNdxW4O33 (x¼ 12, 14) pseudorhombohedral
solid solutions, in dry and wet air.

Composition Atmosphere Ea (±0.01), eV

350e600 �C 600e900 �C

La10W2O21/g-La6W2O15 (1450�С) Dry air 0.50 1.28

Wet air 0.48 1.09

La10W2O21/g-La6W2O15/Nd6 (1500�С) Dry air 0.85 1.48

Wet air 0.68 1.35

La10W2O21/g-La6W2O15/Nd8 (1500�С) Dry air 0.95 1.45

Wet air 0.76 1.34

La10W2O21/g-La6W2O15/Nd10 (1500�С) Dry air 1.00 1.43

Wet air 0.82 1.37

La2Nd12W4O33 (1500�С) Dry air 0.94 1.10

Wet air 0.91 1.08

Nd14W4O33 (1500�С) Dry air 1.00

Wet air 0.96
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It follows from Fig. 4a that at 700 �C Nd14W4O33 has a purely

ionic conductivity of ~4 � 10�4 S/cm at oxygen partial pres-

sures from 10�18 to 1 atm and that its 900 �C conductivity

exceeds ~1 � 10�3 S/cm. Therefore, Nd14W4O33 can be regar-

ded as an oxygen ion conductor. The same conductivity

(~4 � 10�4 S/cm at 700�С) was obtained for this sample from

impedance spectroscopy data (Fig. 3b, curve 4). It is worth

noting that only at 800 �C do we observe an increase in the n-

type conductivity of Nd14W4O33, which seems to be due toW6þ

reduction at low oxygen partial pressures (PO2 < 10�16 atm),

and there is no hole conduction up to PO2 ~ 1 atm. This ceramic

exhibits p-type conductivity from 900 �C (PO2 � 10�4 atm).

Thus, Nd14W4O33 is stable under oxidizing/reducing condi-

tions up to 700 �C. Thus, Nd14W4O33 is a nearly pure ionic

conductor up to 700 �C and mixed conductor at T � 800�С.
Besides, below 600 �C the conductivity of Nd14W4O33 in wet

air slightly exceeds that in dry air. To ascertain the nature of

the conductivity of Nd14W4O33 ceramics, it was measured by

the DC method in dry and wet air, wet nitrogen, and wet

hydrogen (Fig. 4b). The total conductivity in wet air was found

to be essentially identical to that in wet nitrogen, suggesting

that there was no proton contribution [1,3]. The higher con-

ductivity in wet hydrogen was most likely due to reduction of

Nd14W4O33 in the hydrogen atmosphere.

In the case of the low-temperature series of materials, with

high neodymium content, La10W2O21/g-La6W2O15/Nd10
Table 3 e Apparent activation energy (Ea) of total
conductivity temperature dependence of g-La6W2O15-
based composites (La10W2O21/g-La6W2O15/Ndx (x ¼ 2, 4))
and Nd14W4O33, in dry and wet air.

Composition Atmosphere Ea (±0.01), eV

400
e600 �C

600
e900 �C

La10W2O21/g-La6W2O15/Nd2

(1400�С)
Dry air 0.97 1.49

Wet air 0.81 1.34

La10W2O21/g-La6W2O15/Nd4

(1400�С)
Dry air 0.82 1.54

Wet air 0.69 1.41

Nd14W4O33 (1450�С) Dry air 1.03 0.95

Wet air 1.03 0.99

Fig. 4 e a: Total conductivity as a function of oxygen partial

pressure for pseudorhombohedral Nd14W4O33 prepared at

1450 �C. b: Total conductivity of Nd14W4O33 prepared at

1450 �C; four-probe ac measurements in (1) dry air, (2) wet

air, (3) wet nitrogen, and (4) wet hydrogen.
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Fig. 5 e Arrhenius plots of conductivity in dry (filled data

points) and wet (open data points) air for (1)

pseudorhombohedral Nd14W4O33, (2) La2Nd12W4O33

pseudorhombohedral solid solution, and (3) La10W2O21/g-

La6W2O15/Nd10 composite synthesized at 1400 �C (8 h).

Fig. 6 e Arrhenius plots of conductivity in dry (filled data

points) and wet (open data points) air for Nd14W4O33

ceramics prepared at (1) 1500 �C (4 h) and (2) 1400 �C (8 h).
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composite and La14-xNdxW4O33 (x ¼ 12, 14) solid solutions,

synthesized at 1400 �C in 8 h (Fig. 5), the total conductivity of

the La2Nd12W4O33 (x ¼ 2) pseudorhombohedral solid solution

is eight times higher than that of Nd14W4O33 (Fig. 5, curves 2

and 1), and conductivity of the La10W2O21/g-La6W2O15/Nd10

composite is protonic in nature (Fig. 5, curve 3).

Bespalko et al. [26] reported that the addition of lanthanum

to the proton-conducting solid solution Nd5.5WO11.25-d ((Nd5/

6La1/6)5.5WO11.25-d) improved its transport properties: its pro-

ton conductivity increased by an order of magnitude,

to ~ 8 � 10�5 S/cm at 600 �C, and so did its oxygen ion con-

ductivity. The proton conductivity of g-La6W2O15-based com-

posite, consisting of ~18wt% of La10W2O21, is ~6� 10�5 S/cm at

600 �C, approaching that of the Nd-rich mixed tungstate (Nd5/

6La1/6)5.5WO11.25-d [26]. The proton conductivity of La10W2O21-

based composite consisting of ~81 wt% of La10W2O21 is

~7.5 � 10�4 S/cm at 600 �C, approaching that of the La6�x-

WO12�d fluorite-like proton conductors [39]. Note that the

conductivity of the pure phase La10W2O21 is ~4 � 10�5 S/cm at

600 �C in ambient air [12], whereas for La10W2O21-based

composite, consisting of ~81 wt % of La10W2O21, conductivity

attains ~4 � 10�4 S/cm at 600 �C in dry air. We can assume a

composite effect, which has recently been demonstrated for

La2Mo2O9eLa2Mo3O12 composite oxygen-ion electrolytes [47].

Thus, proton conductivity decreases with decreasing La2O3

content in the lanthanum tungstate system in the following

order: La6�xWO12�d (x ¼ 0.3e0.7) � composite material based

on La10W2O21 > composite material based on g-La6W2O15 > g-

La6W2O15.

In the case of the pseudorhombohedral structure of La14-

xNdxW4O33 (x ¼ 12, 14) solid solutions, proton conductivity is

negligible, whereas oxygen ion conductivity rises,

reaching ~ 4� 10�4 S/cmat 700 �C for Nd14W4O3 synthesized at

1450e1500 �C, which allows it to be viewed as a new oxygen

ion conductor (Fig. 4a and b).

Difficulties in synthesis of lanthanum neodymium
tungstates with high conductivity

It should be emphasized that the conductivity of Nd14W4O33 is

a rather strong function of synthesis conditions. Fig. 6 shows

Arrhenius plots of conductivity for two samples differing in

thermal history. Note that annealing at 1400 �C for 8 h reduced

the total conductivity of the Nd14W4O33 ceramics by an order

of magnitude in comparison with the ceramics produced at

1500 �C (4 h) or 1450 �C (4 h). In this case, a short high tem-

perature annealing is preferable to a longer low temperature

annealing. This is probably due to volatility of tungsten oxide

from its compounds during prolonged annealing. In a previ-

ous study [48], the composition of rare-earth molybdates with

the nominal formula Ln10Mo2O21 (Ln ¼ Dy, Gd, Ho) was

observed to change during prolonged (80e160 h) annealing at

1200 �C as a result of molybdenum oxide volatility. An unex-

pected result was obtained for the Nd-poor composite

La10W2O21/g-La6W2O15/Nd2 (Fig. S5). Raising the synthesis

temperature from 1400 to 1500 �C at a constant annealing time

led to degradation of its proton conductivity between 500 and

600 �C. This was possibly due to micromelting processes,

which were observed between 1500 and 1600 �C in the

lanthanum tungstates composites with low neodymium
content. As a rule, the melting point of rare-earth compounds

decreases with increasing Ln ionic radius.

Microstructure and density of ceramics under study

Table S1 and Fig. 7 present geometric density data obtained by

measurements of mass and dimensions for two series of ce-

ramics synthesized at 1500 and 1400 �C (Fig. 7 curves 1 and 2,

respectively).

In both series the density of materials shows a similar

behavior, however it should be noted that sintering at 1400 �C
results in a higher density than sintering at 1500 �C.
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Fig. 7 e Geometric density as a function of Nd content for

the La10W2O21/g-La6W2O15/Ndx (x ¼ 0, 2, 4, 6, 8, 10, 12, 14)

ceramics prepared at (1) 1500 and (2) 1400 �C.
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In the 1400 �C series, the highest density was offered by the

Nd-poor La10W2O21/g-La6W2O15/Nd2 composite, the Nd-rich

La10W2O21/g-La6W2O15/Nd10 composite, and the La14-xNdx-

W
4
O33 (x ¼ 12) solid solution with a pseudorhombohedral

structure, also Nd-rich. In addition, La14-xNdxW4O33 (x ¼ 12)

solid solution had the highest oxygen ion conductivity.

The appearance of the ceramics is given in Table S1. It is

worth noting the change in color from yellow to purple with

increasing Nd content and the surface roughness of the pel-

lets, which was found to increase with La content and also

with temperature in the case of La10W2O21/g-La6W2O15 com-

positematerial. We assume that this was due tomicromelting

on the ceramic surface. The best Ln/W ratios near to the for-

mula composition (Ln/W ¼ 3.5) were obtained for La10W2O21/

g-La6W2O15/Ndx (x ¼ 2, 4, 10) composites (Table 4). For g-

La6W2O15-based composite material and Nd14W4O33, there is

some excess of lanthanum or neodymium, respectively. It

should be noted the uniform distribution of Ln (Ln ¼ La, Nd)

cations in all the studied samples, which confirms the

assumption that neodymium is uniformly incorporated into

the sublattice of fluorite-like La10W2O21 (5La2O3:2WO3) and
Table 4 e SEM/EDX point analysis data of polished and therma
composites (La10W2O21/g-La6W2O15/Ndx (x ¼ 0, 2, 4, 6, 8, 10)) a
investigation.

Composition (La þ Nd)/W
ratio (formula)

(La þ Nd
(averaging ov

Tsyn. ¼ 140

La10W2O21/g-La6W2O15 3.50 3.91 ±
La10W2O21/g-La6W2O15/Nd2 3.84 ±
La10W2O21/g-La6W2O15/Nd4 3.79 ±
La10W2O21/g-La6W2O15/Nd6 e

La10W2O21/g-La6W2O15/Nd8 e

La10W2O21/g-La6W2O15/Nd10 3.76 ±
La14-xNdxW4O33 (x ¼ 12) 4.04 ±
Nd14W4O33 4.03 ±

a For La10W2O21/g-La6W2O15 composite Tsyn. ¼ 1450 �C, 4 h.
orthorhombic g-La6W2O15 (3La2O3:2WO3) tungstates (Fig. S6a-

d). The microstructure of the polished and thermal etched

ceramic surface for the samples under discussion is shown in

Fig. 8. Comparing the SEM images of the polished and ther-

mally etched surfaces, it should be noted that the least porous

ceramics were the Nd-poor La10W2O21/g-La6W2O15/Nd2 com-

posite, the Nd-rich La10W2O21/g-La6W2O15/Nd10 composite,

and the La14-xNdxW4O33 (x ¼ 12) solid solution (Fig. 8b, d, e).

The g-La6W2O15-based composite material (Fig. 8a) had lower

porosity than that of the single phase Nd14W4O33 (Fig. 8f). The

results obtained are consistent with the density data shown in

Fig. 7, curve 2.

The unusual surface morphology of g-La6W2O15-based

composite should be noted (Fig. 8а). On the polished and

thermally etched surface of this sample, the cracks can be

seen passing mainly along the grain boundaries (Fig. 8a. The

arrows mark the cracks). This may indicate the influence of a

reversible phase transition in this composite ceramic, which

will be discussed in the next paragraph. Previously Ivanova

et al. [39] had already observed a high crack density in as-

sintered g-La6W2O15 ceramics (Tsyn. ¼ 1400 �C), that were

associated with polymorphism phenomena, typical of the

orthorhombic phase. A similar behavior was observed in

related lanthanum tungstates Ln2W2O9 (Ln2O3:2WO3) (Ln ¼ Ce,

Nd, Pr, Sm, Eu, Gd and Tb) due to a significant volume change

during low-temperature phase transformation [49]. A linear

relationship between the phase transition temperature and

the ionic radii of the rare-earth cation was found, ranging

from 325 �C for Pr2W2O9 to 600 �C for Gd2W2O9. For the rest of

the composite and solid solution ceramics, synthesized at

1400 �C in this study, this phenomenon of cracking was not

observed (Fig. 8bef).

Next, the second series of ceramics synthesized at 1500�С
was studied. In this case, cracks are present in the La10W2O21/

g-La6W2O15/Ndx (x ¼ 2, 4, 6, 8) g-La6W2O15-based composites

and can be attributed to the evaporation of WO3 from the

composites at temperatures ~ 1500 �C (Fig. S7b-e). EDX data

supported this conclusion (Fig. S6e, f). Lanthanum and neo-

dymium are uniformly incorporated into the sublattice of the

fluorite-like La10W2O21 and orthorhombic g- La6W2O15 com-

posite phases, but there is a lack of tungsten, mainly in the

pore regions (Fig. S6e, f). More neodymium should to be added

to the composite to suppress cracking at 1500 �C synthesis
l etched surfaces of Nd containing g-La6W2O15-based
nd La14-xNdxW4O33 (x ¼ 12, 14) solid solutions under

)/W ratio
er 5 spectra)
0 �C, 4e8 h

(La þ Nd)/W ratio
(averaging over 5 spectra)

Tsyn. ¼ 1500 �C, 2e4 h

Analysis
area (mm2)

0.05a e 140 � 200

0.07 3.85 ± 0.04

0.06 3.84 ± 0.04

4.72 ± 0.2

4.09 ± 0.05

0.08 3.78 ± 0.17

0.1 4.12 ± 0.08

0.03 3.94 ± 0.07
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Fig. 8 e SEM images of polished and thermal etched surfaces of (a) La10W2O21/g-La6W2O15 composite, (b) La10W2O21/g-

La6W2O15/Nd2 composite, (c) La10W2O21/g-La6W2O15/Nd4 composite, (d) Nd14W4O33, synthesized in the 1400e1450 �C
temperature interval; and (e) La10W2O21/g-La6W2O15/Nd2 composite, (f) La10W2O21/g-La6W2O15/Nd4 composite, (g)

Nd14W4O33 synthesized at 1500 �C. The arrows mark cracks.
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temperatures. No cracking was observed in the La10W2O21/g-

La6W2O15/Ndx (x ¼ 10) composite and pseudorhombohedral

La14-xNdxW4O33 (x ¼ 12, 14) ceramics (Fig. S7f, g, h). However, a

lack of tungsten was also observed in these Nd-rich samples

(Fig. S6 g).
Thus, annealing at a higher temperature of 1500�С reduces

the density of Nd-containing composites due to the evapora-

tion of WO3, which leads to a decrease in the density of the

samples, as shown in Fig. 7, curve 1. No cracking was observed

in the La10W2O21/g-La6W2O15/Ndx (x ¼ 10) Nd-rich composite.
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Fig. 9 e DSC data obtained during heating and cooling of

the g-La6W2O15-based composite (La10W2O21/g-La6W2O15),

which demonstrate a reversible phase transition

at ~ 910 �C (heating).
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Under a temperature annealing at 1400�С, there were no

cracks for Nd-containing g-La6W2O15-based composite ce-

ramics. For g-La6W2O15-based composites, formation of cracks

associated with the polymorphism of the g-La6W2O15 phase

was found after 1450�С temperature annealing. No cracking

was observed in the pseudorhombohedral La14-xNdxW4O33

(x ¼ 12, 14) ceramics, synthesized at 1400 and 1500�С.

Effect of Nd addition on the phase transition of g-La6W2O15-
based composite material

In this work, reversible phase transitions known for g-

La6W2O15 [37,39] were studied for g-La6W2O15-based compos-

ite, Nd14W4O33, and La10W2O21/g-La6W2O15/Ndx (x ¼ 2, 4, 6, 8,

10) composite powders by DSC in the range of 25e1000 �C.
Since the g-La6W2O15 composite is a two-phase material

consisting not only of g-La6W2O15 (3La2O3:2WO3) but also of

the fluorite-related cubic phase La10W2O21 (5La2O3:2WO3), it

was important to understand how the presence of two phases

influences the phase transitions typical for g-La6W2O15

(3La2O3:2WO3). During heating of g-La6W2O15-based compos-

ite in a DSC cell, only one endothermic peak was detected at

910 �C,whereas in the case of g-La6W2O15 Chambrier et al. [37].

observed two endothermic peaks, at 615 and 944 �C, which

corresponded to reversible phase transitions. One of them

was due to the transition from the low-temperature (g) phase

to the intermediate-temperature (b) phase, and the other was

due to the transition from the b phase to the high-temperature

(a) phase [37]. Reversible phase transitions below 900 �C are

undesirable in candidate materials for use in hydrogen gen-

eration membranes and solid oxide fuel cells. Thus, it is seen

that unlike g-La6W2O15, the g-La6W2O15-based composite un-

dergoes no phase transition at 615 �C, and its DSC curves show

only one reversible transition at 910 �C (Fig. 9).

For 1400 �C series, an introduction of a small amount of Nd

in the g-La6W2O15-based composite (La10W2O21/g-La6W2O15/

Nd2) causes the 910 �C transition to disappear (Fig. S8a).

Nd14W4O33 also undergoes no transition at 910 �C (Fig. S8b).

Obviously, the reversible phase transition found for the g-

La6W2O15-based composite affects the microstructure of the

sample. We observed the cracking phenomenon only for the

g-La6W2O15-based composite (Fig. 8a), which is characterized

by the reversible phase transition. For the rest of the Nd

-containing ceramics synthesized at 1400 �C, this phenome-

non was not observed (Fig. 8 b-g). However, synthesis at a

higher temperature of 1500�С led to the evaporation of WO3

even from Nd containing composites (La10W2O21/g-La6W2O15/

Ndx (x¼ 2, 4)) and formation of cracks (Fig. S7 b,c). At the same

time, the density of ceramics decreased. Nd14W4O33 - based

solid solution ceramics do not tend to crack (Fig. S7 g, h).
Conclusions

The present results demonstrate that 7La2O3:4WO3 composi-

tion is a two-phase material (composite) consisting of the

fluorite-related La10W2O21 (5La2O3:2WO3) phase and the ortho-

rhombic g-La6W2O15 (3La2O3:2WO3) phase, whereas Nd14W4O33

is a compound, whose structure has pseudorhombohedral cell.

We have investigated structural transformations in a series of
materials with the nominal composition La14-xNdxW4O33 (x¼ 0,

2, 4, 6, 8, 10, 12, 14) and showed that La14-xNdxW4O33 (x ¼ 2, 4, 6,

8, 10) materials are also two-phase ones, i.e., La10W2O21/g-

La6W2O15/Ndx (x ¼ 2, 4, 6, 8, 10). According to EDX data neo-

dymium is uniformly incorporated into the sublattice of

fluorite-like La10W2O21 (5La2O3:2WO3) and orthorhombic g-

La6W2O15 (3La2O3:2WO3) tungstates.

The Nd-rich La14-xNdxW4O33 (x ¼ 12, 14) solid solutions

have a pseudorhombohedral structure. During heating in a

DSC cell, the g-La6W2O15-based composite was observed to

undergo a single reversible phase transition at 910 �C, whereas

Nd introduction in the g-La6W2O15-based composite materials

(La10W2O21/g-La6W2O15/Ndx (x ¼ 2, 6, 8, 10, 12, 14)) suppresses

the transition.

The oxygen ion and proton conductivity of the mixed

lanthanum neodymium tungstates has been studied using

impedance spectroscopy, and their proton conductivity has

been shown to decrease gradually with increasing Nd content.

Clearly, the proton conductivity of g-La6W2O15-based com-

posite is contributed by proton transport in both of its con-

stituent phases: La10W2O21 (5La2O3:2WO3) and g-La6W2O15

(3La2O3:2WO3). However, the proton contribution of

La10W2O21/g-La6W2O15 is mainly dependent on the proton

contribution of La10W2O21, because the proton conductivity of

g-La6W2O15 is an order of magnitude lower than that of the g-

La6W2O15-based composite. This point was confirmed in the

present work by proton conductivity measurements of the

La10W2O21-based compositewith a high content of the fluorite-

like cubic phase (~81 wt% La10W2O21). The proton conductivity

of La10W2O21-based composite is ~7.5 � 10�4 S/cm at 600 �C,
approaching that of La6�xWO12�d proton conductors.

At the same time, no proton conductivity has been detec-

ted in the pseudorhombohedral solid solution La14-xNdxW4O33

(x ¼ 12) or Nd14W4O33, whereas their oxygen ion conductivity

has been shown to rise. This behavior is due to the change in
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the structure type. Nd14W4O33 has been shown to have a wide

range of ionic conductivity, which is ~4 � 10�4 S/cm at 700 �C
(1.0 � 10�3 S/cm at 900 �C). This allows this compound to be

viewed as a new oxygen ion conductor. Oxygen ion conduc-

tion in Nd14W4O33 has been confirmed by four-probe ac

measurements in different dry and wet gaseous atmospheres

(air, nitrogen, and hydrogen). The cracking process disappears

in g-La6W2O15-based composites with increasing Nd content.

More neodymium should to be added to the composite to

suppress cracking at higher synthesis temperatures.
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