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Mixed ionic electronic conducting ceramics Nde_,WO,_s (8 is the oxygen
deficiency) provide excellent stability in harsh environments containing strongly
reactive gases such as CO,, CO, H,, H,O or H,S. Due to this chemical stability,
they are promising and cost-efficient candidate materials for gas separation,
catalytic membrane reactors and protonic ceramic fuel cell technologies. As in
Lag_yWO,,_s, the ionic/electronic transport mechanism in Nds_,WO;,_s is
expected to be largely controlled by the crystal structure, the conclusive
determination of which is still lacking. This work presents a crystallographic
study of NdsgWO;, s and molybdenum-substituted Nds;W(75M0g25015_s
prepared by the citrate complexation route. High-resolution synchrotron and
neutron powder diffraction data were used in combined Rietveld refinements to
unravel the crystal structure of NdssWOq,_s and Nds,Wg75M0g2501,_s. Both
investigated samples crystallize in a defect fluorite crystal structure with space
group Fm3m and doubled unit-cell parameter due to cation ordering. Mo
replaces W at both Wyckoff sites 4a and 48/ and is evenly distributed, in contrast
with Las_,WO;,_s. X-ray absorption spectroscopy as a function of partial
pressure pO, in the near-edge regions excludes oxidation state changes of Nd
(Nd**) and W (W°") in reducing conditions: the enhanced hydrogen permeation,
i.e. ambipolar conduction, observed in Mo-substituted Nds_,WO,_; is there-
fore explained by the higher Mo reducibility and the creation of additional —
disordered — oxygen vacancies.

1. Introduction

Catalytic membrane reactors (CMR), allowing simultaneous
chemical reaction and product separation and improving
thermodynamically limited reaction yields, are promising
devices for process intensification owing to their compactness,
simplicity and energy efficiency. In the past few years electro-
chemically driven proton-conducting membranes have been em-
ployed in CMR for methane dehydroaromatization (Morejudo
et al., 2016) and steam methane reforming (Malergd-Fjeld et
al., 2017), resulting in higher yields, catalyst stability and
separate high-purity H, streams. Hydrogen production from
water electrolysis has also been studied thoroughly (Choi et
al., 2019; Vgllestad et al., 2019), as has ammonia production
from water and N, (Kyriakou er al., 2020; Marnellos &
Stoukides, 1998). In the above-mentioned cases, the employed
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membranes were based on BaZr;_,_,Ce,Y,05_s, a material
that presents protonic and oxygen ionic conductivity (Ricote
et al., 2011, 2009; Katahira et al., 2000; Choi et al., 2018).

On the other hand, mixed protonic electronic conducting
(MPEC) ceramics are selective to H,. This is due to protons
being transported through their crystal structure, driven by a
chemical potential gradient. The protons are charge com-
pensated by transport of electrons and/or oxygen ions and do
not need any external driving force. For this reason, MPEC
ceramics are among the most promising candidates for gas
separation, CMR (Deibert et al., 2017) and protonic ceramic
fuel cell technologies. Among different MPEC ceramics, rare
earth tungsten oxides with the common formula REqWO;,
(RE = La, Nd) are presented as promising candidates due to
their superior mixed conductivity and their ability to operate
at high temperatures and pressures (Jordal et al., 2004;
Haugsrud, 2007).

Nde_,WO;,_s (NWO) and substituted NWO compounds
have proved to be stable mechanically (Escolastico et al., 2018)
and chemically in reactive environments (CO,, CO, H,, H,O
and H,S) (Escolastico et al., 2015; Escolastico, Schroeder et al.,
2014), emerging as candidate materials for H,-permeable
membranes in CMR or in gasification power plants.

The widely studied mixed conductors Las_,WO;,_s (LWO)
and substituted LWO crystallize in the fluorite-type crystal
structure with a doubled cubic lattice due to the ordering of La
and W (Scherb er al., 2016; Fantin et al., 2016, 2017, 2019;
Magrasé et al., 2009, 2012; Magrasé & Frontera, 2016; Kalland
et al., 2013). The unit cell can be best described with the
formula Layg W4, Os4,3:2V2_342, Where x is the amount of
W°* dissolving on the La2 site (W** in Kroger—Vink notation)
and v the number of oxygen vacancies (Erdal et al., 2012). A
single-phase material sintered at 7 = 1773 K can be produced
in the range 0.78 < x < 1.08, corresponding to an La/W ratio
between 5.3 and 5.7 (Magras6 & Haugsrud, 2014). Seeger et al.
(2013) found that the single-phase range depends on the
sintering temperature and shifts to smaller La/W ratios at
lower sintering temperature.

Oppositely to LWO (Seeger et al., 2013), A-site doping
(Escolastico, Schroeder et al., 2014; Escolastico et al., 2011;
Haugsrud, 2007) improves the ambipolar conductivity of
NWO and subsequently the permeation behaviour. B-site
doping with Re (Escolastico, Somacescu & Serra, 2014;
Escolastico et al., 2013), U (Escolastico & Serra, 2015) or Mo
(Escolastico et al., 2013; Escolastico et al., 2015; Ruf et al., 2014;
Vgllestad et al., 2014; Lopez-Vergara et al., 2018) for W in both
compounds further increases the total conductivity by one
order of magnitude and, in the case of NdssWsMoysO1155_s,
the H, permeability by seven times compared with pure NWO
at 1273 K (Escolastico et al., 2017, 2015).

Little is known about the crystal structure of NWO and
substituted NWO. Trunov (1968) and McCarthy et al. (1972)
proposed in the late 1960s and early 1970s a tetragonal
distorted or pseudo-tetragonal cell for Nd¢WO,, although in
both cases a few low-angle Bragg reflections were not indexed
and were ascribed by the authors to superstructure reflections,
ruling out possible secondary phases. More recent literature

(Escolastico et al., 2009, 2015) described the structure of NWO
as cubic or tetragonal depending on the sintering temperature
and composition. However, a conclusive structural description
of pure and substituted NWO has not been presented so far.
The goal of the present work was to elucidate the crystal
structure of NWO and Mo-substituted NWO by combining
synchrotron X-ray and neutron powder diffraction structural
refinements. Since Escolastico et al. (2015) reported a phase
transition for NdssW;_.Mo,0;,5_s from cubic to rhombo-
hedral at Mo substitution levels of around 50%, here a
conservative substitution degree of 20% was chosen (z = 0.2).
It was assumed that the stoichiometric differences in Nd
content between the literature and specimen compositions
were not relevant enough to induce any substantial deviation
from the cubic crystal structure when z = 0.2, which was
proved to be the case. The presented results will further
support a comprehensive understanding of H, transport
within the NWO structure.

2. Experimental
2.1. Sample synthesis and treatment

Specimens were produced following a wet chemical route,
the citrate complexation route (Seeger et al., 2013; Escolastico
et al., 2009). With this synthesis method, it is possible to
produce powders with high homogeneity, which is especially
important for samples with a low concentration of substi-
tuents. Before the final sintering step the powders were
uniaxially pressed into cylindrical discs and then sintered at
1773 K for 12 h in air with heating and cooling rates of
2 K min~"' to obtain single-phase materials with high crystal-
linity suitable for diffraction investigations. The sintered discs
were polished to remove secondary phases (Nd,Os,
Nd;(W,0;;) on the surface formed during sintering. Two
different samples were produced: an undoped neodymium
tungstate with a nominal composition of Nds;WOi,_ s
(labelled NWO) and an Mo-substituted sample with a nominal
composition of Nds,W;sMo0p,01,_s (labelled NWM). In
order to remove adsorbed and/or absorbed water, the samples
were dried under constant Ar or synthetic air flow at 1173 K
for 4 h in a tubular furnace prior to the structural analysis.
Deuteration was achieved by connecting two bubble bottles
filled with D,O to the synthetic air stream at room tempera-
ture. The furnace was kept at 623 K for 4 h. Following heat
treatments, the samples were transferred to the experimental
stations in air-tight boxes filled with argon to prevent changes
to the pre-treated specimens.

2.2. Compositional and thermogravimetric analysis

Chemical composition was determined by electron-probe
microanalysis (EPMA) using a JEOL JXA 8200 device.
Wavelength-dispersive X-ray spectroscopy was carried out on
10 to 20 points measured on the surface of each grain and on
cross sections of pieces of the sintered pellets to ensure
homogeneous sampling of the powders. Only grains without
visible pores and only obtained measurements with a
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calculated sum in mass percent of at least 95% were consid-
ered in the analysis. Elemental standards for tungsten,
neodymium oxide and molybdenum oxide were used for the
calibration, in order to increase the accuracy of the local
composition measurements.

The mass loss of the pre-treated samples was determined
during heating with a Netzsch TG209F1 Iris microbalance
equipped with a mass spectrometer QMS 403 Aéolos with a
heating ramp of 5 K min~' and Ar atmosphere.

2.3. Phase and structural analysis

Phase analysis was performed by Cu Ko X-ray diffraction
(XRD) using a Bruker D8 diffractometer in Bragg-Brentano
geometry. Phase identification was aided by the International
Centre for Diffraction Data (ICDD; http:/www.icdd.com)
PDF2 database within the EVAI4 software (Bruker, 2008) and
Le Bail (Le Bail et al., 1988) refinements of unit-cell para-
meters were performed using TOPAS 4.2 (Evans, 2010;
Coelho, 2018).

The crystal structure was resolved by combining neutron
powder diffraction (ND) and high-resolution synchrotron
X-ray powder diffraction (HRSXRD). Neutron diffraction
was carried out on the fine-resolution powder diffractometer
(FIREPOD) at the neutron reactor BERII at HZB (Helm-
holtz-Zentrum-Berlin, Germany) with wavelengths of
1.3084 (2), 1.7982 (1) and 2.8172 (2) A (Franz & Hoser, 2017),
using 6 mm diameter vanadium cans and measuring at room
temperature. Neutrons are particularly useful for investigating
rare earth tungstates since the difference in the coherent
scattering lengths of the cations Nd [bYS = 7.69 (5) fm], W

coh

[bY, = 4.755 (18) fm] and Mo [bY4 = 6.715 (20) fm] provide
good contrast between them. Oxygen anions have a favour-
able neutron scattering length of b2, = 5.805 (4) fm.

HRSXRD measurements were performed on beamline
ID22 (formerly ID31) (Fitch, 2004) at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) for
samples dried under Ar. A wavelength of 0.39987 (1) A was
used to minimize absorption effects. The powder samples were
diluted with low-absorbing Al,O; (NIST 676) which was used
as internal standard and filled into polyimide capillaries of
diameter 0.7 mm inside a glove bag. Further HRSXRD
measurements for samples dried and deuterated under
synthetic air were conducted on the material science (MS)
beamline (Willmott er al, 2013) at the Swiss Light Source
(SLS). The MS beamline was equipped with a Mythen II
microstrip detector (Gozzo et al., 2010). The powder samples
were loaded into glass capillaries of diameter 0.1 mm inside a
glove box. To increase by 10-20% the contrast between the
substituend Mo and the other cations Nd (56.6 e;) and W
(67.48 e_;;), the wavelength was chosen just below the Mo K
absorption edge at an energy of 19.9 keV [A = 0.62284 (1) A],
reducing the effective number of electrons (ez;) of Mo®" from
36 e to 31.35e;;. For further details on scattering power
calculations and energy-dependent dispersion corrections the
reader is referred to Cromer & Liberman (1981).

Combined Rietveld refinements, applying the X-ray and
neutron diffraction pattern simultaneously, were performed

using GSAS II (Toby & Von Dreele, 2013). The following
refinement strategy was applied:

(i) The instrumental profile, wavelength and zero correction
were refined using reference materials (HRSXRD: LaBg NIST
660a and Si NIST 640d; neutron diffraction: Y,O53).

(i) The background was fitted with a Chebychev poly-
nomial function using 15 (BERII data), 21 (ESRF data) and/
or 36 (SLS data) parameters and kept fixed until the last stage
of the refinement, when it was refined together with the other
structural parameters.

(iii) Unit-cell parameters and sample displacement parallel
and perpendicular to the beam were refined together with the
internal standard Al,Os. The internal standard was kept fixed
to the tabulated values during refinement.

(iv) Finally, structural parameters (atomic displacement
parameter ADP, site occupation factor SOF, fractional coor-
dinates x, y, z) were refined (see Results and discussion
section).

The quality of refinement was estimated by the weighted
profile R factor wR and R;. based on the structure factor Fj,
of the crystallographic model (Toby, 2006; Rietveld, 1969).

2.4. XANES experiments

XANES measurements at the W and Nd L; absorption
edges (10207 and 6208 eV) were performed on the LISA
beamline (BM-08) (d’Acapito et al., 2019) at the ESRF
Samples were measured using a pair of Si(311) flat crystals; Si-
coated focusing mirrors (E.uoi =~ 16 keV) were used for
harmonic rejection. Measurements were performed on pellets
(13 mm diameter) in transmission mode at room temperature;
W and Cr standard foils were measured in transmission mode
for energy calibration.

The spectra were acquired with a step of 5 eV in the pre-
edge region AE,. (Ey—200eV < AE,. < Ey—25¢eV), astep
of 0.025 eV in the XANES region (Ey — 25 eV < AExangs <
E, + 25 eV) and a fixed k step of 0.03 A" above E, + 25 eV,
up to maximum values of k., (Nd) = 11.6 A~'and kmax(W) =
12 A7, for proper post-edge spectrum normalization.

Standard procedures (Lee et al., 1981) were followed to
extract the XANES signal: pre-edge background removal,
spline modelling of bare atomic background, edge-step
normalization using a polynomial function above the edge
region, and energy calibration using the software ATHENA
(Ravel & Newville, 2005).

3. Results and discussion
3.1. Compositional and phase analysis

Phase analysis of the as-synthesized powders performed by
XRD and EPMA confirmed the single-phase composition of
both samples. Table 1 lists the NWO and NWM compositions
calculated from EPMA, together with the ratios Nd/(W + Mo)
and Mo/(W + Mo). Fig. 1 shows backscattered electron (BSE)
micrographs of specimens of NWO and NWM, where dark
and light grey reflect the crystallographic orientation of the
individual grains rather than a compositional gradient. No

J. Appl. Cryst. (2020). 53, 1471-1483
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Table 1
Results from EPMA, nominal (at.%) cation ratios and composition for
NWO and NWM.

NWO NWM
Label Nominal EPMA Nominal EPMA
Nd/(W + Mo) 57 5.82(9) 5.4 5.68 (11)
Mo/(W + Mo) 0 0 0.2 0.25 (2)
Composition Nds ;WO 125 Nds 6sWo.75M0g 250125
Secondary phase No No

compositional differences between different grains and no
secondary phases could be detected with EPMA.

Laboratory XRD data revealed a doubled fluorite cell
consistent with the cell found for LassWO;,_s (Scherb et al.,
2016; Fantin et al., 2016; Magraso et al., 2012), with space group
Fm3m (No. 225). The smaller unit cell of NWO compared with
LWO (see Fig. 2) reflects the smaller radius of Nd compared
with La. Fluorite superstructure reflections, therefore indexed
as 111 and 200 of the doubled cell, are weaker for the NWO
and NWM samples than for the LWO sample. No secondary
phases could be found within the detection limits of the
diffractometer used.

3.2. Combined X-ray and neutron diffraction refinements on
NWO

High-resolution XRD showed the absence of any tetragonal
distortion of the fluorite structure, contrary to previous
reports (McCarthy et al, 1972; Trunov, 1968; Scherb, 2011),
and the presence (3.6wt%) of the secondary phase
Nd;(W,0,; (space group Pbcn, No. 60), which eluded both
laboratory XRD and EPMA. The existence of this secondary
phase can be explained by segregation of W-rich phases at the
surface of the sintered discs, which also clarifies the difference
between nominal and measured Nd, W and Mo content. The
Nd;(W,0,, phase was indexed and refined for the HRSXRD
pattern with unit-cell parameters a = 16.416 (1) A b=
10.903 (1) A and ¢ = 10.929 (1) A. However, due to the high
number of reflections (6407) within the refined 26 range of the
HRSXRD data, Rietveld refinement with the main NWO
phase and secondary Nd;(W,O,; phase becomes excessively
slow. Since the refinement of the main NWO phase is not
influenced by the secondary Nd;,W,0O,; phase, the latter was
not considered further for the combined X-ray and neutron
refinements. Isosurface plots of the observed electron and

Figure 1
BSE micrographs of (¢) NWO and (b) NWM.

222
x 30
NWO
m
200 311
220 Kp
)
c 222
=
£
8 NWM
>
=
(2]
GCJ 11 909 3N
I I K
E 220 Kp J
222
1M1 LWO
311
200
22
0 Ko
I ; I ;
20 40 60

26 (°)
Figure 2
Powder XRD patterns for Nds sWO;,_s (NWO), Nds,Wj75M0( 5015

(NWM) and Las WO, 5 (LWO). The y axis in the low-20 region (10 <
20 < 27.2°) is enlarged by a factor of 30 for better visualization.

Figure 3

(a) The observed electron-density map calculated from HRSXRD and
(b) the observed nuclear-density map calculated from ND at room
temperature. Only the lattice plane (001) with the corresponding oxygen
coordination is displayed. The colour scale was normalized to the
maximal and minimal electron and nuclear density.
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Table 2

Results from Rietveld refinements for Nds sWO;,_s (NWO) at 295 K in space group Fm3m for treatment under dry Ar, synthetic air and deuterated

synthetic air.

The coordinates, SOFs and ADPs are plotted for the combined X-ray and neutron refinement for NWO treated under dry Ar, labelled with an asterisk (combined

refinement with weight factor 0.1:10:20). The ADPs Uj; are multiplied by 100.

Treatment Instrument A (A) Observations ~ Reflections R (mm)  uR WwR (%) Rp (%) a (A) v (Az)
Dry Ar* ID22, ESRF 0.39987 (1) 36501 217 0.35 0.70 7.42% 3.67 10.9303 (1) 1305.86 (1)
Dry Ar* E9, HZB 1.3084 (2) 1735 137 3 0.18 8.43%* 8.68

Dry Ar* E9, HZB 2.8172 (2) 1735 22 3 0.35 20.65* 7.55

Synthetic air MS, SLS 0.62284 (1) 18334 265 0.05 0.74 2.55 2.69 10.9424 (1) 1310.20 (1)
D50 in synthetic air MS, SLS 0.62284 (1) 18334 265 0.05 0.74 3.04 291 10.9472 (1) 1311.93 (1)
Atom  Site  x y z SOF Uy (A?) Uy, (A?) Us; (A?) Uy, (A?) Uy (A?) Uy (A?)
Wi 4a 0 0 0 1.0 0.729 (35) 0.756 (6) 0.756 (6) 0 0 0

Nd1 4b 0.5 0.5 0.5 1.0 1.419 (59) 1.571 (7) 1.571 (7) 0 0 0

Nd2 48n 0 02365(1)  02365(1) 0486 0714 (60)  0.851 (45)  0.851 (45) 0 0 0.034 (48)
w2 48h 0 02365(1)  02365(1) 0014 0714 (60)  0.851 (45)  0.851 (45) 0 0 0.034 (48)
o1 96k 0.1132(4)  0.1132(4) 00668 (6) 0233 (4)  0.92(33) 0.92 (33) 3.26 (42) —0.88(24) —0.16(24)  —0.16 (24)
02 32f  03658(2) 03658(2) 03658 (2)  0.900(9)  1.73(10) 1.73 (10) 1.73 (10) 0.33 (13) 0.33 (13) 0.33 (13)

nuclear scattering densities extracted from the HRSXRD and
ND powder patterns (Fig. 3) show a splitting of the Wyckoff
site 24d (033) in the [110] direction, away from one of the three
mirror planes onto Wyckoff site 484 (Oyy).

The split Wyckoff site 48/ leads to two very near half-
occupied Nd sites, in analogy to LWO, defining the locally
disordered oxygen environment of the W1 site 4a and clearly
visible in the nuclear-density map in Fig. 3(b). The oxygen site
O1 is split from a regular arrangement on a cube on Wyckoff
site 32f (xxx) onto 96k (xxy) by leaving the ternary axis along
the mirror plane, observed already for LWO (Scherb et al.,
2016; Magras6 & Frontera, 2016). The disordered average
crystal structure describing LWO was, therefore, used as a
starting model for the Rietveld refinement of NWO. The
defect nomenclature from WO, according to Erdal et al
(2012) and Magraso et al. (2012), can be adapted to NWO: its
unit cell is described as Ndyg_ W4, Os4.3.2V2_3,» With an x of
0.69 calculated from EPMA. The starting values for the cation
SOFs were taken from EPMA and refined with chemical
composition restraints to the results calculated from EPMA.
Wyckoff site 4a with the highest electron density was occupied
by W and site 4b by Nd. The remaining W (0.69 atoms) was
located on the 484 site (Scherb et al., 2016). In the first step of
the structural refinement, the SOFs of the cation and anion
sites were kept fixed. It is necessary to assume at least the site
occupation for one site to remove direct correlations with the
scale factor, since the SOFs contribute to the integrated area
of the peaks. In complex materials like these defect fluorites,
the form factor for each reflection is mostly a function of all
atoms present in the system.

At first the ADPs were refined as isotropic while keeping
the SOFs fixed. Then the fractional coordinates were refined,
keeping SOFs and ADPs fixed. Then the ADPs were refined
together with the coordinates and fixed SOFs. In the final
cycles of the refinement, atomic anisotropic displacement
parameters were used and refined together with the coordi-
nates. This resulted in abnormally high ADPs for Nd1 on site
4b (see Table 2). An implementation of anti-site defects on

both 4a and 4b Wyckoff sites and free refinement of the
neutron data sets (no HRSXRD) with chemical restraints did
not improve the refinement. In this case only the neutron
patterns were used because of the better contrast between Nd
and W. A subsequent combined refinement with the anti-site
disorder fixed to the result from ND leads to even larger
ADPs for the Nd1 site and smaller ADPs for the W1 site.
Therefore, anti-site defects occupying the 4a and 4b Wyckoff
sites can be ruled out. Closer inspection of the electron-
density maps at the 4b site shows a remarkable disorder in the
direction towards the 4a site. Although splitting the 4b (313
site into 1/6 occupied 24e (00x), where x is close to 0.5, reduced
the ADPs for the Nd1 site, it did not improve the fit any
further. Since the SOFs for the Nd1 and W1 sites refined to 1
(within the uncertainties), both SOFs were kept at 100%
occupation for the rest of the analysis. Only the SOFs of the
48h and of the two oxygen Wyckoff sites were refined. Even
this did not improve the fit or change the SOFs significantly
from the starting values obtained from EPMA. Therefore, the
SOFs for all cation sites were kept fixed during the final
refinement and only the SOFs for O1 and O2 together with the
ADPs and fractional coordinates were refined. The resulting
atomic coordinates, displacement parameters, SOFs and resi-
duals from the refinement are summarized in Table 2 and the
corresponding Rietveld fits are shown in Fig. 4.

The disordered average crystal structure for NWO, derived
from a fluorite structure with a 2 x 2 x 2 supercell due to
cation ordering, is plotted in Fig. 5. It is a face-centred cubic
cell with W at the corners and face centres (Wyckoff site 4a),
surrounded by the split O1 site, which is displaced from site
32fto 96k with 24 possible positions. This results in an average
oxygen coordination of 5.6 (1). Nd occupies site 4b (edge
centres) and is coordinated by O2 on site 32f, equivalent to
7.2 (1) oxygen neighbours arranged regularly on a cube. The
higher ADPs for Nd on Wyckoff site 4b can be rationalized by
local static disorder. In the disordered average picture the
mixed occupied and split site 48k with an average oxygen
coordination of 6.4 (1) is highly disordered, which can be

J. Appl. Cryst. (2020). 53, 1471-1483
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Figure 4

Final Rietveld plots of the combined refinements of (¢) HRSXRD and
(b), (c) ND data of (b) 1.31 A and (c) 2.82 A for NWO at 295 K. The
patterns are plotted as a function of momentum transfer g = 47sin6/A.

better understood if the local arrangement is considered. On
this site 0.7 cations out of 24 are occupied by W, which acts as a
donor dopant (Wyyy in Kroger-Vink notation), consuming
oxygen vacancies and, hence, stabilizing the crystal structure.
These 3% W anti-site defects on site 484 introduce further
static displacements on a local length scale. The oxygen
sublattice is also highly disordered, with a split O1 site and
large ADPs for both oxygen sites. This is comparable to the
LWO crystal structure, which can be therefore assumed as
representative for NWO. The unit-cell composition was finally
refined to Ndy73W470515.

The highly disordered average structure is described
through local rearrangements and relaxation of both anions
and cations. By analogy with LWO, in NWO an octahedral
coordination for W can be assumed if two oxygen vacancies

w1
©Nd1

© Nd2/w2
@o1/02

Figure 5

The disordered average crystal structure of NWO from combined
Rietveld refinement to the HRSXRD and neutron diffraction data.
Anisotropic ADPs are displayed at the 50% probability level.

‘Nd1

Nd2/w2
¢ Nd2/W2 empty
Qo

¢ O empty

Figure 6

The local arrangement of NWO shown for one fluorite sub-cell layer. Two
oxygen vacancies located on one diagonal of the cube coordinating W
give order to the six remaining oxygens (a) and lead to a relaxation of
Nd2/W2 in the direction of the edge-shared W octahedron (b).

are placed on a diagonal of the cube and the remaining six
oxygen ions relax in a direction towards the vacancies [see
Fig. 6(a)], occupying one of the possible three positions of the
disordered average model, ie. the one next to the oxygen
vacant site. The orientation of one W octahedron propagates
ordering to the next octahedron via the split and half-occupied
Nd2/W?2 site [Fig. 6(b)]. In the local description, the Nd2/W2
site moves away from the defect and is closest and bonds to
two oxygen ions of the WOy octahedron.

3.3. HRSXRD refinement on Mo-substituted NWO

The dry NWM sample was studied by HRSXRD to inves-
tigate the cation distribution and structural changes induced
by the substitution of W by Mo. Small amounts (2.1 wt%) of
the secondary phase Nd;,W,0,; with space group Pbcn (No.
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60) were found with HRSXRD and, as for NWO, it was no
longer considered in the NWM structural refinements. The
refined unit-cell parameters of this secondary phase, a =
16425 (1) A, b = 10.896 (1) A and ¢ = 10.935 (1) A, are
reported for completeness.

As the electron-density distribution for NWM did not
deviate from that of NWO, the disordered NWO average
structure was used as a starting model. At first, a refinement
was performed for the single-atom model (MO0), i.e. using only
one atom per Wyckoff site in the NWO crystal structure (see
Table 2). From the refined SOFs four different Mo distribution
models were developed, in which 25% of Mo substituting W,
determined with EPMA, have to be distributed in the crystal
structure.

400

Wyckoff site 4a

Comparing the ionic radii of six-coordinated W°* (0.60 A)
and Mo®* (0.59 A) with that of eightfold Nd*" (1.109 A)
(Shannon, 1976), it becomes apparent that Mo substitutes W
on the W1 site 4a and on the mixed occupied and highly
distorted Nd2/W2 site 48h. The Wyckoff site 4b occupied by
Ndl and coordinated in a regular cube by almost eight
oxygens was not considered available for Mo in the fitted
models. The single-atom model M0 and the four different
models M1-M4 can be described as follows [see Figs. 7(a) and
7(b)):

(i) MO: refinement performed with W on 4a and Nd on 4b
and 48 sites and SOFs free (no Mo in the structure).

(ii) M1: SOFs for sites 4a and 48k calculated directly from
the single-atom model.

Wyckoff site 48h

(h)
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(a) The coordination of the cations, displayed for a half unit cell. (b) The different cation distribution models M1-M4 for the Wyckoff sites 4a and the
split site 484. (¢)—(f) The electron density observed from HRSXRD, shown for (c¢) the (111), (d) the (200), (e) the (220) and (f) the (311) lattice planes.
(g)-(j) The corresponding Rietveld fits to the superstructure reflections (g) 111, (/) 200, (i) 220 and (j) 311.
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Table 3
Cation distribution models for Mo-substituted NWO in space group
Fm3m.

The Wyckoff site 48k is split and has a total occupancy of 0.5. The weighted
profile R factor wR and the R for full pattern Rietveld refinements are also
listed.

Model R, wR  Wyckoffsite SOF(W) SOF(Mo) SOF(Nd)
MO 276 254 4a (000) 0907 (2) - -

48h (Oyy) - - 0.505 (1)
M1 261 254 4a (000) 0.8263 0.1737 -

48h (Oyy) 0.0061 0.0105 0.4833
M2 368 258  4a (000) 0.75 025 -

48h (Oyy) 0.0125 0.0042 0.4833
M3 445 267  4a (000) 0.70 030 -

48h (Oyy) 0.0167 - 0.4833
M4 192 264  4a (000) 0.90 0.10 -

48h (Oyy) - 0.0167 0.4833

(iii) M2: statistical distribution of Mo on both Wyckoff sites
4a and 48h.

(iv) M3: Mo only on 4a site (no Mo on 48# site).

(v) M4: W only on 4a site (no W on 484 site).

Models M1-M4 were refined keeping all MO-refined global
parameters (instrumental profile, background and sample
displacement) constant. The SOFs for the different distribu-
tion models, as listed in Table 3, were used and kept constant
during the refinement. Only the scale factor, the fractional
coordinates and ADPs for all atoms were refined. For better
visualization, the number of Mo and W atoms on the two
Wyckoff sites 4a and 48k are plotted for the models M1-M4 in
Fig. 7(b).

Cation order is mainly reflected by the superstructure
reflections already indexed as 111, 200, 220 and 311 of the
double fluorite cell in the laboratory XRD patterns (Fig. 2).
The weaker superstructure intensities shown by NWM relative
to NWO (~1:2 ratio) reflect the reduced scattering power of
the Mo/W mixed sites 4a, 4b and 48h.

Closer inspection of the superstructure lattice planes (hkl)
shown in Figs. 7(c)-7(f) and the corresponding fitted reflec-
tions Fig. 7(g)-7(j) reveals that the best fits occur for models
M1 and M4. This is also reflected in the listed R values in
Table 3. Indeed, when considering the effective number of
electrons per site, models M2 and M3 show a lack of electrons
on site 4a, which can be excluded on the basis of the larger R
values reported in Table 3. Furthermore, in model M3, the
effective numbers of electrons are equal for both sites 4a and
4b, differing only slightly from site 484 (56.6 to 57.0). There-
fore, as no detectable cation order is observed, the super-
structure lines in M3 are only weakly fitted. In M4 the
superstructure reflections are over-fitted, related to the higher
scattering power for the 4a site having the smallest amount of
Mo and the highest amount of W. Taking the quality factors
and careful inspection of the refinement results into account,
M1 is proposed to fit the average crystal structure of NWM
best. The substituted amount of Mo for W is more or less

equally distributed over Wyckoff sites 4a and 484 (~0.6 atoms
per site) and not distributed proportionally to the W amount
on each site proposed for Mo-substituted LWO. Fantin and co-
workers found for Re- (Fantin ef al., 2016) and Mo-substituted
(Fantin et al, 2019) LWO a statistical distribution of the
substituents over both W-containing sites, but Magrasé &
Frontera (2016), on the other hand, found no clear preference
for Mo substitution between the two W sites. A preference for
Mo occupying the distorted and more flexible site 484 is found
from the refinements to the different models. However, the
uncertainties in the cation ratio and Mo concentration
measured by EPMA prevent us from judging that fact cate-
gorically.

3.4. Combined X-ray and neutron diffraction refinements on
NWM

In order to validate the Mo distribution model M1 for the
crystal structure of NWM, combined refinements of neutron
and high-resolution X-ray data were performed. The combi-
nation of neutrons and X-rays has the advantage of opposite
scattering contrast for Mo and W, increased for neutrons
[(BMe — bW )/bY. = 41%] and decreased for X-rays
[(eg™M® —ex") /ey = —54%]. M1 was used as an initial
model and the Rietveld refinement procedure was performed
by analogy with NWO. In the final cycles of the refinement all

coordinates and ADPs were refined together. The SOFs for
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Final Rietveld plots for the combined refinements of (¢) HRSXRD and
(b) ND data for NWM at 295 K. The patterns are plotted as a function of
the momentum transfer g = 4rsin6/A.
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Table 4

Results from Rietveld refinement for Nds ;W 75M0g2501,_s (NWM) at room temperature to model M1 with SOFs calculated from the refinement to the
single-atom model M0 and subsequent refinement.

The coordinates, SOFs and ADPs are plotted for the combined X-ray and neutron refinement for NWM treated under dry Ar, labelled with an asterisk (combined
refinement with weight factor 1:10). The anisotropic displacement parameters Uj; are multiplied by 100.

Treatment Instrument A (A) Observations ~ Reflections R (mm)  uR WwR (%) Rp (%) a (10\) v (Az)
Dry Ar* 1D22, ESRF 0.39987 (1) 36501 217 0.35 0.56 6.70% 3.97 10.9288 (1) 1305.32 (1)
Dry Ar* E9, HZB 1.7982 (1) 1753 62 3 0.24 12.28* 4.76

Synthetic air MS, SLS 0.62284 (1) 18334 265 0.05 0.74 2.54 2.61 10.9372 (1) 1308.33 (1)
D,O0 in synthetic air MS, SLS 0.62284 (1) 18334 265 0.05 0.74 2.53 2.55 10.9400 (1) 1309.34 (1)
Atom  Site  x y z SOF Uy (A% Uy, (A?) Uss (A?) Uy, (A?) Uys (A?) Uss (A?)
w1 d4a 0 0 0 0.841 (6)  0.836(30) 0.836(30)  0.836 (30) 0 0 0

Mol 4a 0 0 0 0.159(6)  0.836(30) 0.836(30)  0.836 (30) 0 0 0

Nd1 4b 0.5 0.5 0.5 1.0 1.410 (41) 1.410 (41) 1.410 (41) 0 0 0

Nd2  48h 0 02365 (1)  02365(1) 0483 0.661 (42)  0.795(29)  0.795 (29) 0 0 0.089 (31)
w2 a8h 0 02365 (1)  02365(1)  0.005(1)  0.661(42)  0.795(29)  0.795 (29) 0 0 0.089 (31)
Mo2  48h 0 02365 (1)  02365(1) 0012(1)  0.661(42)  0.795(29)  0.795 (29) 0 0 0.089 (31)
o1 96k 01141 (3) 0.1141(3) 00676 (4) 0239(3) 078(21)  078(21)  431(30) —127(14)  —085(17)  —0.85(17)
02 32f  03652(2) 03652(2) 03652(2) 0923(7)  1950(62)  1.950 (62)  1.950 (62) 0.245 (73) 0.245 (73) 0.245 (73)

Nd were kept fixed to the values obtained by EPMA and the
SOFs for the other cations were refined freely, with the
amount of Mo and W in the unit cell constrained to the results
from EPMA. The quantity of Mo on the two W-containing
sites was refined to 0.64 (2) Mo ions on site 4a and 0.57 (5) on
site 48h. The details and results of the combined refinement
are summarized in Table 4 and the corresponding Rietveld fits
are plotted in Fig. 8. The refined SOFs are close to the ones
used in model M1, which showed the best fit to the HRSXRD
data collected close to the Mo K edge with increased scat-
tering contrast for Mo ions. This leads to an almost even
distribution of Mo on both W-containing Wyckoff sites. The
crystal structure for NWM, except for small differences in the
Nd/(W+Mo) ratio and in the SOFs for the oxygen sites, can be
compared directly with the NWO structure depicted in Fig. 5.

3.5. Comparison of unit-cell parameters and bond lengths for
dry and deuterated NWO and NWM

Unit-cell parameters and bond lengths in NWO and NWM
were investigated in relation to the partial pressures p(O,) and
p(D,0) by annealing specimens under dry Ar, synthetic air
and deuterated synthetic air. The neutron diffraction patterns
showed negligible differences for deuterated and dry samples,
due to the small amount of incorporated O or OD upon
humidification. More interesting is the role of the cations,
whose contrast is more visible with the HRSXRD measure-
ments, presented and discussed in the following. The substi-
tution of W by Mo leads to a decrease in the unit-cell
parameter for NWM, rationalized by the smaller ionic radius
of Mo® (0.59 A) compared with that of W° (0.60 A).
However, Nd is the largest element in the compound. The Nd
content, and in this specific case the Nd/(W + Mo) ratio, plays
an important role and must be considered for the unit-cell
parameter discussion. Indeed, the cationic W/Mo anti-site
defects on Nd2 site 484 are directly determined by the x values
in Nds_(W1_;Mo0,)4:+Os413:2V2_30. Having a larger ratio

for NWO (Nd/W = 5.82, i.e. x = 0.69) than for NWM [Nd/
(W + Mo) = 5.68, i.e. x = 0.79] corresponds to more Nd’* (rion =
1.109 A) ions in the crystal structure and thus to a smaller
number of Wy anti-site defects in NWO, leading to a larger
unit-cell parameter than in NWM. The NWO and NWM unit-
cell parameters depend on the p(O,) and p(D,0O) partial
pressures as well, due to filling of the oxygen vacancies with O
and OD, respectively. This is described in Fig. 9, where the
mass uptake Am obtained from thermogravimetric analysis
(TG) is shown as a function of the corresponding unit-cell
parameter, hinting at direct proportionality between p(O,)/
p(D;,0) and unit-cell size.

The larger increase in unit-cell parameter for NWO with
increasing p(O,) and p(D,0) can be explained by the higher
Nd/W ratio and hence higher number of oxygen vacancies that
can be filled. From Fig. 9, one can then conclude that sample
oxidation, i.e. oxygen vacancy filling, is more relevant for unit-
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Figure 9

The mass gain of NWO and NWM, obtained from TG, displayed for
different treatments as a function of the refined cubic lattice parameter a.
The grey lines are guides for the eye.
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Table 5
Ionic radii for different coordination according to Shannon (1976).

Tonic radii (A) for coordination

Element Valence 4 5 6 7 8
Nd +2 1.230% 1.290
+3 0.983 1.046} 1.109
w +4 0.660
+5 0.620
+6 0.420 0.510 0.600 0.690
Mo +3 0.690
+4 0.650
+5 0.460 0.610
+6 0.410 0.500 0.590 0.730
(@] -2 1.380 1.400 1.420

+ Interpolated from tabulated data.

cell expansion than the partial substitution of W by Mo. On
the other hand, the small unit-cell parameter difference
between the two NWM and NWO reduced specimens (dry Ar)
is given by the lower Nd content in NWM combined with the
partial reduction of Mo®" to Mo * and/or Mo, i.e. by the
larger ionic radius of reduced Mo ions (see Table 5).

The cation—oxygen bond distances for the different treat-
ments, obtained from Rietveld refinements, are listed in
Table 6. From the cation side, the larger bond distances for the
W1/Mol—01 bonds in NWM compared with NWO can be
correlated with the higher reducibility, and thus larger sizes, of
Mo compared with W. A higher reducibility for Mo in a 50%
Mo-substituted NWM was indeed found by Escolastico et al.
(2015) using X-ray photoelectron spectroscopy analysis: the
oxidation state of Mo under reducing conditions changed from
Mo®" to Mo**. The larger Nd1—O2 bond distance for NWM is
attributed to the higher coordination number of Nd1 in NWM
than in NWO. The average Nd2—O bond distance is increased
for NWO, which can be directly related to the higher Nd/
(W +Mo) ratio of NWO compared with NWM, where a
higher Nd/(W + Mo) ratio equals more Nd atoms (largest
ionic radii) on Wyckoff site 484. From the anion side, the

Table 6

filling of oxygen vacancies, i.e. an increase in p(O,)/p(D,0),
leads to an increase in coordination number and a larger
cation ionic radius (see Table 5), and hence larger bond
distances and unit cell (see Fig. 9). This holds true for the W1/
Mol—O1 bonds. However, the Nd1—O2 bonds seem to
behave in the opposite way. Several factors should be
considered to account for this, namely the shared nature of O2
atoms between Nd1 and Nd2, the simultaneous expansion of
Nd2—02 bond lengths in the local sevenfold polyhedra, and
the Wyckoff-site relative amount of Nd1 (four atoms) and Nd2
(ca 23 atoms). The large difference in the Nd1—O2 bond
distance could also be correlated to the space group used for
the refinements, as the oxygen site O2 on 32f (xxx) can only
move in the direction of the Nd1—O2 bonds and cannot relax
in the dry Ar state. This interpretation would also explain the
large ADPs found for the O2 and Nd1 sites, though it is likely
that the decrease in the Nd1—O2 bond length with increasing
p(0,)/p(D,0) is a function of all the above-mentioned factors,
and a final statement cannot be provided. The partial reduc-
tion of Nd** to Nd** under dry Ar is, however, excluded by the
X-ray absorption spectroscopy studies reported in the
following section, corroborated by the findings of Escolastico
et al. (2015) under even more reducing conditions (dry Ar/H,).

3.6. XANES on NWO and NWM

Through XANES measurements one investigates the
oxidation state, bonding environment and local geometry
(Henderson et al., 2014) around a selected element in a given
compound. The selectivity of the angular momentum allows, in
addition, the probing of well defined final states. By measuring
the L; edges of Nd and W in reduced and oxidized NWO and
NWM, the transitions from 2p;, to vacant s and d orbitals are
probed. As the p—d transition contribution is about 50 times
larger than that of the p—s transition (Teo & Lee, 1979), it is
generally assumed that the probed final states are mainly
unoccupied d states. In Fig. 10, the L;-edge spectra of W
[Fig. 10(a)] and Nd [Fig. 10(b)] in dry Ar/H, (reducing
atmosphere) and dry synthetic air (oxidizing atmosphere)
NWO and NWM specimens are presented.

From Fig. 10, the first information retrieved is the oxidation
states of Nd and W in NWO and NWM. No change in the peak

Cation—oxygen bond lengths for the disordered average and the local model for NWO and NWM from Rietveld refinements for treatments under dry

Ar, synthetic air and deuterated synthetic air.

The number of bonds in the disordered average and the local model was ascertained for full site occupation.

Coordination NWO NWM
Bond length (A) Average Local Dry Ar Synthetic air D,0 in synthetic air Dry Ar Synthetic air D50 in synthetic air
W1-01 24x 6% 1.895 (4) 1.924 (2) 1.931 (3) 1.912 (2) 1.937 (2) 1.938 (2)
Nd1—-02 8x 8x 2.540 (2) 2.529 (1) 2.527 (1) 2.551 (1) 2.534 (1) 2.540 (1)
Nd2—-01 2% 0x 2.042 (4) 2.019 (3) 2.011 (3) 2.031 (3) 2.007 (3) 2.003 (2)
Nd2—02 4x 4x 2.324 (2) 2.330 (1) 2.332 (1) 2.320 (1) 2.327 (1) 2.327 (1)
Nd2—01 4x 2x 2.436 (4) 2414 (2) 2.406 (3) 2.425 (3) 2.403 (3) 2.400 (2)
Nd2—-01 2x 1x 2.605 (6) 2.606 (4) 2.608 (4) 2.598 (4) 2.600 (3) 2.603 (3)
Nd2—-01 4x 0x 2.975 (6) 2.975 (4) 2.977 (4) 2.967 (3) 2.970 (3) 2.974 (3)
Nd2—-0O 16x 2.515 (4) 2.508 (3) 2.506 (3) 2.507 (3) 2.501 (3) 2.501 (2)
Nd2—-O 7% 2.396 (3) 2.393 (2) 2.393 (2) 2.390 (2) 2.388 (2) 2.387 (2)
1480 Tobias Scherb et al. » Mixed ionic electronic conductors J. Appl. Cryst. (2020). 53, 1471-1483
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position is observed between the different pre-treatments at
the Nd and W edges, either in NWO or in NWM. All the first
peak maxima of the first derivatives (cf. inset) at the W edges,
corresponding to the main absorption edge at 10209.90 (5) eV
marked in Fig. 10(a), lie well below 0.05 eV, which is taken as a
strict reasonable limit above which meaningful differences
may occur. It is recalled that a change in oxidation state would
produce shifts of the order of a few electronvolts. Similarly, all
the peak maxima of the first derivatives at the Nd L; edge are
found to lie at 6210.90 (5) eV. The oxidation states of both Nd
and W are, therefore, independent of the pre-treatment used
and of Mo concentration, i.e. Nd and W preserve their +3 and
+6 oxidation states, respectively, even in highly reducing
atmospheres such as dry Ar/H,.

Secondly, the bonding environment is addressed. From
Fig. 6, it is clear that ligand fields due to oxygen atoms act on
both Nd (Nd1, Nd2) and W (W1, W2) sites. The relation
between the Nd L; edge and XANES is not easy to interpret,
as the ligand field is the sum of a sevenfold oxygen coordi-
nation (Nd on 484, ~85%) and an eightfold coordination (Nd
on 4b, ~15%). Asakura et al. (2014) observed a linear relation
between the FWHM of Nd-based compound L; edges and
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! NWM dry Ar/H2
0.5 J ' —— NWO dry synth. air
) —— NWO dry Ar/H2
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Figure 10

XANES spectra for oxidized and reduced NWO and NWM at (a) the W

and (b) the Nd L absorption edge. The insets show the first derivatives of
the normalized absorption spectra.

coordination number, where, to a first approximation, a larger
FWHM corresponds to lower coordination. From Fig. 10(b), a
larger FWHM for NWO dry Ar/H, [8.3 (3) eV] compared with
that for NWO dry synthetic air [7.4 (3) eV] hints at a larger
oxygen loss in NWO dry Ar/H,, which in turn decreases the
average Nd— O coordination. A slight change in the FWHM is
seen in NWM as well [dry Ar/H,: FWHM = 8.2 (3) eV; dry
synthetic air: FWHM = 7.9 (3) eV], which agrees with the fact
that water uptake in NWM is about a factor of two less than
that of NWO (cf. Fig. 9). The absolute FWHM values at the
Nd L; edge are close to those found in Nd-based oxide
compounds, where Nd is seven-coordinated (Asakura et al.,
2014). Specifically, the reported seven-coordinated Nd shows
FWHMs of about 7 ¢V in Nd,CuO, and Nd,PdO,. However,
further systematic studies of NWO local structures and bond-
length analyses must be carried out. For this reason, the Nd-
bonding environment and its local coordination is not
discussed further here.

The average W—O coordination number is the result of a
majority of octahedral symmetry (~80%, W on 4a) and a
minority of six- or sevenfold symmetry (~20%, W on 48%). In
Fig. 10(a), a clear split of the W L;-edge white line of about
AE=3.7¢eV (cf stands for crystal field) is observed. The split
is the consequence of the crystal field which acts on W, split-
ting the 5d orbital into the t,, and e, components, with AE;; =
3.7 eV their energy difference. AE. is commonly referred to
as 10Dq and it is a measure of how strong the ligand crystal
field is. Different information on the point-group symmetry
and orbital overlapping of W in NWO can be inferred from the
10Dq value when compared with the literature. It is reported
that the higher the 10Dq value, the less distorted the O,
symmetry of a six-coordinate environment (Yamazoe et al.,
2008), where 10Dq values of 4.9 and 5.6 eV were observed for
pure octahedral symmetry (O, Ba,NiWQOg) and nearly octa-
hedral symmetry (D,, Cr,WOg), respectively (Yamazoe et al.,
2008). A value of 10Dq = 4.8 (3) eV is observed at the W L;
edge in two different non-substituted LWO specimens (not
shown here). The 10Dq value for LWO is slightly higher than
the corresponding value for NWO, hinting at a more regular
O,-like symmetry in the former. A similar 10Dq value to
NWO is found for WO; (10Dq = 4.0 eV) which presents a
more distorted octahedral symmetry.

In yttria-stabilized zirconia (YSZ), which shows a fluorite
structure like NWO, it is reported that the displacive cubic to
tetragonal transition is driven by the X, phonon soft modes of
oxygen ions (Schelling er al., 2001), whose large vibrational
amplitudes and low-frequency dynamics are due to an almost
flat, highly anharmonic potential well. It is known that struc-
turally disordered ionic conductors such as YSZ and NWO or
LWO (Fantin et al., 2016) are instrinsically anharmonic, or at
least they present a mobile sublattice, in this case the O1
oxygen atoms bonded to W1. The analogy between the low-
frequency dynamics of the oxygen ions in YSZ and the O1
oxygen ions in the IWO and NWO crystal structure is the
starting point for a deeper comprehension of the decreasing
symmetry of Lngs_ ,WO;,_ s with decreasing Ln ionic radius
(McCarthy et al., 1972).
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4. Conclusions

The structural effects on the defect fluorite-type crystal
structure caused by the complete substitution of Nd on the A
site of Lag_ WO ,_s and the partial substitution of the B site
of Nds_,WO,_s by Mo were studied by combined neutron
and high-resolution synchrotron powder diffraction. The
crystal structure is characterized by the following: (i) a defect
fluorite structure (Fm3m) with unit-cell doubling caused by
cation order, analogous to Las_,WO;,_s (Scherb et al., 2016);
(i) Wyckoff sites 4a, 4b and split 24g in the [110] direction,
fully occupied by W and Nd and half-occupied by Nd and W,
respectively; and (iii) a highly disordered anion sublattice,
which enables excellent transport properties, as reported in
the literature (Escolastico et al., 2017, 2015). In addition, in the
NWM structure, (iv) substituting Mo for W does not change
the doubled fluorite crystal structure found for NWO; (v) Mo
occupies both W sites, 4a and 48h; and (vi) no ordering of
oxygen vacancies is observed, crucially, since proton mobility
strongly inversely correlates with oxygen vacancy ordering.
Unlike Mo- (Fantin et al., 2019) and Re-substituted (Fantin et
al.,2016) LWO, the distribution of substituted (Mo) ions on 4a
and 48k is roughly equal, as proven by refining different
distribution models in combined neutron and X-ray refine-
ments. As XANES shows, Nd** and W® keep their oxidation
states in reducing conditions. Therefore, in reducing condi-
tions, Mo changes its oxidation state at least partially from
Mo®" to Mo** (Escolastico et al., 2015) as suggested by the
combination of diffraction and thermogravimetry results.
Therefore, the enhanced hydrogen permeation for the Mo-
substituted samples can be attributed to the higher n-type
conductivity for NWM which is related to the higher reduci-
bility of Mo compared with W. Creating additional oxygen
vacancies — in a disordered sublattice — and electrons leads to
an increase in H, flow for Mo-substituted NWO over the
whole temperature range compared with unsubstituted NWO
(Escolastico et al., 2015, 2017; Li et al, 2015). Such high
ambipolar conductivity and outstanding hydrogen flow in a
chemically stable structure show the high potential for
separation techniques under reducing conditions.
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