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ABSTRACT: High ionic conductivity has been recently reported in hexagonal perovskite derivative materials. These systems
constitute a promising class of novel electrolytes for application in hydrogen-based energy technologies. Herein, we per-
formed the first in-situ hydration neutron diffraction experiments and atomistic calculations for the determination of the
water absorption and ionic conduction mechanisms in the dual-ion conductor Ba7NbsM0020. Our results demonstrate a re-
markable mechanism of water uptake and proton incorporation, assisted by the ability of the structure of accommodating
substantial stacking and anion disorder. Simulations show high dynamic and rotational flexibility of the variable coordination
MOx units, a crucial factor in enabling fast ionic transport along the palmierite-like layers. Such flexibility contributes to delo-
calisation of the proton defects and to the creation of a frustrated proton sub-lattice with high proton mobility and low energy
diffusion pathways. These insights provide design principles for the discovery of innovative ionic conductors crystallizing in

related hexagonal systems or disordered oxide structures.

Introduction

Proton and oxide ion conductors are important materials
with key electrolytic applications in hydrogen-based energy
conversion, storage, and electrochemical solid-state tech-
nologies. 123456 A crucial limitation of these technologies
is the high working temperatures generally necessary for
the ceramic oxide electrolyte to effectively transport the
ionic species (H* or 0%) from one electrode to the other %3.
Ionic diffusion in solid oxides is strongly dependent on the
characteristics of the crystal structure 7, being generally af-
fected by the presence of structural disorder, &% 10 the exist-
ence and nature of defects, 11.12.13 and the flexibility of the
cationic sub-lattice. 1415 Therefore, understanding of the re-
lationship between structure and ionic conducting proper-
ties is fundamental for the design of electrolytes exhibiting
high conductivity at reduced temperatures.

We have recently reported significant ionic conductivity in
several hexagonal perovskite derivative oxides. 1617 18,19,20,
21 Hexagonal perovskites form from mixed stacking se-
quences of hexagonal (h) and cubic (c) close-packing of
[AOs] layers, which result in the formation of face-sharing
and corner-sharing BO¢ octahedra. '8 22 These hexagonal
structures are extremely versatile and able to accommodate
intrinsic cation and/or oxygen vacancies, enabling the ionic
transport. 1821.23 We have now discovered high proton and
oxide ion conductivity in the cation deficient hexagonal per-
ovskite derivative Ba7NbsMoO2o. 2t Ba7Nb4sMo0O20 presents
pure proton and oxide ion conduction, and as such can be
considered as a dual-ion (or mixed ion) conductor. These
systems have been proposed as a new class of electrolyte

for intermediate temperature ceramic fuel cells with supe-
rior performances, as they exhibit low ohmic resistance
without external gas humidification. 2425 In dry conditions,
the conductivity of BazNbsMo0O20 is purely oxide ionic, with
an oxide ion transport number, ty2, of > 0.99 and a wide
electrolytic window of 10-18 < pO2 < 1 atm at 600 °C. Proton
conduction is enabled under a humidified atmosphere,
thanks to the dissociative absorption of water and the crea-
tion of protonic defects. 2t Ba7NbsMoO2zo exhibits proton
conductivity of 4.0 mS cm at 500 °C, comparable to doped
cubic barium cerate and zirconate perovskites, alongside
excellent chemical and electrical stability making it attrac-
tive for practical applications.

BasNbasMoO2o represents the first example of high proton
conduction in a hexagonal perovskite derivative. The high
proton conductivity is particularly surprising as normally
proton mobilities are lower in perovskite oxide structures
deviating from cubic symmetry. 26.27.28,29 To understand the
origin of the high proton conduction in this lower symmetry
hexagonal derivative, we have used a combination of in-situ
neutron diffraction experiments under controlled dry/hu-
midified air atmosphere and atomistic calculations in order
to fully characterize the hydration and the ionic (proton and
oxide) transport mechanisms of Ba7NbsMoOzo. This is the
first time that such an approach has been employed to elu-
cidate the conduction mechanisms of a complex hexagonal
perovskite derivative, providing fundamental detail on the
unique ionic transport features of this important class of
materials. Results show that water absorption is promoted
by the ability of the cation and anion deficient hexagonal



structure of accommodating disordered environments. Dis-
order leads to delocalisation of the protonic defects and to
high proton mobility. This demonstrates that fast proton
conduction can be enabled in disordered oxide lattices and
that investigation of further disordered hexagonal perov-
skites and oxide structures is warranted.

Experimental section

Synthesis and characterization. Samples of Bas7NbsMo002o
were synthesized by solid-state reaction method as previ-
ously reported. 2! Stoichiometric amounts of BaCOs
(99.999%, Aldrich) Nb20s (99.99%, Aldrich) and MoOs
(99.5+%, Aldrich) were ground, pressed into a pellet,
heated at 1050 °C for 48h and then cooled to room temper-
ature at 5 °C/min. The heating step was repeated until a
phase pure product was obtained. Sample purity was con-
firmed by laboratory X-ray diffraction (XRD), while the wa-
ter uptake was monitored with thermogravimetric analysis
(TGA) (see Supporting Information for full details).
Neutron diffraction and structural analysis. In-situ high
resolution neutron diffraction experiments were performed
on the time-of-flight (TOF) High Resolution Powder Diffrac-
tometer (HRPD) at ISIS (Rutherford Appleton Laboratory,
Harwell, Oxford, UK). 8 g of crushed pellets of Ba7NbsMo0O2o
were loaded into a silica gas flow sample cell with a gas in-
let/outlet allowing control of the atmosphere (see ref. 30 for
details on the sample cell). Measurements were conducted
under dry air and humidified air + D20 conditions. Dry con-
ditions were produced by flowing air through a desiccant
column (pH20 < 10-4 atm). Wet conditions were produced in
an external gas mixing system by bubbling air through D20
heated at 60 °C (pD20 ~ 0.18 atm). Heavy water was used
instead of H20 to avoid the large incoherent neutron scat-
tering length of the hydrogen atom. ! Neutron diffraction
data was collected on cooling the sample from 700 °C to 95
°C, with a scan time of 1.5 hours and equilibration dwell of
30 minutes at each temperature step. Additional low tem-
perature (10 K) neutron diffraction data were collected on
3 g of a deuterated BasNbsMo0O20 sample on the high-reso-
lution D2B diffractometer at the Institut Laue Langevin
(ILL) in Grenoble. Further details on the deuteration are re-
ported in the Supporting Information. Neutron diffraction
data were collected at A = 1.59432 A at 10 K and 290 K with
a collection time of 3 h for each temperature.

Rietveld analysis was performed using the GSAS/EXPGUI
package. 32 The average structure of Ba7NbsMoOzo as re-
ported in ref. 21 was employed as the initial model for the
Rietveld refinements. The metal Nb/Mo cations are on four
different positions: M1, M2, M3 (at Wyckoff site 2d) and M4
(at Wyckoff site 1b). The oxygen atoms along the palmierite-
like layers are distributed on two average partially occupied
positions, 01 at Wyckoff site 6i and 02 at Wyckoff site 3e.
The remaining oxygen positions (all at Wyckoff site 6i) are
fully occupied and constitute the basal plane of the M10x
polyhedra (03) and the M3 and M4 octahedra (04 and 05).
Ba atoms are at three different Wyckoff sites: Bal at 1a, Ba2
and Ba4 at 2d and Ba3 at 2c.

Maximum entropy (MEM) analysis was performed with the
software Dysnomia, 33 employing the structure factors ob-
tained by Rietveld refinement of the neutron diffraction

data. Neutron scattering density distributions at various
temperatures were reconstructed by MEM calculations
with the unit cell divided into 84 x 84 x 236 pixels.
Bond-valence site energy (BVSE) calculations were per-
formed with the softBV program, 34 using the structural
models from Rietveld refinement as input. Bond-valence
site energy landscapes for the interaction of test H* and 0%
ions were calculated for a dense grid of points with a reso-
lution of 0.1 A. Energy minimum equilibrium sites and dif-
fusion pathways were identified with regions of low bond-
valence site energy by direct visualization of the isosurfaces
and by examination of the calculated energy profiles.
Ellipsoidal analysis was employed to evaluate the relaxation
of the average metal polyhedral units upon hydration. Anal-
ysis of minimum bonding ellipsoids was performed with the
PIEFACE software.3>

Computational methods. Density functional theory (DFT)
simulations were carried out with the Vienna ab initio sim-
ulation package (VASP). 3¢ A plane-wave cut-off energy of
520 eV and a k-point mesh spacing smaller than 0.05 A-!
were utilized for the geometry optimization calculations.
The projector augmented wave method 37 and the PBEsol
exchange-correlation functional 3% were employed for all
calculations. Structures consisting of single unit cells to 2 x
2 x 2 supercells of Ba7NbsMoO2o, with the number of water
molecules (nH20) per formula unit equal to 0 (dehydrated),
0.125 or 0.5. Unit cell parameters and typical bond dis-
tances for the computed structures are reported in Table S1.
Minimum energy path calculations between optimized and
stable protonic sites were completed using the nudged elas-
tic band (NEB) method,3% 4% with the migration path divided
into seven equidistant configurations.

Ab initio molecular dynamics (AIMD) simulations were uti-
lized with a plane-wave cut-off energy of 400 eV and the k-
space was sampled using the gamma-point only. AIMD runs
of 20 ps at 1000 K using the NVT ensemble with the Nose-
Hoover thermostat 4! were used to investigate oxygen-ion
and proton transport in 2 x 2 x 2 BasNbsMoO2,
Ba7NbsMo0zo ¢ 0.125H20 and Ba7NbsMo0Ozo ¢ 0.5H20 super-
cells containing 256, 259 and 268 ions, respectively. A time
step of 1 fs was used to account for the motion of the pro-
tons. Longer AIMD simulations were prohibitively expen-
sive as a result of the large number of valence electrons ac-
counted for by the pseudopotentials (10 e- for Ba, 13 e for
Nb, 6 e for Mo and 6 e for O).

Results and discussion

Hydration mechanism. To analyse the structural changes
induced by water absorption, we performed Rietveld re-
finement of the average BasNbsMoO2o structural model,
which is composed by a hybrid intergrowth of oxygen defi-
cient palmierite-like layers (cubic [Ba0O:]) constituted by
isolated polyhedral units and 12R hexagonal perovskite
blocks (space group P3m1) (Figure 1a). Ba7NbsMoO2o can
uptake a considerable amount of water, up to ~ 0.80 Hz0
molecules per formula unit as demonstrated by thermo-
gravimetric analysis (Figure S1). Water absorption gener-
ally occurs via the hydration of oxygen vacancies (H20() +
VS® + 0% & 20H®) and results in the creation of protonic
defects. 26 In the average structure, the intrinsic oxygen
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vacancies along the palmierite-like layer are randomly dis-
tributed on the partially occupied 01/02 sites (Figure 1),
resulting in the formation of average tetrahedral
M1(03301) and octahedral M1(033023) units. Refinement
ofthe 01 and 02 partial occupancies without any constraint
shows that the 01 site is predominantly occupied under dry
conditions (Figure 2a; also see Table S2 for the full results
of the structural refinements and Figure S2 for the fitted
neutron diffraction histograms).

Figure 1. a) Average crystal structure of Ba7NbsMo00O20 com-
posed of an intergrowth of palmierite-like layers (P) and
12R hexagonal perovskite blocks. Blue and light blue poly-
hedral represent the variable geometry M10x units with av-
erage tetrahedral and octahedral coordination created by
partial occupation of the two crystallographic oxygen posi-
tions O1 and 02. The M1 and M2 metal positions are also
partially occupied, thus resulting in hybrid trimer stackings
of cationic vacancies and isolated/face-sharing polyhedral
units. b) Representation of the water absorption on the va-
cant 02 site along the cubic [Ba10z2] plane of the palmierite-
like layer. Vac indicates a vacant M2 site.

There is a small reorganization of the fractional occupancies
above 300 °C, with a further increase in the O1 fractional
occupancy and concomitant decrease in 02, so that the 02
site is empty above 500 °C. Under humidified conditions, the
01 fractional occupancy refined to = 0.333. The full occu-
pancy value of this site is 1/3, thus the occupancy of 01 was
set to 0.333. The 02 fractional occupancy in humidified air
is considerably larger than in dry conditions and increases
on reducing the temperature following a nonlinear behav-
iour with a steep change in slope at 300 °C. Comparison be-
tween the values of the 01/02 fractional occupancies in dry
and humidified atmosphere attests unambiguously that wa-
ter absorption occurs via hydration of the intrinsic oxygen

vacancies on the cubic [BaOz] plane of the palmierite-like
layer (Figure 1b). Water is predominantly absorbed on the
average 02 crystallographic position. In dry conditions, the
oxygen vacancies are mostly distributed on the 02 sites,
which are then filled by water molecules under a humidified
atmosphere. It is worth noticing that the interstitial oxygen
atom in the doped BasNb3zysMo1.102005 composition occupies
the same average octahedral site, 42 confirming a similar ox-
ygen defect incorporation mechanism and providing addi-
tional evidence for the structural flexibility of the palmier-
ite-like layers.
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Figure 2. a) Variation of the O1 and 02 oxygen fractional
occupancies in dry and humidified conditions. b) Number of
hydrated molecules, n, calculated from the excess oxygen
incorporated in the BasNbsMoOz ¢ nH20 structure and
measured by equilibrium isotherms with thermogravimet-
ric analysis under humidified air. ¢) Equilibrium constant
for the water absorption reaction. Lines correspond to the
linear fit to the data. Water concentration and equilibrium
constant of BaszZrosY0.203-s (BZY) from ref. 43 are reported
in b and c for comparison.



The number of water molecules, n, in hydrated
Ba7NbsMo0z20 » nH20 can be inferred from the amount of ex-
cess oxygen incorporated in the palmierite-like layer. Refin-
ing the oxygen site occupancies in the structure of the dehy-
drated material resulted in an overall oxygen stoichiometry
of ~ 02000 and n ~ 0 throughout the entire temperature
range (Figure 2b). At 595 °C, n = 0.09 for the hydrated ma-
terial. As the temperature decreases, the value of n in-
creases up to n = 0.87 at 95 °C, close to the theoretical solu-
bility limit of one water molecule per formula unit. The
number of absorbed water molecules obtained from the in-
situ neutron diffraction experiments is in good agreement
with the thermogravimetric measurements. There is a clear
change in the rate of water uptake below 300 °C, suggesting
two different hydration regimes. Assuming that the corre-
sponding number of protons should be present to preserve
charge neutrality, the equilibrium constant (Kw) of the wa-
ter absorption reaction can be calculated from the amount
of excess oxygen (see Supporting Information for details).
The thermal variation of the equilibrium constant is shown
in Figure 2c. There is a clear nonlinear behaviour with a
gradual change in slope above 300 °C. By fitting the varia-
tion of log(Kw) against 1/T it is possible to obtain the hydra-
tion enthalpy and entropy. For T < 300 °C, AH? = -24 k] mol
LTand AS°? = -41 ] K-* mol'; at higher temperatures, AH? = -67
k] mol! and AS° = -94 ] K-* mol-%. These values are in agree-
ment with the ones obtained from thermogravimetric anal-
ysis (T <300 °C, AH? = -18 k] mol! and AS° = -31 ] K-* mol-;
T >300 °C, AH® = -76 k] mol! and AS° =-101 ] Kt mol!) and
in a previous report, 2! and are in line with values from well-
known proton conductors. 2643 44

DFT calculations were also used to determine the hydration
enthalpy of Ba7NbsMo0Ozo based on the energy differences
between the hydrated and dehydrated materials, as re-
ported for other proton conductors. 4546 In exeellent agree-
ment with our experimental findings, the calculated hydra-
tion enthalpies are between -96 and -1 k] mol! and are
strongly dependent on the moisture content, proton loca-
tions and orientations and M1/M2 occupancy, as shown in
Table S3. Our simulations reveal a slight energetic prefer-
ence for protonation of the O1 sites, although there are only
small differences (< 15 k] mol') between the hydration en-
thalpies for protons at the distinct 01 and 02 sites. In addi-
tion, as shown in Table S3, we find that occupancy of the M2
site results in strongly exothermic hydration enthalpies for
protons located between the O1 site and the M1 vacancy.
This is particularly noteworthy because our calculations
also show that in the dry material, the occupation of a single
M2 site is 55 k] mol! less favourable than the occupation of
a single M1 site. This explain why M2 occupation is unfa-
voured in the dry material and suggests that there is a
strong favourable interaction between protons and vacant
M1 sites which has important implications for the proton
conductivity (as described later).

Hydration and structural disorder. In order to locate the
proton (deuteron) positions, low temperature (10 K) neu-
tron diffraction data were collected on a deuterated
BasNbsMo03z0 » nD20 sample on the high-resolution diffrac-
tometer D2B. Refinement of the oxygen 01 and 02

fractional occupancies resulted in an oxygen stoichiometry
of 02037, indicating a D20 concentration of n = 0.37. Differ-
ence Fourier maps were used to locate missing scattering
density from the deuterium atoms. Inspection of the differ-
ence Fourier map at 10 K reveals missing scattering density
on the palmierite-like layer at (~ 0.30, ~ 0.46, ~ 0.98), corre-
sponding to Wyckoff position 12j (Figure 3a).
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Figure 3. a) Difference Fourier maps at z ~ 0.15 A from
origin as seen along the [001] direction at 10 K and 290 K.
b) Proton (deuteron) equilibrium positions along the palm-
ierite-like layers. Bond-valence site energy isosurfaces
showing the lowest BVS energy equilibrium proton position
(0.0 eV, darker isosurface) together with the low energy
connectivity area around 01 (< 0.10 eV, lighter isosurface)
are superimposed for comparison. c) Proton positions in re-
lation to the average M1 tetrahedral and octahedral units.

Inclusion of a deuteron on this site (H1) with a fixed occu-
pancy corresponding to the level of hydration resulted in a
stable refinement with the statistics factors reducing from
X2 =4.53, Rp = 4.80%, Rwp = 5.90% to x? = 3.36, Rp = 3.92%,
Rwp = 4.71% and in an excellent match between the calcu-
lated and observed profiles (see Table S4 and Figure S4).
The deuteron is located in proximity of the average O1 and
02 sites, on six equivalent positions (Figure 3b, c). The av-
erage bond lengths are 01-H1 ~0.95 - 1.11 A and 02-H1
~1.10 4, in line with values determined in other proton con-
ducting oxides. 47-48. 4 Refinement of the structure from the
neutron data collected at 290 K leads to similar results.
Comparison between the difference Fourier maps reveals
that the proton positions are delocalized at 290 K (Figure
3a), suggesting a distribution of available proton locations
around the 12j equilibrium site as the temperature in-
creases. This is confirmed by bond-valence sum energy
(BVSE) analysis performed with a test H* ion, which to-
gether with the lowest energy (0.0 eV, absolute energy min-
imum) equilibrium position at H1 evidences an area of low
energy (< 0.10 eV) connectivity around O1 (Figure 3b).



The Fourier map in Figure 3a and the BVSE results suggests
that protons in Ba7Nb4sMo0Ozo are delocalized and can reside
in various positions around the equilibrium site H1. To de-
termine the lowest energy proton sites using DFT, single
protons were placed at various locations around 01 and 02
sites and then geometry optimized. As previously explained,
our calculations demonstrate that protons energetically
prefer to sit on the O1 site and so we focus our discussion
on this site. For protons residing on 01, three different gen-
eral scenarios were found, as displayed in Figure 4a (these
three scenarios also generally apply to the 02 sites).
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Figure 4. a) Representation of typical proton configurations
around O1 as obtained by DFT geometry optimization cal-
culations. b) Thermal variation of the M1 and M2 fractional
occupancies obtained by refinement of the Ba7NbsMoO2o
structure from the in-situ HRPD neutron diffraction data. c)
Ordered palmierite-12R stacking in dry BasNbisMoOzo. d)
Maximum entropy (MEM) maps showing the nuclear scat-
tering density distribution at 95 °C on the M1-M2-M3 verti-
cal (atx ~0.667) as seen along the [100] direction. e) Disor-
dered metal-vacancy stacking configurations in hydrated
Ba7NbsMoO2o.

Scenario 1 features a proton located in the standard H1 lo-
cation. Scenario 2 illustrates a proton positioned between
two neighbouring oxygen atoms and effectively represents
a transition state for proton hopping. In the third scenario,
the proton is positioned between an oxygen site and an M1
site, which forces occupation of the previously vacant M2

site. The M1 cation now appears to be 5-fold with the pro-
tonated oxygen moved from O1 closer to a 02 site. As dis-
cussed previously, this scenario is very energetically favor-
able (large exothermic hydration enthalpy), as a result of
the strong interaction between the proton and vacant M1
site. The fact that we see such a substantial structural
change through a geometric optimization clearly indicates a
strong relationship between the uptake of water and
M1/M2 site occupation in this material.

Refinement of the M1 and M2 fractional occupancies from
the HRPD in-situ neutron data reveals that in dry air the M1
site is fully occupied (> 0.997) while the M2 site is empty
(Figure 4b and Supporting Table S2). The cationic vacancies
are ordered on the M2 site so that the average structure is
comprised by an ordered intergrowth of palmierite-like lay-
ers and 12R hexagonal perovskite units spaced by a layer of
empty octahedral sites (Figure 4c), as originally reported by
Garcia-Gonzalez et al. 5° The hydrated sample on the con-
trary shows partial occupation of both the M1 and M2 sites
(Figure 4b). As previously demonstrated, the repulsion be-
tween a proton pointing towards the nearest M10x unit and
the M1 cation (scenario 3 in Figure 4a) drives the shift of the
metal atom from M1 to the empty M2 site, with consequent
local disordering of the cationic vacancies. A similar influ-
ence of the protonic defects on the cation sub-lattice has
been reported for the layered hexagonal perovskite oxyhy-
droxide BasRuz0102(0OH)1s. 51 Maximum entropy (MEM)
analysis of the neutron diffraction data, which minimizes
bias imposed by the structural model, 152 confirms occupa-
tion of the M2 site in the hydrated material, while the site is
clearly empty in dry air (Figure 4d). This result is further
corroborated by difference Fourier maps calculated at 95 °C
(Figure S4). The MEM analysis shows that the scattering
density at M2 is dependent on the water absorption, in-
creasing as the temperature is lowered (Figure S5). The
continuous distribution between M1 and M2 at the lower
temperatures indicates disordering and dynamic exchange
between the two sites. These results clearly demonstrate
that occupation of the M2 site, and hence disordering of the
cationic vacancies, is induced by the water absorption in
agreement with the DFT calculations. Due to the short sep-
aration (< 1.5 A), the M1 and M2 sites are mutually exclu-
sive, so that only two sites per M1-M2-M3 trimer can be
simultaneously occupied. This results in a disordered
metal-vacancy stacking distribution, with different local
configurations creating a complex average network of iso-
lated, face-sharing and corner-sharing polyhedral units
(Figure 4e). Similar stacking disordering has been reported
in the related hexagonal perovskite derivatives BasM’M”Oss,
19,53 although its origins have never been investigated.
BazMoNbOss can also uptake a significant amount of water
within the palmierite layers, 2! therefore we carried out DFT
simulations to determine whether proton incorporation can
have a similar influence on the cation vacancy distribution
in these systems. Results from geometry optimization of a
single proton in BasMoNbOss show that when a proton is
bound to an oxygen site of an NbO4 unit, the tetrahedrally
coordinated Nb ion shifts to an octahedral NbOs coordina-
tion, similar to the case of BasNbsMoO2zo (Figure S6). This
behaviour was also confirmed for MoOa4. These results sug-
gest that stacking disordering in BasM’M”0ss derivatives is
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induced by the water absorption, indicating that this phe-
nomenon is common to cation deficient hexagonal perov-
skite families containing palmierite-like layers. Such a rare
structural phenomenon is enabled by the flexibility of the
cationic sub-lattice and facilitates water incorporation.

In the average structure of BasNbsMo00O2o, the short 01-02
separation (< 2.0 A) does not allow the simultaneous occu-
pation of the two crystallographic oxygen sites, thus leading
to positional oxygen disorder and the formation of M10x
units with mixed local 4-, 5-, and 6-fold coordination (Figure
S7a).?! Hydration of the oxygen vacancies leads to further
disruption of the average coordination environment and to
an increase in positional disorder, as demonstrated by MEM
analysis and by the correlation of the isotropic displace-
ment parameter for the 01 and 02 atoms with the water ab-
sorption (Figure S7b,c). The particular topology of the
palmierite-like layers, together with the ability of the M1
centres of adopting variable coordination, allows the ac-
commodation of more disordered and distorted local poly-
hedral geometries, importantly promoting the water ab-
sorption.

Water absorption in the layered Ba7NbsMoO2o structure oc-
curs anisotropically, and results in disordering and conse-
quent induced strain in certain directions of the lattice (Fig-
ure S8 and Figure S9). Upon hydration, Ba7zNbsMo00z0 exhib-
its a complex structural relaxation, the signature of which is
also evident in the nonlinear behaviour of the unit cell pa-
rameters for the hydrated material (Figure S10). Similar
trends have been reported in various related BazM’M”0ss
materials and have been associated to changes in the oxy-
gen populations and to different occupation of the cation
sites. 5455 56 Qverall, our in-situ neutron diffraction experi-
ments and DFT calculations demonstrate that water is
clearly responsible for the unusual variation of the crystal
structures with temperature and a main driver of the cation
and anion disorder exhibited by these cation deficient hex-
agonal derivatives. These results also confirm the intrinsic
structural flexibility of these systems, as further highlighted
by a recent variable pressure study on BasNbMoOss which
revealed a low bulk modulus closer in magnitude to that of
the halide perovskites. 57 In cubic perovskite systems, any
reduction in symmetry reduces the water solubility. 26 In
contrast, the significant structural flexibility of hexagonal
Ba7NbsMoOzo allows the accommodation of substantial lo-
cal cation and anion disorder, a key factor in enabling a high
concentration of water uptake. This suggests that other hex-
agonal perovskites derivatives and layered systems con-
taining palmierite motifs with flexible structures may be
prime candidates for proton conduction.

Ionic conduction mechanisms. Both the proton and oxide
ion conduction mechanism were investigated by ab initio
molecular dynamics (AIMD) simulations at 1000 K. Oxygen
diffusion is primarily restricted to two dimensions in the
palmierite layers, as illustrated by the oxide ion trajectory
plots in Figure 5a for the dry material. Even for the rela-
tively short simulation time of 20 ps, the hopping between
adjacent O1 sites is still visible, as highlighted by the black
dashed circles in Figure 5a.
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Figure 5. a) Oxide ion trajectory plot for dry Ba7Nb4sMoOzo
obtained by AIMD simulations at 1100 K. The black dashed
circle highlights hopping between adjacent O1 sites. b)
Bond-valence site energy map showing the oxide ion con-
duction pathway formed by the lowest energy connecting
isosurfaces for an 0% ion along the palmierite-like layer in
dry BasNbsMoO2o. Isosurface levels are drawn at < 0.4 eV
over the global minimum. ¢) Maximum entropy (MEM)
maps showing the nuclear scattering density distribution
for dry BasNbsMoO2o at 700 °C at z = 0 as seen along the
[001] direction.

The ionic pathways were confirmed by bond-valence site
energy (BVSE) calculations of the interaction of a probe ox-
ide ion in the refined structural model of the dry material
with the 02 site empty. Lowest bond-valence site energy
connectivity is evidenced along the palmierite-like layers
(Figure 5b), implying a curved conduction pathway involv-
ing the 01 site and the empty 02 crystallographic position,
in agreement with the AIMD simulations. The 02 site in dry
BasNbasMoO2o is empty above 500 °C, and MEM analysis of
the dry structure at 700 °C reveals no continuous scattering
density distribution between adjacent 01 sites (Figure 5c),
which would be consistent with a direct single particle
mechanism for oxygen diffusion. 1* This mechanism differs
from the one reported for doped BasNbs9oMo1.102005 (and
the related BasNbMoOss oxide ion conductor), where occu-
pation of the average octahedral 02 site by the interstitial
oxygen atom leads to a cooperative (interstitialcy) diffusion
mechanism. 4% 5458 The partial occupation of 02 suggests
that cooperative tetrahedral-octahedral interchange may
also be present in Ba7NbsMo00O2o at low temperatures, when
both 01 and 02 are occupied. These results demonstrate the
inherent flexibility of the palmierite-like layers of support-
ing various types of oxide ion transport: single particle va-
cancy mediated hopping and cooperative-intestitialcy diffu-
sion. 52

AIMD simulations of BasNbsMoOz e 0.125H:0 and
BazNbaMo020 » 0.5H20 were also used to probe proton hop-
ping. The proton trajectory plots are given in Figure 6a. The
proton hops several times between three oxide ions in the
palmierite layer during the 20 ps simulation. This is in
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agreement with the lowest energy (~ 0.14 eV) proton per-
colation pathway along the palmierite-like layer obtained
by calculation of the BVSE landscape for the interaction of a
probe H* ion in the refined average structural model of the
hydrated material (Figure 6b; also see Figure S11 for the full
energy landscape and pathways). This mechanism involves
rotation of the protons around the 01 and 02 positions and
hopping onto an H1 site on an adjacent M1 centre. We cal-
culated the mean squared displacement (MSD) for protons
during the AIMD simulations (Figure S12), and obtained
proton diffusion coefficients of 8.90 x 10-¢ and 1.82 x 10->
cm? s at 1000 K for BasNbsMoOz e 0.125H20 and
Ba7NbsMoOzo * 0.5H:20, respectively. These values are very
similar to those obtained for other well-known proton-con-
ducting perovskites, such as BaCeOs and BaZrOs3, ¢ ¢1 result-
ing in a comparable proton conductivity (see Figure S13),
which further illustrates the potential of this material in fuel
cell applications.

Figure 6. a) Proton trajectory plots for hydrated
Ba7sNbsMoOzo ¢ 0.5H20 obtained by AIMD simulations. A
proton in proximity of an empty M1 site (indicated by the
gray dotted circle) does not undergo any hopping for the du-
ration of the simulation. b) BVSE map calculated for a test
H* ion for hydrated BasNbsMoO2zo showing connectivity
along the palmierite-like layer (isosurface levels < 0.15 eV).

It is noteworthy that a proton in vicinity of a vacant M1 site
is trapped for the duration of the simulation and does not
undergo a single hop, while the others exhibit long-range
hopping (Figure 6a). This supports our previous observa-
tion of a strong interaction between oppositely charged
protons and M1 vacancies. The trapping of protons by M1
vacancies was further confirmed using NEB calculations to
determine the migration energy barrier for a proton hop-
ping from an oxygen site adjacent to an M1 vacancy (sce-
nario 3 in Figure 4c) to a neighbouring H1 location. The en-
ergy profile for such a hop is presented in Figure S14 with a
calculated migration energy of 0.61 eV (similar to the exper-
imental value of 0.57 eV). 2! This large barrier indicates the

strong trapping of protons by M1 vacancies and also ex-
plains why this configuration is so stable, as discussed
above. In contrast, for the reverse hop from a standard H1
location to an oxygen neighbouring an M1 vacancy, the bar-
rier is substantially lower at 0.18 eV, again illustrating the
energetic benefit of a proton neighbouring an M1 vacancy.
Based on the results of our calculations (Figure S14), we es-
timate the trapping energy to be > 0.4 eV, which is larger
than that reported for other well-known proton conductors,
such as Y-doped BaZrOs (0.3 eV). 4562

Proton trapping provides an explanation for the unusual
temperature variation of the proton transport number and
the reduced proton mobility in Ba7NbsMo0020 below 300 °C.
21 The concentration of cationic vacancies on the M1 site is
larger (M2 more occupied) below 300 °C (Figure 4b). The
atomistic simulations clearly show that the vacancies on the
M1 site act as traps for the protonic defects, inhibiting any
long-range proton hopping. Therefore, the larger number of
M1 vacancies effectively results in a reduction of the pro-
tonic conduction below 300 °C. The cationic vacancies on
M1 decrease between 300 and 400 °C, and this rearrange-
ment leads to a sharp increase in the protonic contribution
from ~ 20% to ~ 80%, with a 300% increase of the proton
conductivity in respect to the oxide ion conductivity (see
Supporting Figure S15). 2! Such an increase in the protonic
contribution is highly unusual. The proton conduction com-
ponent in oxides usually decreases with the temperature
due to thermal dehydration. These results suggest that the
proton and oxide ion components may be tailored via con-
trol of the geometry of the M1/M2 cations by chemical sub-
stitution. 19.56

To further understand the local structural factors that influ-
ence the ionic transport in BazNbsMo002o, we have analysed
the radial distribution functions (RDFs) of various ion pairs
during the AIMD simulations of Ba7Nb4Mo00Ozo ¢ 0.5H20. The
M-0 RDF for the M104 tetrahedron has a single peak at 1.82
A (Figure 7a). It is noteworthy that this peak exhibits strong
broadening at r values up to 2.4 A, which is indicative of sig-
nificant M-O stretching in these tetrahedra. Similar behav-
iour is also observed for the equivalent RDF of a M20s octa-
hedron, as well as for a M10s polyhedron, albeit to a less ex-
tent. In contrast, this broadening is not observed for the
RDF of the individual M30¢ units. These findings suggest
that the MO« polyhedral units in the palmerite-like layers
exhibit greater flexibility than the rigid M30s octahedra in
the perovskite blocks. The 0-O RDFs confirm such flexibil-
ity (Figure S16a), which is also highlighted by the inherent
disorder of the palmierite-like layers when compared to the
12R perovskite blocks (Figure S16b).
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Figure 7. a) M-0 radial distribution functions (RDFs) for
the individual metal polyhedral units for hydrated
Ba7NbsMo0O2o ¢ 0.5H20. b) Schematic showing the orienta-
tions of the different MOx polyhedral units at the start (¢t =
0) and for every timestep (t > 0) of the AIMD simulations
overlaid on each other. c) O-H RDFs for a single proton
trapped by an M1 vacancy and for a single mobile proton.

Figure 7b shows the orientations of the different polyhedra
for every timestep of the AIMD simulation overlaid on each
other, which can be used to visually assess whether partic-
ular polyhedra can rotate or not in Ba7NbaMo0O2o. It is clear
that the M104 tetrahedron can rotate in the material. The
M10s polyhedron also exhibits significant rotation, whereas
both the M20s and M30s octahedra are more rigid with very
limited rotation. The inherent dynamic flexibility of the var-
iable MOx coordination units along the palmierite-like lay-
ers determines the high ionic conductivity of this hexagonal
system. Similarly to the case of other oxide ion conductors
containing isolated tetrahedral moieties, 1415 fast oxide ion
migration in dry BasNbsMoO3zo is enabled by the dynamic
and rotational flexibility of the M10x units and by the ability
of the metal centres of adopting variable coordination envi-
ronments. The rotational motion of the M10x units also as-
sists the proton motion in hydrated Ba7;NbsMoOzo, as in the
case of the solid-acid protonic conductor CsH2POs4. 63

Proton diffusion is usually slower in lower symmetry per-
ovskite oxides such as orthorhombic SrCeOsz and CaZrOs,
due to an additional enthalpy contribution needed for tilting
of neighbouring octahedra close enough to allow proton
hopping. 2627 In addition, localisation of the protonic defects
generally leads to reduced proton conductivity, as in the
case of the 6H hexagonal phase of Sc-doped BaTiO3-.s when
compared to the cubic phase. ?8:2° In hydrated BazNbsMo00O2y,
the positional oxide ion disorder generated by the close
proximity of available oxygen sites due to the particular to-
pology of the palmierite layers, together with the dynamic
flexibility of the M10x units, result in delocalisation of the

protonic defects (as demonstrated by the difference Fourier
maps in Figure 3 and the DFT and BVSE calculations), and
in a broad range of O-H distances, as demonstrated by the
RDF of the O-H pairs for a mobile proton (Figure 7c). The
similar energies of the different proton configurations lead
to a disordered proton sub-lattice, where frustration of the
proton positions (and of the hydrogen bond network) cou-
pled with the dynamic flexibility of the metal units result in
high mobility of the protonic defects and in the creation of
low energy transport pathways. 63, 64 65

Conclusions

In-situ neutron diffraction experiments in combination
with atomistic calculations have been used to elucidate the
mechanisms of hydration and ionic transport for the first
time in the cation deficient hexagonal perovskite
BasNbaMo020. The water uptake occurs by filling of the in-
trinsic oxygen vacancies distributed along the palmierite-
like layers and predominantly located at the average 02 site
in the dry structure. Our results demonstrate that the hy-
dration process is a main driver of the cation and anion dis-
order seen in Ba7NbsMoOzo and related hexagonal perov-
skite derivative conductors. The water absorption is re-
sponsible for disordering of the metal-vacancy stacking dis-
tribution and contributes to the positional oxygen disorder
along the palmierite-like layers. Both the oxide ion and pro-
ton transports are two dimensional, occurring along the
palmierite-like layers, and are assisted by the inherent flex-
ibility of the MOy units and the accessibility of available ox-
ygen positions. Protons are highly delocalized over a variety
of configurations, resulting in a frustrated proton sub-lat-
tice with high mobility of the protonic defects and low en-
ergy diffusion pathways. Overall, our findings demonstrate
that water absorption and high ionic mobility are promoted
in Ba7NbsMo0Ozo thanks to the ability of the crystal lattice of
accommodating anion and cation disordered environments
and to the dynamic and rotational flexibility of the oxygen-
deficient palmierite layers. The example of Ba7NbsMoO2o
suggests that candidate materials with cation deficient lay-
ers or palmierite-like motifs in the vast family of hexagonal
perovskite derivatives are likely to support significant oxide
ion and/or proton conduction. 22 66.67,68,69,70,71 [mportantly,
the insights presented here demonstrates that fast proton
conduction can be enabled by disordered solid oxide sys-
tems (in contrast with conventional cubic perovskite con-
ductors where ionic transport is promoted by the high sym-
metry of the crystal lattice) and provides innovative design
rules for the development of solid electrolytes crystallizing
in oxides with disordered sub-lattices.
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