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ABSTRACT: The crystal structure of the technologically relevant,
high-temperature proton conductor BaZr,,Ce;,Y,,0;_s (BZCY72)
has been studied by high-resolution neutron powder diffraction
performed on a deuterated sample in the temperature range 10—1173
K, complemented with synchrotron X-ray diffraction in the range RT-
1173 K. A volume discontinuity on heating indicates a first-order
phase transition from orthorhombic (space group Imma) to
rhombohedral symmetry (R3c) between 85 and 150 K. A further
transition to cubic symmetry (Pm3m) takes place at ~570 K, indicated
to be second order from the temperature dependence of the
octahedral tilt angle. The stability field of the cubic phase was
extended on cooling in the dehydrated state to 85 K. Expansion/
contraction of the unit-cell volume on heating in low vacuum and air,
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respectively observed by neutron diffraction and synchrotron X-ray diffraction, was described with a point-defect model involving
the temperature dependence of the water content and thermal expansion. Isotropic strain in the hydrated state is apparent on
analysis of the broadening of the neutron-diffraction reflections during heating and cooling cycles. Rietveld refinement of the low-
temperature neutron data and Fourier nuclear-density maps were employed to locate the deuterium position at a distance of

~0.90 A from the bonding oxygen at 10 K.

B INTRODUCTION

High-temperature electrochemical devices exhibiting the prefer-
ential transfer of protons have the potential to revolutionize a
shift to a sustainable energy economy in which hydrogen replaces
dwindling hydrocarbon sources as the principal fuel for
stationary power and transportation. Protonic ceramic fuel
cells (PCFCs), with a proton-conducting ceramic electrolyte
membrane, cleanly convert the chemical energy of hydrogen to
electrical energy in an intermediate temperature range (773—
1023 K).'™ This interval neatly alleviates the technological
problems and costs associated with the higher operating
temperatures of contemporary solid oxide fuel cells based on
an oxide-ion conducting electrolyte and those of the polymeric
devices which require expensive electrocatalysts due to the low
operation temperature, below 373 K. Protonic ceramic electro-
lyzer cells (PCECs) also offer better performance in the
intermediate temperature range 773—1023 K, and pure hydro-
gen is produced from steam, eschewing the need for costly
purification steps prior to storage.””® Membrane technologies
based on proton-conducting ceramics for the reduction of CO,,”
separation of hydrogen from syn-gas,” and the nonoxidative
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conversion of natural gas to liquid fuel by the process of methane
dehydroaromatization” are also garnering increasing attention.
The best proton-transport characteristics are observed in
perovskite oxides (ABO;) with large basic A cations (e.g., Ba, Sr)
and large tetravalent B cations (e.g, Zr, Ce), which are doped
with a lower valence cation on the B site to form oxygen
vacancies in the dry state.'”"" In water-containing atmospheres,
the oxygen vacancies are replaced by hydroxyl groups with the
second proton of the water molecule attaching to another lattice

oxygen:

H,0 + V, + O} — 20H, (1)

The materials of choice for PCFCs, hydrogen separators, and
membrane reactors increasingly center on Ba(Ce,Zr)O;_s-based
solid solutions”'*"* for a compromise between moderately high
proton conductivity and good stability, respectively offered by
the BaCeO; and BaZrO; end-members. Much recent work
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adopts BaZr,,Ce(,Y,,05_s (BZCY72, often referred to in the
literature as BCZY27) as the optimized composition as
development toward commercialization of proton-conducting
membranes continues."*™'® A full structural analysis is thus
required for further understanding and development of this
technologically important material.

In this regard, perovskites very often exhibit a number of
symmetry changes with pressure, temperature, or composition
associated with tilting of the BO4 octahedra,'”™*° with the
adopted tilt system very much guided by the tolerance factor.”’
Raman spectroscopy indicated a distortion of the “X-ray cubic”
aristotype of BZCY72 to rhombohedral symmetry at room
temperature.”> This study highlights the advantage of
complementing the determination of the crystal symmetry in
these perovskites by methods additional to laboratory X-ray
diffraction (XRD). The assignment of space group relies on the
detection of supercell reflections attributable to subtle move-
ments of the oxygen positions arising from octahedral tilting
which are largely impercetible to X-rays due to the low X-ray
scattering length of oxygen. In contrast, neutron diffraction is
much more suited to determine symmetry changes as the
neutron scattering length of oxygen is comparable with those of
the cation species.

Here, we have employed high-resolution neutron diffraction,
complemented by synchrotron radiation XRD data (SR-XRD),
to perform a structural analysis of BZCY72 in the temperature
range 10—1173 K, involving space-group determination and
phase transitions with temperature, investigation of chemical
expansion resulting from hydration, and location of deuteron
sites. Deuterated samples were used in our study to avoid the
large incoherent scattering cross-section of protons to thermal
neutrons and improve the likelihood of locating deuterons within
the oxide lattice. Neutron powder diffraction (NPD) data were
collected at very low temperature (10 K) to freeze out the
influence of phonon interactions and reduce thermal factors.

B EXPERIMENTAL SECTION

BaZr,,Cey,Y,,0;_s (BZCY72) was prepared by a citrate process based
on the Pechini method. Prior to synthesis, the water content of the
nitrate precursors was determined by thermogravimetry in air. The
appropriate stoichiometric ratio of nitrates for 0.04 mol of product was
added in the order Ba(NO,),«H,0, ZrO(NO;),xH,0, Ce(NO,),-
xH,0, and Y(NO,);-«H,0 to deionized water heated at ~323 K on a
hot plate. Once a transparent solution was obtained, citric acid (0.2 mol)
and ethylene glycol (0.4 mol) were added and stirred for ~40 min. The
temperature was then maintained in the range 333—353 K for ~2 h then
raised to >363 K for 4—5 h and finally to above 373 K for over 12 h to
obtain a dark-brown polymerized complex. The material was
subsequently pyrolyzed in an oven at 623 K for 4 h. The obtained
polymeric precursor was then heated at 873 K for 4 h, milled, and heat
treated at 1373 K for a further 4 h to remove any remaining organic
product, prior to attrition milling in a Teflon vial with YSZ balls and
sieving (100 pm). The powder was then formed into pellets, covered
with sacrificial powder of the same composition, and fired at 1698 K for 4
h. The pellets were then crushed and milled in an agate mortar and
pestle in acetone. Deuterated material for NPD was prepared on heating
the as-prepared powder to 1173 at S K-min~" in air bubbled through
D,0 (Apollon Scientific, 99.9%) at room temperature (RT), followed
by a 2 h dwell at this temperature then cooling to RT at 1 K-min™".
Phase purity was confirmed by powder XRD on a Bruker D8 high-
resolution diffractometer, using monochromatic Cu Ka, radiation (4 =
1.5406 A) obtained with a germanium monochromator. NPD
measurements were performed on powders housed in vanadium cans
at the high-resolution D2B diffractometer at the Institut Laue Langevin
(Grenoble, France). Measurements of approximately 1 h in duration
were collected at suitable intervals on heating and cooling cycles within a
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temperature range of 10—1073 K. Monochromatic beam wavelengths of
1.05 and 1.594 A were selected from the primary beam with a Ge
monochromator.

Synchrotron radiation X-ray diffraction (SR-XRD) was recorded at
the D10B-XRD1 beamline at the National Synchrotron Light
Laboratory (LNLS, Campinas, Brazil) on an as-prepared (undeuter-
ated) sample mounted on a ceramic sample holder and heated in the
range 298—1173 K. The X-ray wavelength was set at 1.54915 A, and data
were collected in the range 20 < 20 < 90° with a step length of 0.005°
and a step counting time of 2 s. The sample was heated at a rate of 10 K-
min~", and a dwell time of 10 min was employed at each temperature
before performing the SR-XRD scan. Structural refinements of the NPD
and SR-XRD data were performed by the Rietveld method with the
Fullprof program.**

B RESULTS AND DISCUSSION

Structure of BZCY72 at RT. The neutron-diffraction pattern
of BZCY72 obtained at 299 K (RT) revealed a distortion from
the cubic perovskite aristotype, as indicated by the presence of
several superlattice reflections, shown in Figure la. Employing
the method of Woodward and Reaney,”* based on the original
arguments of Glazer,” the superstructure reflections could be
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Figure 1. Experimental (circles) and calculated (continuous line)
neutron diffraction patterns of BZCY72 collected on heating at (a) RT,
(b) 673 K, and (c) 10 K, with an incident wavelength of 1.594 A. The
panels indicate superstructure reflections with a 1/2{oo0} indexation
(where “0” indicates an index with an odd number) resulting from

antiphase tilting.
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indexed as '/,{000}, where “0” represents an index with an odd
number; this type of indexation is compatible with antiphase
tilting only of the BO4 octahedra. On consideration of the
relationship between tilting system and space group, determined
by Howard and Stokes through group-theoretical analysis,” the
possible space groups were thus limited to I4/mcm, Imma, and
R3c. A transition to cubic symmetry around 573 K was
immediately evident from the neutron-diffraction data (Figure
1b). The decrease in octahedral tilting in the transition toward
cubic symmetry with increasing temperature was followed via the
decreasing intensity of the reflection at 36°(26), which is indexed
as (113) in a hexagonal cell (see below), Figure 2.

(110)

arbitrary units
———(104)

e (012)

25 30

2e()

35

Figure 2. Selected region of the BZCY72 neutron diffraction pattern in
perspective showing decreasing intensity of the (113) reflection of the
R3¢ lattice (hexagonal coordinates) with increasing temperature,
reflecting the transition to the Pm3m space group.

The continuous nature of this phase transition, discussed
below, indicated that it was second-order in nature. Since the
transition from Imma to Pm3m is first order, the possible space
groups for the RT structure based on the group—subgroup
relationships of perovskites with octahedral tilting were further
restricted to I4/mcm and R3¢.” Refinements of the RT data were
performed in these two space groups with the introduction of full
oxygen occupancy in accordance with a completely hydrated
material; anisotropic thermal factors improved the refinement
quality criteria significantly. The final agreement parameters
indicated that space group R3¢ was the more correct option in
accord with the XRD and Raman spectroscopy analysis of Ricote
etal:" y* = 1.66, R, = 4.92, and Ry = 3.20% in I4/mcm for 6
refined structure parameters (excluding profile parameters); > =
1.32, R, = 4.40, and Ry; = 1.92% in R3¢ for 7 refined parameters.
The observed and calculated NPD patterns for BZCY72 at RT
and their difference are shown in Figure 3a, with structural details
listed in Table 1.

Structure Evolution with Temperature. The trans-
formation to cubic symmetry, apparent in Figures 1b and 2,
was followed with increasing temperature on calculation of the
octahedral tilt angle (¢) from the refined oxygen position of the
hexagonal cell.”® The results, shown in Figure 4, indicate that the
transition to cubic Pm3m symmetry appears to be complete by
573 K. The temperature dependence of ¢ (Figure 4) may
provide information on the order of the phase transition.”” The
continuous nature of the transformation from 150 K on heating
with a monotonic decrease of the tilt angle as the transition
temperature (T,) is approached indicates either a tricritical or
second-order phase transition, rather than a first-order
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Figure 3. Experimental (circles), calculated (continuous line), and
difference (continuous line at bottom of each panel) neutron diffraction
patterns of BZCY72 collected on heating at (a) RT, (b) 673 K, (c) 10K,
and (d) RT on cooling; the incident wavelength is 1.594 A, and the
positions of Bragg peaks are indicated by vertical bars.

(discontinuous) transition in accordance with the group—
subgroup relationship of R3¢ and Pm3m.*> The tricritical and
second-order continuous transitions may be differentiated
according to whether ¢ follows a (T. — T)” temperature
dependency with a # exponent of 0.25 or 0.5, respectively. In this
case, it is apparent from the linear relationship between ¢»* and T
(Figure 4) that the dependency of the tilt angle with temperature
is a better fit with an exponent of # = 0.5 corresponding to a
second-order phase transition (also plotted as ¢ on the
secondary y axis of Figure 4). The behavior of BZCY72 through
the R3c-to- Pm3m transition contrasts with that of BaPrOj, which
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Table 1. Structural Parameters, Selected Interatomic
Distances, and Agreement Factors for BZCY72 Obtained
from NPD Data at Three Representative Temperatures

10 K (Imma)*® RT (R3c)" 673 K (Pm3m)*
a(A) 6.0128(6) 6.0258(7) 4.2746(1)
b (A) 8.490(1) 6.0258(7) 4.2746(1)
c(A) 6.0210(6) 14.749(3) 4.2746(1)
V (A%) 307.36(9) 463.8(1) 78.107(4)
Ba position 4e 6a 1b
z 0.000(2) - -
U,, X 100 (A?) 0.86(4) 0.70(8) 0.77(5)
Zr/Ce/Y position 4b 6b la
U, X 100 (A%) 0.42(3) 0.20(8) 0.66(4)
O(1) position 4e 18e 3d
x - 0.4760(2)
z 0.5465(5) . -
Occ 1.00 1.00 0.9847(5)
Uy, X 100 (A?) 0.33(4) 1.5(1) 1.6(3)
O(2) position 8¢ - 3d
y 0.0123(4)
Occ 1.00
Uy, X 100 (A%) 0.33(4) - -
D(1) position 8i 36f 12h
x 0.132(1) 0.151(4) 0.177(5)
y - 0.388(6)
z 0.604 (1) 0.0455(4) -
Occ 0.025 0.017 0.00067(5)
U, X 100 (A%) 0.14(6) 1.7(6) 0.9(1)
D(2) position 16 -
x 0.106(1)
¥y 0.009(1)
z 0.191(1)
Occ 0.0125
U, X 100 (A%) 0.14(6)
selected distances (A)
Ba—0(1) 3.020(4) X 2 3.158(1) x 3 3.023(1) x 12
2.730(8) 2.868(1) x 3
3.290(8) 3.0149(5) x 6
Ba—0(2) 3.079(9) x 4
2.933(9) X 4

Zr/Ce/Y—0(1) 2.1348(6) X 6
Zr/Ce/Y—0(2)
0(1)-D(1) 0.86(3)
0(2)-D(2) 0.94(4)

“Space group Imma, (No. 74): 4b (0 0 1/2), 4e (0 1/4 z), 8g (1/4 y

1/4), 8i (x 1/4 2),16j (x y 2). ¥* = 147, Ry, = 3.11%, Ry,= 3.77%, Ry

= 1.97%, P(cryst); 6.184(2) g/cm®. bSpace group R3¢, hexagonal setting

(No. 62): 6a (00 1/4),6b (000), 18e (x 0 1/4),36f (xy 2). /* =

1.26, R, = 3.82%, R,,= 4.30%, Ry = 1.74%, p(qys): 6.147(8) g/cm’.

“Space group Pm3m (No. 221): 1a (00 0), 1b (1/2 1/2 1/2),3d (1/2

00), 12h (x 1/2 0). = 2.42, R, = 4.09%, R,,= 6.37%, Ry = 3.50%,

p(cryst): 6084(5) g/cm3.

2.1408(8) x 2
2.1298(8) X 4

2.1373(1) X 6

0.81(6) 0.76(7)

is reported as tricritical.”® It can be seen that the 10 K data point is

05
not accurately described by the relation ¢ = (1 - %) )

reflective of a discontinuous phase transition taking place
between 85 and 150 K, discussed below. The fitting of the
experimental NPD pattern to that calculated using the structural
model given in Table 1 for BZCY72 at 673 K is shown in Figure
3b.

Inspection of the pseudocubic lattice parameters and cell
volume from 10 to 1173 K, Figure S, reveals a discontinuity
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Figure 5. Experimental (symbols) and calculated (colored lines)
pseudocubic lattice constant of BZCY72 determined from neutron
diffraction data on heating (open red symbols) and cooling (blue closed
symbols) in low vacuum and synchrotron X-ray diffraction data (open
green symbols) on heating in air. The calculated data employs a model
based on thermal expansion and chemical expansion due to hydration;
pH,O values of 1 X 107 and 2 X 107* atm were adopted for NPD and
SR-XRD experiments, respectively. The oxygen loss occurring from the
nominal formula of the hydrated material on heating as determined from
refinement of the oxygen occupancy of the NPD data is also shown with
reference to the secondary y-axis (inverted black triangles, with black
line shown as guide for the eye). The crystallographic fields indicated in
the plot refer to the space groups determined from the NPD data during
the heating cycle in low vacuum.

below 150 K. This transition is thus likely to be first-order in
nature according to Landau theory, and, consequently, with no
group—subgroup relationship between the space groups.”> On
the basis of the similar indexation of the 10 K data (Figure 1c)
with that of the RT structure, a transition from either an I4/mcm
or Imma structure at 10 K to R3¢ above 85 K seems to occur. The
latter phase transformation, Imma to R3¢, has E)reviously been
observed in BaCeQ; and BaZrOj-based systems, ***° as well as
BaPrO;.”* Although the more common sequence is from Imma
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to I4/mecm to Pm3m, stabilization of the intermediary
rhombohedral phase has been associated with larger B cations.”®
Improved refinement quality criteria in Imma compared to either
R3¢ or I4/mcm space groups confirmed that the orthorhombic
symmetry is the correct choice for the BZCY72 sample at both 10
and 85 K. The observed and calculated NPD patterns and their
difference for BZCY72 at 10 K are shown in Figure 3¢, with
structural details listed in Table 1.

Location of Deuteron Sites. Fourier nuclear-density maps
were calculated for the 10 K data with incident neutron
wavelengths of both 1.04 and 1.594 A in order to locate missing
nuclear-scattering density arising from the deuterons, as has been
performed for a number of oxide proton conductors.”"**
Inspection of the density maps at both acquired resolutions,
such as those illustrated in Figure 6, revealed strong positive

0 .1 .2 3 4.5 .6 .78 .91

zlc

0 .1 .2 .3 4.5 .6 .7 .8 .9 1

zlc

Figure 6. Fourier-difference nuclear maps in the ac plane calculated for
the structure at 10 K in space group Imma, at heights of y = 0.25 (left
panel) and y = 0 (right panel), showing missing scattering density
attributable to D.

peaks, consistent with the positive scattering length of deuterium
(6.671 fm), at (~0.12, ~1/4, ~0.61) and (~0.11, ~0, ~0.13) at a
reasonable distance of ~1 A from oxygen, corresponding to
Wryckoff positions 8i and 16j in space group Imma, respectively.
Refinement proceeded with inclusion of deuteron at these two
positions close to the O(1) and O(2) sites, which refined stably
with an occupancy slightly higher than that expected for full
hydration, suggesting full occupancy of the oxygen substructure
as a result of complete hydration. The final refinement was thus
performed with a fixed D occupancy of 0.1, giving considerably
improved agreement parameters in comparison to the deuteron-
free refinement, e.g, Ry decreased by 26% (from 2.66% to
1.97%). The low-temperature deuteron position also refined
stably on transformation to the higher symmetry R3¢ and Pm3m
space groups with increasing temperature. The final structural
parameters and agreement factors for BZCY72 collected at 10,
299, and 473 K are listed in Table 1 with inclusion of the D
position. The final O—D distance, in the range 0.76—0.94(6) A, is
in line with values determined in similar systems both by
diffraction methods (0.93 A for BaCeygY,,05 5" 0.92 A for
BaZrysIng 505" 1.06 A for BaCe, 4Zr,Scy,05_5 ), atomistic-
simulation techniques (0.98 A for BaZrO;”), and quantum-
mechanical studies (0.89—1.05 A for BaCe0336). The rather
short distances determined at higher temperatures may be due to
large thermal factors and lower deuteron occupancy, both of
which lead to more uncertainty in the atomic positions.

Schematic diagrams of the location of the deuteron site relative
to a BOg octahedron in the Imma, R3¢, and Pm3m structures are
shown in Figure 7.

At low temperature (orthorhombic symmetry, 10—85 K) there
are two independent deuteron sites: the O—B—O—D(1) torsion
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Figure 7. Schematic diagrams of the D position (white spheres) in
relation to oxygen (red spheres) and the BOg4 octahedra (yellow) for
three temperatures with different symmetries. Note that the statistical
site occupancy of the D position is 0.1.

angle is 22° with the O—D(1) bond forming an angle of 51° with
the O—O bond defining the octahedron edge, a location that is
close to that of the “ring-like” rotational path between octahedral
units suggested by quantum molecular dynamics.’” This position
minimizes the Coulombic repulsion of the neighboring B and
Ba®" cations, since the former are at a distance of 2.35 A whereas
the shortest Ba** to deuteron separation is 2.31 A. A similar site
near the O—O octahedron edge has been found for
BaZr,Ing505_5°" BCY20”* (both by neutron diffraction), and
SrZrO,** (by muon-spin relaxation spectroscopy). The second
deuteron D(2) lies closer to an octahedral edge, with the nearest
B cation found at a shorter distance of 1.97 A; however, the Ba*"
ions are located further away at 2.43 A, which may compensate
the effect of the shorter B—D(2) distance. This position appears
to be more similar to that reported for BaCe;3Y,,0,,
(BCY20),” in which only one site was reported in Imma
symmetry at 450 °C.

At higher temperature (RT), in the rhombohedral domain,
only one deuteron position exists, the O—D bonds forming
angles of 51° and 37° with the octahedral edges. The shortest D—
B and D—Ba®" distances are 2.15 and 2.41 A, respectively. In
cubic symmetry the sole deuteron lies parallel to the plane
bisecting the octahedron forming an angle of 45° with the
octahedron edge at a distance of 2.68 A from the B cations and a
shorter distance of 2.54 A from the Ba ions (structure at 673 K).

Chemical and Thermal Expansion. In addition to
revealing the discontinuous nature of the low-temperature
phase transition of BZCY72 on heating from 10 K under low
vacuum, Figure 5 also shows the corresponding pseudocubic
lattice parameter data during cooling from 1173 K, together with
data collected by SR-XRD on heating an as-prepared sample in
air from RT. The Vegard’s plots exhibit a nonlinear inconsistency
on heating which can be attributed to a contraction resulting
from dehydration. The loss of water can also be followed via the
refined oxygen occupancy with temperature (secondary axis) in
accordance with eq 1. Such behavior has previously been
observed for Y-doped BaZrO; and BaCeO; proton-conducting
phases.””* The temperature of inflection to the contracted cell,
~673 K, occurs after the transformation to cubic symmetry. On
cooling in the dehydrated state, the Vegard’s plot is linear to RT,
with a thermal expansion of 3.82 X 107> A-K™'. The value is
slightly higher for the hydrated material, 4.49 X 107> A- K™, in
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the range RT—573 K on heating. A similar trend was observed for
BaCe4Y(,0,0, with a higher TEC registered in the hydrated
state than for the dry material,** although the opposite trend was
found in the same work for BaZrO;-based phases.

Although the phase transition to cubic symmetry on heating is
not coincident with the dehydration temperature, the state of
hydration has a clear effect on symmetry, as indicated by the
stability to lower temperature of the cubic phase field on cooling
in the dehydrated state (Figure S, blue squares); the observed
and difference diffraction profiles of the cubic Pm3m structure on
cooling to RT are shown in Figure 3d. Again, similar behavior was
observed for BCY20 on heating in air and cooling in low
vacuum;*® however, the BCY phase goes through a more
complex series of transitions on heating and cooling through
orthorhombic and monoclinic symmetries. It was argued in this
case that structural relaxation around dopant—vacancy pairs is
responsible for destabilizing the correlated octahedral tilts of the
higher symmetry phase, leading to a greater stability field for the
cubic structure in dry conditions.*”

Previously, it was widely believed that the formation of
positively charged oxygen vacancies via oxygen loss in oxide
lattices led to electrostatic repulsion of the surrounding cations
contributing to cell expansion; however, recent computer
simulation indicates that chemical expansion only results from
radius expansion of the reduced cation, whereas the formation of
an oxygen vacancy leads to an opposite contracting effect.*' In
the case of proton-conducting oxides, which lose water to form
oxygen vacancies (eq 1) with no change in cation valence states,
the overall effect of dehydration is to produce the volume
contraction observed in Figure S. A further consequence of
dehydration is a slight increase of the Goldschmidt tolerance
factor from 0.984 (hydrated state) to 0.985 (dehydrated state);
for calculation of the tolerance factor ionic radii were adopted
from Shannon"” considering an oxygen vacancy radius of 1.18 A
and OH™ radius of 1.35 A.** Although this difference is very
minor, it is salient to note that the two states lie at either side of a
boundary marking antiphase tilting and cubic phase fields
defined by a large number of perovskites at 0.985.** The stability
of the cubic phase field of BZCY72 to lower temperatures in the
dry state may, thus, be attributable not only to the effect of
destabilization of the correlated octahedral tilts but partly owing
to geometry expressed by the fact that the Goldschmidt tolerance
factor is displaced to a higher value when the oxygen vacancies
are not occupied by hydroxyl groups.

As discussed by Andersson et el,”” such an expansion on
hydration produces significant compressional stress on the
surface of the proton-conducting membrane as the oxygen
vacancies nearer to the surface are hydrated, whereas a tensional
stress occurs on dehydration at the surface, which is an important
element contributing to mechanical failure. Here, the effect of
stress is clearly observed through analysis of the full width at half
maxima (fwhm) of the neutron-diffraction peaks during
hydration and dehydration cycles, shown for the (400) reflection
of the cubic subcell in Figure 8.

The fwhm lowers continuously on heating before reaching a
fairly steady value above the dehydration temperature (~973 K);
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Figure 8. Full width half-maximum of the (400) reflection of the basic

cubic cell during heating (red open symbols) and cooling (blue closed
symbols) of a hydrated BZCY72 sample under low vacuum.

the fwhm then remains at a consistent lower value on cooling of
the dehydrated sample in the dry conditions. We note that the
peakwidth was broadened for all reflections in the hydrated state,
with no evidence of a directional preference for strain, reflecting
isotropic expansion of the lattice on incorporation of water
molecules (eq 1). Andersson et al.*” make the case that an
inhomogeneous water distribution due to slow hydration kinetics
may contribute to strain-induced line broadening of the
diffraction profiles. Alternatively, even if the grains are fully
hydrated, it may be that there are effects of disorder brought
about by an inhomogeneous distribution of the octahedral tilting,
and indeed this be related to the presence of water.

Modeling of the effects of dehydration on the crystal structure
was performed based on a simple defect-chemistry model to
describe the unit-cell volume in terms of temperature and water
content.** Assuming ideal behavior for all species involved in the
hydration equilibrium (eq 1), the equilibrium constant may be
expressed as

P (); N (_ﬂ N ﬁ)
H,0 [V] [OX]pHZO Xp RT R

o o

@)

The molar enthalpy and entropy, AH); and ASy, were taken as
—137.95 k] mol™" and —144.2 J (mol-K) ™" on assuming that the
Zr:Ce ratio imposes a linear variation in the thermodynamic
parameters between the corresponding thermodynamic values of
the end-member BaZr;,Y,,05_5 and BaCeoY,;0;_s phases,
taken from ref 11.

On assuming the site balance

(03] + [V(] + [OH,] = 3 (3)

o

and that the dopant concentration x = Yy is distributed solely on
the B site such that the electroneutrality condition is

2[V,]+ [OH,] —x=0 (4)

the water content is then given by

3Kpy o \/KpHZO(9KpHZO — al6Kp,, o — 24] + #’[Kp, o — 4)

[OH,] =

Kpyo =4 (s)
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The effect of hydration on volume expansion was analyzed
following the approach of Marrocchelli et al.*" and modified for
the case of proton-conducting oxides by Andersson et al.** The
lattice parameter of the cubic perovskite is approximated as

a=2%+ )

1[G SR i e
13 —-—=—-—=lVox+|= — = |+ you
3[( YA CREEY ACEGC IS

with 75 and 75 representing the average oxide-ion and cation-site
radii, respectively, and y = [OH"]. lonic radii were adopted from
Shannon,” with an oxygen vacancy radius ry; of 1.18 A and

(6)

where

ail

hydroxyl group radius ropy of 1.35 A* once again employed.
Thermal expansion was modeled with the relation

a,

T = Gy300 + QT

(8)

where a value of @ ~4 X 107> A-K™'was adopted corresponding
to that measured in the dehydrated state in the range 973—1173

K. The model was then adjusted with a normalization factor of

4300, expt .
—= = 0.989 where numerator and denominator correspond
a300,calc

to experimental and calculated pseudocubic lattice parameters at
300 K. A good fit of the model to the data was achieved on
applying the normalization factor and a water-vapor partial
pressure of pyy o = 1X 1073 atm for the diffraction environment,

Figure S; this value is reasonable considering the degassing
process which takes place on heating within the vanadium
container during the NPD experiment.

For comparison, also plotted in Figure S is the corresponding
model of the experimental data collected in laboratory air by SR-
XRD for a BZCY72 sample previously cooled at S K-min™" (also
in laboratory air). The effect of the higher water vapor partial
pressure in this experiment, taken as py; o = 2 X 107> atm, is to

increase slightly the temperature at which dehydration occurs, as
is expected, and the contraction is less pronounced than in the
case of the sample measured at lower pyo. We note that,

irrespective of the thermal history of the sample, the model
predicts complete hydration in both cases below the dehydration
temperature. The good fit of the modeled data thus indicates a
high level of hydration of the BZCY72 samples despite their
different thermal histories.

B CONCLUSIONS

The BaZr,,Cey,Y,,05_5 (BZCY72) perovskite is emerging as
one of the strongest candidates for a number of applications
involving high-temperature proton transport, including protonic
ceramic fuel cells, protonic ceramic electrolyzer cells, and reactor
membranes for processes such as methane dehydroaromatiza-
tion. A detailed analysis by high resolution neutron diffraction
and synchrotron X-ray diffraction highlights several structural
complexities of this technologically important phase. As is the
case for similar proton-conducting perovskites, the phase
stability is highly dependent on the degree of hydration. A
transition from orthorhombic to rhombohedral symmetry occurs
above 85 K on heating and then from rhombohedral to cubic
symmetry at ~570 K for the hydrated material (diffracting
medium, low vacuum), but the latter transition occurs below RT
on cooling in the dehydrated state. The hydrated condition,
which is preserved above the phase-transition temperature, is
associated with chemical cell expansion and strain broadening of

4298

the neutron-diffraction peaks, with cell contraction and
alleviation of strain taking place on heating to dehydration.

The two deuteron sites of a deuterated sample at 10 K (space
group, Imma) are similar to those of chemically similar
perovskites, lying close to a plane bisecting the O—O octahedral
edge at a distance of ~0.90 A from the bonding oxygen and ~2 A
from the neighboring B-cation sites.
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