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ion governs vacancy ordering and
oxide-ion transport in g-type BIMEVOX conductors
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Incommensurate structural modulation is a defining yet poorly understood feature of several functional

solids, particularly regarding its impact on defect dynamics in fast-ion conductors. Here, using the model

oxide-ion conductor Bi2V0.9Cu0.1O5.35 (BICUVOX.10), we achieve the first full determination of a (3 + 2)D

incommensurately modulated structure in the well-known g-type BIMEVOX family. Combined single-

crystal and powder X-ray diffraction, neutron total scattering with reverse Monte Carlo modelling, and ab

initio molecular dynamics (AIMD) reveal that the g0-phase exhibits short-range oxygen-vacancy ordering

that intrinsically causes its modulation behavior. Upon heating, this vacancy ordering transforms into the

dynamically disordered g-phase, establishing the structural origin of fast-ion conduction. The

modulation waves strongly constrain oxygen motion within the vanadate layers, elevating the activation

energy, while the coupled apical–equatorial positional modulations generate versatile V/Cu coordination

geometries and a zig-zag oxide-ion diffusion network. In addition, Cu atoms were found to act as local

vacancy traps. These findings identify vacancy-driven modulation as the mechanism governing the

reversible g0 4 g transition and establish a general framework linking incommensurate structural

modulation, defect organization, and ionic transport in complex solid-state conductors.
Introduction

The physical and chemical properties of functional solids are
ultimately governed by their thermodynamically stable struc-
tures. Changes in thermodynamic stability oen alter the
degree of structural order, and when local ordering becomes
incompatible with the underlying lattice periodicity, structural
modulations arise.1 Such modulations represent a compromise
between the lattice's drive to maintain global symmetry and the
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local chemical tendency to minimize bonding energy. Modula-
tions have been widely found in functional crystalline materials,
including ferroelectrics,2–4 thermoelectrics5–7 and fast-ion
conductors,8–11 where lattice periodicity interplays with subtle
electronic or ionic degrees of freedom. In particular, incom-
mensurate structural modulations represent a special class of
aperiodic order, yet their atomic-scale relationship with defect
dynamics remains poorly understood. Resolving this connec-
tion is key to understanding how complex crystalline architec-
tures enable fast ionic transport and to guiding the design of
next-generation solid electrolytes and related energy materials.

Oxide ion conducting solids have important applications in
solid oxide fuel cells (SOFCs), solid oxide electrolyzer cells
(SOECs), oxygen separation membranes, and gas sensors.12,13

Such materials provide an ideal platform to probe the interplay
between structural modulation and defect dynamics. While
most such solids (e.g., yttria stabilized zirconia and gadolinium
doped ceria) show high oxide ion conductivity at high and
intermediate temperatures, the BIMEVOXes have gained
signicant attention due to their high oxide ion conductivity at
relatively low temperatures in the range of 300–600 °C.14,15 The
BIMEVOX family of solid electrolytes is derived from cation
substitution of V and/or Bi in the layered Aurivillius-phase
Bi4V2O11, with many different solid solutions reported
covering a large extent of the periodic table.16–18 Of interest to
J. Mater. Chem. A
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View Article Online
most researchers is the highly conducting tetragonal g-phase,
which although only present in the parent Bi4V2O11 above ca.
550 °C, can be preserved to room temperature through solid
solution formation.19 The structure of the BIMEVOXes consists
of alternating [Bi2O2]n

n2+ and [MEx
lV1−xO3.5−(5−l)x/2−d]n

n2−

(where l is the valency of the ME cation) layers, with a 2-
dimensional diffusion pathway for oxide ions in the heavily
disordered vanadate layer.16 Depending on the level of substi-
tution and temperature, BIMEVOXes typically show three main
polymorphs, namely a (monoclinic), b (orthorhombic), and g

(tetragonal), among which the g-phase shows the highest ionic
conductivity. It is convenient to relate the three phases through
an orthorhombic mean cell of approximate dimensions am z
5.53 Å, bmz 5.61 Å, and cmz 15.28 Å, with aa= 3am, ba= bm, ca
= cm, b » 90°; ab = 2am, bb = bm, cb = cm; and ag = bg z am/

ffiffiffi

2
p

,
cg z cm.16,20

The Cu-substituted system, BICUVOX (Bi2V1−xCuxO5.5−3x/2),
initially reported by Abraham et al. shows extraordinarily high
ionic conductivity, with the g-phase BICUVOX.10 (x = 0.10)
composition showing a conductivity at 300 °C in the order of
10−3 S cm−1.21 The fully disordered g-phase, present above ca.
500 °C, was determined to be tetragonal in space group I4/mmm.
However, at lower temperatures, partial ordering occurs (g0-
phase) evidenced by the appearance of weak superlattice peaks
and a change in slope in the Arrhenius plot of conductivity, with
a slightly higher activation energy below ca. 500 °C.21 The
reversibility of the g 4 g0 (disorder 4 order) transition was
later conrmed using high-temperature X-ray diffraction on
a single crystal sample of BICUVOX.12, and transmission elec-
tron microscopy (TEM) for BICUVOX.10.22,23 Using neutron
powder diffraction, the g 4 g0 transition was also observed in
other BIMEVOXes (e.g.ME = Co, Ge).24,25 Muller et al. suggested
that the g 4 g0 transition in BICOVOX.15 is rst order in
nature.26

The complex satellite reections at low temperatures in the
g0-phase appear to be incommensurately related to the g-
phase.27–29 In the BICUVOX system, the g-type phase occurs in
the composition range 0.07–0.135.22,30 Pernot et al. observed
weak incommensurate superlattice peaks using single crystal X-
ray diffraction and they suggested that the room-temperature
g0-phase of BICUVOX.12 shows a modulation of tetragonal
symmetry with a modulation vector q = 0.34(ma* + nb*), where
m and n are integers and a* and b* are cell dimensions of the
orthorhombic mean cell in reciprocal space.22 However, using
TEM on a single crystal sample of BICUVOX.10, the modulation
vector was later claimed to be along both a* and b* axes in a 3am
× 3bm × cm cell of tetragonal symmetry.23 In a (3 + 2)D modu-
lated structure, the satellite reections can be indexed as hklmn,
where the hkl represent the main subcell reections and m and
n are integers to accompany q1 and q2 respectively. The atoms in
superspace need to be described using ve coordinates, x1, x2,
x3, x4, and x5, the latter two representing correlated modulation
directions. The atomic parameters (occupancies, positional
parameters, anisotropic displacement parameters, etc.) are
described with the help of periodic modulation functions p(x4,
x5)= p(x4 + n4, x5 + n5), where n4 and n5 are integers. Thus, any (3
+ 2)Dmodulation properties, such as atomic displacements and
J. Mater. Chem. A
interatomic distances, are also functions of x4 and x5. The
coordinates x4 and x5 are also used to produce sections through
a generalized density map which can also be used during
structure solution as in the de Wolff method.31

Over the years, although many BIMEVOX compositions have
been developed and reported, the details of the modulated
structure of the g0-phase are still unclear owing to the difficulty
of structure determination based on the weak satellite reec-
tions. The fact that the modulation peaks are more easily
observed in neutron diffraction compared to X-ray diffraction
indicates that the modulation in the g0-phase likely involves
ordering in the oxide-ion sublattice.24,32 Crystallographic anal-
ysis based on neutron diffraction has shown that many BI-
MEVOX systems (e.g., ME = Co, Ni, Mg) have oxide-ion
vacancies concentrated in the equatorial plane of the V/ME-Ox

polyhedra.32–34 Oxygen/vacancy ordering has been difficult to
study because of the diffuse character of the oxide ion distri-
bution in the vanadate layers, for example, as shown in Fourier
maps for g-Bi2Mg0.15V0.85O5.35 based on neutron diffraction
data.26

In previous work, we have shown the complex distribution of
oxide ions and oxide ion vacancies in the vanadate layer using
reverse Monte Carlo (RMC) analysis of total neutron scattering
data in the Ge and Sn substituted BIMEVOX systems BIGEVOX
and BISNVOX.20,25 Two limiting models, namely the equatorial
vacancy (EV) model and the apical vacancy (AV) model, were
proposed to predict the solid solution limits of BIMEVOXes
depending on the preferred geometry of the dopant cations.16

Based on our initial neutron diffraction work32,33 and experi-
mental studies conrming predominantly 2-dimensional ionic
conduction in BIMEVOXes,35 we have previously proposed
a conduction mechanism involving reorientation and coordi-
nation number changes of vanadate polyhedra resulting in
diffusion of equatorial oxide ion vacancies within the vanadate
layer of BIMEVOX systems.16 However, our recent studies have
revealed a combination of both equatorial and apical vacancies
around the metal cations in the vanadate layer, suggesting
a more complex mechanism.20,25 Indeed, in a molecular
dynamics study of the parent material, Bi4V2O11, a diffusion
pathway involving both equatorial and apical oxide ion sites was
identied.19

These ndings have prompted a re-examination of BI-
CUVOX.10, arguably one of the most important BIMEVOX
compositions. Many questions regarding the structure of BI-
CUVOX.10 remain. For example, the superlattice structure
remains unresolved, and it is yet to be proven that the observed
modulation in the g0-phase is truly related to oxygen atom/
vacancy ordering. It is also unclear as to whether BICUVOX.10
shows similar differences in local structure between g- and g0-
phases to those seen in the BIGEVOX system. Additionally,
while it is likely that the conductionmechanism in BICUVOX.10
resembles that in Bi4V2O11, it is unclear whether this involves
both apical and equatorial vacancies and what role the dopant
cation plays in this mechanism. We answer these complex
questions in the present work, using a combination of powerful
techniques including single crystal/powder X-ray diffraction,
high-resolution neutron powder diffraction, reverse Monte
This journal is © The Royal Society of Chemistry 2026
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Carlo (RMC) analysis of neutron total scattering, and A.C.
impedance spectroscopy. These have revealed details of how the
complex modulation behavior governs ionic dynamics in the g0-
phase, the temperature-dependent g4 g0 phase evolution, and
short-range vacancy ordering in this important oxide ion
conductor. The concept of modulation–vacancy coupling opens
a new space for designing functional materials where modula-
tion structure is not an obstacle but a controllable higher-
dimensional ordering state of matter.
Methods
Materials and synthesis

Bi2V0.9Cu0.1O5.35 was synthesized by solid-state reaction. Stoi-
chiometric quantities of Bi2O3 (Aldrich, 99.9%), V2O5 (Aldrich,
98%), and CuO (Aldrich, 99.9%) were ground together in an
agate mortar for 15 min using ethanol as a dispersant. Aer
drying at ambient temperature, the mixture was transferred to
a platinum crucible and heated in air at 650 °C for 12 h. Aer
cooling, the powder was then reground and reheated to 850 °C
for 24 h before slow cooling to room temperature. To prepare
high-quality single crystals, the powder obtained aer heating
at 650 °C was reground and reheated to 910 °C for 2 h in an O2-
rich (95%) atmosphere, followed by slow cooling to 850 °C at
a cooling rate of −1 °C h−1 and then to room temperature at
a rate of −3 °C h−1.
Characterization

Single-crystal X-ray diffraction (SCXRD) was performed on
a Rigaku XtaLAB Rapid-S X-ray diffractometer at 100 K, with a 4-
circle kappa goniometer, an IP detector, and Mo-Κa radiation (l
= 0.7107 Å). Data reduction was performed in the CrysAlisPro
soware, and the modulated structure was rened using the
JANA2020 soware.36

Powder X-ray diffraction (PXRD) patterns were collected on
a PANalytical X'Pert Pro diffractometer, using Ni-ltered Cu-Ka
radiation (l = 1.5418 Å) with an X'Celerator detector over the
angular range (2q) 5° to 120° with a step width of 0.03342° and
an equivalent scan time of 200 s per step. High temperature
PXRD experiments were performed on the same instrument
using an Anton Paar HTK-16 furnace over the temperature
range from 100 to 700 °C with a 50 °C interval on heating and
cooling and a dwell time of 90 min at each temperature. Repeat
experiments showed no signicant differences in transition
temperatures.

Neutron total scattering experiments were performed on the
Polaris time-of-ight powder diffractometer at the ISIS Facility,
Rutherford Appleton Laboratory, UK. Five detector banks were
used for data collection, and the detector parameters are given
elsewhere.25 The powdered samples were measured in an 8 mm
diameter vanadium can in an evacuated furnace. Data were
collected at room temperature and from 100 to 700 °C in
intervals of 50 °C. To allow for analysis of total neutron scat-
tering, longer data collections were carried out at room
temperature and 700 °C, equivalent to proton beam charges of
ca. 1000 mA h each. At other temperatures, shorter data
This journal is © The Royal Society of Chemistry 2026
collections of ca. 30 mA h were performed to monitor the phase
evolution. Data for the empty instrument (3500 mA h), an 8 mm
diameter V-rod (3500 mA h), an empty vanadium can (ca. 800 mA
h) and the empty furnace (ca. 400 mA h) were collected at room
temperature for normalization and data correction purposes.

To check the reproducibility of neutron scattering data,
neutron powder diffraction data and total scattering data were
also collected independently on the SuperHRPD and NOVA
diffractometers at the Materials and Life Science Experimental
Facility (MLF), J-PARC. For total scattering measurements, the
sample was contained in a V–Ni alloy cell of 6 mm diameter.
Scans were carried out at room temperature for ca. 6 h and the
data from the 90° bank were corrected by subtracting the
intensities from the empty furnace and V–Ni alloy cell.

For electrical measurements, powder samples were pellet-
ized at 150 MPa in a 13 mm diameter cylindrical die and then
sintered at 800 °C for 5 h, followed by slow cooling. The ob-
tained pellets were cut and then polished into blocks of
approximate dimensions 2 mm × 3 mm × 5 mm and coated
with platinum electrodes by cathodic discharge. Impedance was
measured on a Novocontrol Alpha analyzer with a ZG4 exten-
sion interface over the frequency range of 1.0 Hz to 1.0 MHz at
temperatures from 100 °C up to 820 °C at intervals of 30 °C, with
1.0 h stabilization time at each temperature. The ionic trans-
ference numbers were determined by a modied EMF method
on ceramic membranes in the concentration cell: O2-
jPtjpelletjPtjair. The automated measurement system consisted
of a Solartron 1260 analyzer, a Keithley 2400LV current–voltage
source, and a Keithley 2181A voltage meter. RAPIDOX sensors
were used to measure oxygen partial pressure.
Scattering data analysis

For average structure analysis, the diffraction data were
analyzed using Rietveld renement with the GSAS suite of
programs and the Z-Rietveld program.37–39 Where possible joint
renements using both X-ray and neutron diffraction data were
performed. In the neutron experiment, a slight reduction of the
sample occurred at 700 °C, as a result of the long data collection
time under vacuum. This was evident as a small increase in
volume compared to the corresponding X-ray data making the
combined X-ray and neutron renement at this temperature
inaccurate. Hence, at 700 °C structure renement proceeded
using only the neutron data. Unless otherwise specied, the
results of the data analysis on neutron diffraction in the
following are all from the Polaris diffractometer. The g- and g0-
phase structures were rened using the tetragonal model in
space group I4/mmm, with a = 3.9274 Å and c (stacking direc-
tion) = 15.4274 Å.

The neutron total scattering structure functions, S(Q), and
the total pair distribution functions, G(r), were produced using
the soware GudrunN.40 The local structure wasmodelled using
the reverse Monte Carlo (RMC) method with the RMCprole
soware.41 The S(Q) and G(r) functions were tted with the
neutron Bragg data used as a long-range order constraint. The
initial model was constructed based on a 16 × 16 × 4 supercell
of the ideal tetragonal model. Ten parallel congurations were
J. Mater. Chem. A
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prepared each with V atoms randomly replaced by Cu and
oxygen vacancies randomly located on the oxygen equatorial
positions in the vanadate layer to achieve the correct stoichi-
ometry. A so bond valence summation (BVS) constraint was
used along with a series of bond-stretching pseudopotential
constraints for metal–oxygen pairs to avoid unrealistically short
bonds. Cation swapping was tested but found to have no
signicant inuence on the ts; therefore, only translational
movements of atoms were permitted. To constrain the move-
ment of the vanadium atoms in the RMC calculations, a V–O
partial pair correlation obtained from an ab initio simulation
based on the rened tetragonal model was applied as an addi-
tional dataset to t.
Fig. 1 Single-crystal diffraction patterns. (a) Reconstruction of the hk0
reciprocal space layer for BICUVOX.10. (b) Projected diffraction spots
in the tetragonal unit cell with satellites indexed using (3 + 2)D
modulation vectors.
DFT calculations

Density functional theory (DFT) calculations were carried out
using the Vienna ab initio Simulation Package (VASP),42

employing the projector augmented-wave (PAW) method with
a plane-wave energy cutoff of 450 eV. The exchange–correlation
interactions were treated using the Perdew–Burke–Ernzerhof
(PBE)43 functional within the generalized gradient approxima-
tion (GGA).44 Brillouin zone sampling was performed at the G-
point, appropriate for the supercell sizes used. Ab initio
molecular dynamics (AIMD) simulations were conducted in the
canonical ensemble using the Nosé–Hoover thermostat45 at
a constant temperature of 1100 K, with a time step of 1 fs and
a Nosé mass corresponding to 40 fs. Three independent AIMD
simulations were performed on 2 × 2 × 1 supercells, each
comprising 100 ps of trajectory data. Each supercell contained
150 atoms and was chosen such that each cation had a rst
cationic coordination shell composed of distinct ions; in
particular, the nearest cation neighbors on opposite sides of
a given ion were not periodic images of one another. Because
the diffusion barriers under investigation are governed by
relatively local interactions and because image–image correla-
tions were thus minimized by construction, the supercell size
used is considered to be reasonably accurate in describing the
properties discussed in this study as in previous studies on
related systems.19 The initial 10 ps of each run were excluded
from the analysis to allow for equilibration.

Both DFT- and RMC-based models were used to calculate
potential energy landscapes of the studied compounds. To this
end, a 3D histogram of the local ionic density Gx,y,z was
computed for each model. Only oxide ions coordinated to V or
Cu were considered. The sampling region was dened as a box
extending 2 Å in the a- and b-directions, and 3 Å in the c-
direction from each V/Cu site. A grid of 30 × 30 × 40 sampling
points was used. The resulting density histograms, Gx,y,z, were
smoothed using Gaussian smearing with a width of 0.1 Å. The
corresponding probability-based energy distribution, Ex,y,z, was
obtained via the Boltzmann relation Ex,y,z = −kBT ln(Gx,y,z),
where kB is the Boltzmann constant and T is the temperature.
The energy landscape was normalized such that the minimum
value of Ex,y,zwas set to zero. Diffusion pathways between saddle
points (energy barriers separating oxide ion sites) and oxide ion
sites were determined using the steepest descent algorithm.
J. Mater. Chem. A
Results and discussion
Modulated structure of the g0-phase

Single crystal diffraction images of BICUVOX.10 at 100 K are
shown in Fig. 1. While the main reections of the g0-phase can
be indexed on an average tetragonal cell (a z 3.92 Å and c z
15.40 Å) in space group I4/mmm, this only accounted for 18% of
the total observations. In order to accurately describe the
structure of the g0-phase, modulation vectors need to be
considered. Indexing of the satellite reections within the
tetragonal subcell yielded 2D incommensurate modulation
vectors of q1 = (0.364, 0.364, 0) and q2 = (−0.364, 0.364, 0), as
illustrated in Fig. 1b. These ndings establish a (3 + 2)-D
superlattice model with superspace group I4/mmm(a,a,1)
0s0s(−a,a,1)0s00.

The initial average structure was solved in a routine way with
the SUPERFLIP method integrated in JANA2020.36 The positions
of Bi and O(1) were readily located within the tetragonal
framework. The derived difference Fourier map (Fig. S1a)
exhibited diffuse electron density in the vanadate layer, indic-
ative of signicant site disorder. Three distinct oxygen sites
were identied in the average (I4/mmm) structure (Fig. 2a) as
seen in other BIMEVOX systems.32 Bi atoms coordinate to four
O(1) atoms with shorter bonds (ca. 2.3 Å) and four O(4) atoms
with longer bonds (ca. 2.6 Å), while V/Cu atoms coordinate to
equatorial O(3) and apical O(2) and O(4). O(4) can be interpreted
as a disordered site of O(2), where the short interatomic
distance precludes simultaneous occupancy of these two sites.
While this model adequately described the average structure,
substantial residual diffuse electron density remained in the
vanadate layer (Fig. S1b), highlighting strong positional
modulations. To simplify the modulation model, O(4) was
This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Average and modulated structures of BICUVOX.10 at 25 °C. (a) An average tetragonal unit cell highlighting the complex coordination
geometries of Bi and V/Cu. (b) Projection of the incommensuratelymodulated structuremodel along the [010] directionwhich covers 11 subcells
along a, showing a nearly complete period of the modulated structure (the strong modulation region is represented by the highlighted red strip).
(c) Modulated bond length of atom pairs plotted along the 1st modulation axis, t, with the 2ndmodulation axis u= 0. (d) Displacement magnitude
of atoms with respect to their original position in the basic structure plotted along t with u = 0. (e) Bond valence sums for V and Cu as a function
of t at different positions in u. For clarity the modulation behaviors along the t-axis are expanded to show two periods.
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removed, and its occupancy was reassigned to O(2) to maintain
charge balance. Positional modulation waves were applied to all
atoms, while occupational modulation waves were rened for V/
Cu, O(2), and O(3). Crystallographic and renement parameters
for the modulated structure are summarized in Table S1, with
This journal is © The Royal Society of Chemistry 2026
basic atomic parameters in Table S2 and a complete overview of
the rened modulation functions in Table S3.

Fig. 2b shows the rened modulated structure covering
a nearly complete wavelength of the modulation vector along
the a-axis (across 11 subcells). The corresponding movie of the
J. Mater. Chem. A
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modulation behavior is shown in Video S1. Pronounced site
disorder is seen in the vanadate layer for O(2) and O(3), while
the bismuthate layer remains more ordered. The disorder is
reected in the modulation of the M–O(2) and M–O(3) bond
lengths (M = V/Cu), compared to the less modulated Bi–O(1)
bond length along t, as shown in Fig. 2c (at u = 0). Here, t and u
represent the two independent modulation axes in superspace
structure, associated with q1 and q2, respectively. The corre-
sponding movies for modulated bond lengths along t at various
values of u are shown in Videos S2 and S3. It is also noted that
Bi–O(2) modulates between a bonding interaction at∼2.4 Å and
a longer non-bonding interaction at ∼2.9 Å. Fig. 2d shows the
atomic displacement for each atom in the modulated structure
with respect to their average positions in the subcell. It is clearly
seen that the displacement magnitudes of O(2) and O(3) are
more signicant than other atoms (Video S4). Fig. 2e shows the
bond valence sums for V/Cu along t at different u values. The
uctuation of effective charges indicates that the coordination
environment of V/Cu changes along t. The de Wolff sections
(Fig. S2) show continuous electron densities for Bi, V and O(1),
whereas O(3) shows discontinuous electron density and O(2)
exhibits a zig-zag electron density pattern, conrming strong
positional modulation. The overall modulation is highly intri-
cate: while the bismuthate layer remains relatively rigid, severe
modulations are evident in the vanadate layer, particularly for
oxygen atoms, as highlighted in Video S1. This is consistent
with the high mobility of oxygen in the direction parallel to the
vanadate layer, which underpins the material's high oxide-ion
conductivity, further supported by a.c. impedance spectros-
copy on single-crystal samples.35
Temperature-dependent phase evolution

With increasing temperature, the main reections for BI-
CUVOX.10 gradually shi towards larger d-values due to
thermal expansion, as observed in a series of neutron powder
diffraction and X-ray patterns from 25 to 700 °C (Fig. S3a and b).
In addition to the main reections, a set of superlattice peaks
are also present in the patterns (indicated by arrows) at
temperatures below 500 °C but are absent at and above this
temperature (Fig. S3a). The high-resolution neutron diffraction
data (Fig. S3c) also conrm this behavior. Similar behavior has
been reported in other g-phase BIMEVOXes (ME = Mg, Ge),
attributed to the transition from the ordered g0-phase to the
disordered g-phase.25,46 To assess structural changes during
phase evolution, all datasets were tted using the average
tetragonal model, although this model represents a commen-
surate subcell model that ignores the superlattice peaks. Fig. 3a
shows the evolution of the tetragonal lattice parameters and
unit cell volume. The g0 4 g phase transition is marked by
a subtle increase in the a-parameter and a slight decrease in the
c-parameter near 500 °C, the latter indicating reduced interlayer
spacing between the bismuthate and vanadate layers upon di-
sordering. A more direct measure of interlayer proximity is
provided by the Bi–M (V/Cu) distance along the c-axis (dBi–M,

Fig. S4a), which exhibits a sharp drop at the transition
(Fig. S4b). This indicates enhanced covalency between the
J. Mater. Chem. A
bismuthate and vanadate layers in the g-phase, where Bi atoms
adopt a more cubic-like coordination involving neighboring
apical oxygen atoms from the vanadate layer.

PXRD data collected during cooling conrm the reversibility
of the phase transition and the absence of hysteresis (Fig. S3d).
The rened neutron diffraction patterns at 25 °C (Fig. S5a) and
700 °C (Fig. S5b), along with the PXRD pattern at 25 °C
(Fig. S5c), further validate the adequacy of the tetragonal
average model. Renement and structural parameters are listed
in Tables S4 and S5. During renement, the total oxygen
content in the vanadate layer was initially constrained to 3.35
atoms per V/Cu atom using a so chemical restraint on O(2),
O(3), and O(4). The results indicate that O(2) and O(4) together
account for approximately 2 oxygen atoms per V/Cu, implying
that vacancies are localized predominantly at the O(3) site.
Although only average crystal structural models (space group I4/
mmm) were used at this stage for both phases, it is evident that
the occupancy of apical-position O(2) is higher in the g-phase
than that in the g0-phase, while the trend for the disordered
apical position O(4) is reversed, suggesting changes in the local
structure between the g- and g0-phases. Additionally, the
isotropic thermal displacements of atoms in the g-phase are
generally larger than in the g0-phase, in most cases more than
would be expected from increased thermal vibration at the
higher temperature, particularly for O(3), reecting increased
structural disorder. The mean contact distances of Bi–O
(2.3683(7) Å) andM–O (1.854(3) Å) at 25 °C increase signicantly
at 700 °C (Table S6), consistent with thermal expansion.
Short-range structure

The tted neutron total scattering data (S(Q) and G(r)) for BI-
CUVOX.10 at 25 °C and 700 °C are shown in Fig. S6a–d, with the
derived partial pair distribution functions (PDFs) of M–O
correlations displayed in Fig. 3b. In the g0-phase (25 °C), the Bi–
O correlation peak is broad and centered at ca. 2.24 Å, consis-
tent with the short Bi–O(1) bond in the average model (ca. 2.33
Å, Table S6). In the g-phase (700 °C), the Bi–O peak broadens
further and becomes asymmetric, developing a shoulder at ca.
2.5 Å, due to the closer approach of O(4) to Bi. The mean and
mode contact distances for M–O and O–O pairs are summarized
in Table S7. As expected, the mode distance for Bi–O slightly
decreases at 700 °C, while the mean distance increases from
2.318 Å at 25 °C to 2.334 Å at 700 °C, aligning with the average
structural changes (Table S6). At 25 °C, Cu–O bond lengths are
slightly longer than those of V–O, but both contract at 700 °C,
indicating the development of a more tetrahedral geometry
within the disordered g-phase. Representative RMC congura-
tions at 25 °C and 700 °C (Fig. S7) show signicantly greater
disorder of vanadate layers compared to the bismuthate layers,
corroborated by the oxygen atom density distributions in the
vanadate layer within the folded tetragonal cell (i.e., the RMC
supercell folded back onto the crystallographic subcell) shown
in Fig. 3c (25 °C). The O(2) and O(3) atoms display diffuse
distributions, forming continuous nuclear density between the
4e and 8g sites in agreement with the strong positional modu-
lations observed in the modulated structure.
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Structural differences between the g- and g0-phases. (a) Variation of lattice parameters and unit cell volume upon heating (converted to
the orthorhombic mean cell; error bars smaller than marker size). (b) Partial pair correlation functions (M–O) for BICUVOX.10 in the g0- and g-
phases. (c) Atomic density maps of the supercell configuration folded onto a single subcell for each element type at 25 °C. (d) Coordination
numbers of atoms within their first coordination shell. (e) Radial variation of equatorial vacancy (EV) shell content, expressed as a ratio relative to
the EV content of the first shell at 25 and 700 °C (y = 0 indicates complete randomness).
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Fig. 3d shows the coordination numbers (CNs) of atoms
within their rst coordination shell at 25 °C and 700 °C. The
average CN of Bi slightly increases at 700 °C due to the closer
contact of O(4) from the vanadate layer, while the average CNs
of V, Cu and O decrease. Themean CN of V/Cu can be calculated
as 0.9 × 4.97 + 0.1 × 4.57 = 4.93 at 25 °C and 0.9 × 4.7 + 0.1 ×

4.35= 4.67 at 700 °C. Themethod for theoretical CN calculation
is detailed in our previous work.25 For BICUVOX.10, the theo-
retical CN of V/Cu is 4.7. The higher mean CN at low tempera-
ture exceeds the theoretical value because, in the average
structure, apical oxygen atoms are non-bridging, whereas in the
local structure, these atoms become bridging due to severe
displacement. At high temperature, the mean CN closely
matches the theoretical value, reecting the fully disordered g-
phase structure. Table S8 summarizes the occupancies of apical
and equatorial oxygen atoms and the corresponding number of
vacancies in the RMC models at 25 and 700 °C. The RMC
models suggest that while at room temperature there are some
apical vacancies (8.6% of apical sites are vacant), the number of
apical vacancies decreases signicantly at 700 °C (3.9%) while
the equatorial site vacancy concentration shows the opposite
trend. This suggests that, at elevated temperatures, oxide ions
move from equatorial to apical positions, reducing the mean
CN. The observed apical-to-equatorial (AV–EV) vacancy migra-
tion and enhanced equatorial vacancy population at high
temperatures are crucial for facilitating continuous oxygen ion
pathways, directly correlating with the improved ionic
conductivity.
This journal is © The Royal Society of Chemistry 2026
The structural modulation in the g0-phase is closely linked to
oxygen atom displacements with higher-dimensional period-
icity. This phase is thus partially ordered, driven by specic
oxygen vacancy distributions. In such an incommensurately
modulated structure, the positional modulation functions
describe the probability distribution of atomic positions within
a higher-dimensional periodic potential landscape. In the g0-
phase, the signicant positional modulation of oxide ions
reects spatially correlated displacements associated with
short-range vacancy ordering. Oxygen diffusion occurs dynam-
ically within this modulated energy landscape and the vacancy
ordering connes oxygen motion, so increasing the effective
diffusion barrier. Vacancy ordering was analyzed via the radial
distribution of equatorial vacancies around M in the vanadate
layer. Vacancy counts in each coordination shell were normal-
ized to the rst shell and compared against random distribu-
tions, yielding relative ratios (Fig. 3e). The y = 0 line indicates
complete randomness. For reference, Fig. 3e also includes the
initial random distributions at 25 and 700 °C. As expected,
simulations which started from random distributions evolved
distinct vacancy orderings at both temperatures. Notably, the g0-
phase exhibits stronger vacancy ordering than the g-phase,
underscoring the link between vacancy order and the partially
ordered g0-phase. Both phases show a negative deviation near 4
Å, indicating a depletion of vacancies close to M atoms. At this
distance, two types of vacancy pairs are observed (Fig. S8): one
across the MOx polyhedron and another across adjacent voids.
Analysis reveals that >90% of these pairs occur across void
J. Mater. Chem. A
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spaces rather than within a single polyhedron, suggesting that
vacancy ordering preferentially aligns along h100i or h010i
directions.

Conductivity measurements

The total conductivity for BICUVOX.10 during the rst heating
and cooling cycle was evaluated by a.c. impedance spectroscopy
and the results (Fig. S9a) show a step-like increase in conduc-
tivity is observed around 500 °C upon heating, likely due to
insufficient preheating of the platinum electrodes before
measurement. During cooling, no abrupt change is detected;
instead, conductivity decreases monotonically with decreasing
temperature. A distinct difference in activation energy is
observed between the high-temperature HT (450–800 °C) and
low-temperatures LT (100–450 °C) regimes, with DEHT =

0.397(6) eV and DELT = 0.625(5) eV, respectively. This difference
is attributable to the g 4 g0 transition, which, as shown by
structural analyses, occurs near 450–500 °C. The ordering of
oxide ions in the g0-phase leads to a reduction in activation
energy at lower temperatures. Ionic transference number
measurements (Fig. S9b) conrm the nearly purely ionic nature
of the conductivity in BICUVOX.10, particularly below 650 °C. At
higher temperatures, a minor contribution from electronic
conductivity becomes apparent but remains below 10% of the
total conductivity.

Diffusion pathways

Ab initio molecular dynamics (AIMD) simulations were used to
characterize the oxide-ion diffusion pathways. Fig. 4a shows the
collapsed oxide-ion trajectories from a representative AIMD
run. For clarity, a low-pass lter with a cutoff frequency of 2 THz
was applied to suppress thermal vibrations and highlight long-
range ion motion. The trajectories indicate that the vast
majority of diffusion events correspond to jumps from apical to
equatorial sites (A–E), as well as between neighboring equato-
rial sites (E–E). In contrast, diffusion involving O(1) sites is rare,
with only a few instances observed across a total of 300 ps of
AIMD data. A more detailed analysis, in which A–E and E–E
jumps were distinguished explicitly, shows that A–E events
occur approximately eight times more frequently than E–E
events. Unltered trajectories were used to compute the diffu-
sion coefficient, D = 2.8 × 10−10 m2 s−1, and the corresponding
bulk conductivity, s = 0.046 S cm−1 (calculated using the
Nernst–Einstein equation). The conductivity value compares
well with an experimental value of 0.045 S cm−1 for total
conductivity at 800 °C.

The ionic conductivity mechanism in BICUVOX.10 was
investigated by analyzing the potential energy surfaces derived
from atomistic congurations obtained using both RMC and
DFT methods. Fig. 4b shows the oxide ion potential energy iso-
surface calculated from AIMD trajectories, with that derived
from the RMCmodel in Fig. 4c. Both apical and equatorial sites
are clearly visible, with the latter further split into two subsites,
which is consistent with the site splitting of O(3) in the crys-
tallographic model (Fig. 2a). Energy barriers for ion migration
from apical to equatorial sites, as well as between adjacent
J. Mater. Chem. A
equatorial sites, were calculated and are presented in Fig. 4d
and e for the AIMD and RMC models, respectively. The results
indicate that the energy barrier for jumps between apical and
equatorial sites is lower, by 0.2 eV in the DFT model and 0.05 eV
in the RMC model, compared to that between neighboring
equatorial sites. The discrepancies in the energy proles are
mainly due to differences in the energy for barrier 1, with
reasonably close agreement for barrier 2. The differences are
attributable to the differences in approaches used in the two
methods. The AIMD method basically yields a collection of
snapshots of ion positions in a small supercell as a function of
time and reects the ion dynamics, while the RMC method
gives a time averaged picture of a large collection of ions
reecting variation in the local structure. The data sets used in
the two methods are thus very different, i.e. energetic infor-
mation in the case of AIMD and diffraction data in the case of
RMC. Thus, it is not surprising that there are differences in the
absolute values of energies, but the fact that the same basic
trends were observed in both methods is remarkable. These
ndings suggest that ionic transport is dominated by jumps
between apical and equatorial positions. This is in agreement
with studies on the parent compound Bi4V2O11.18 Additional
calculations focused on vanadium- and copper-centered coor-
dination environments reveal that the energy barriers for oxide
ion migration are signicantly lower in the vicinity of vanadium
atoms compared to copper. This trend is most pronounced in
the DFT-based data but is also evident in the results derived
from RMC calculations. Representative cross-sections of the
corresponding potential energy surfaces are shown in Fig. 4f
and g. More importantly, the results suggest that while intro-
duction of copper into bismuth vanadate introduces charge
carriers in the form of oxide ion vacancies, diffusion of vacan-
cies around Cu is more limited with these atoms acting as
vacancy traps, which is reected in lower oxide ion coordination
numbers in Fig. 3d. Thus, a conduction mechanism in BI-
CUVOX.10 is proposed in Fig. 4g, which is more complex than
the original model,35 involving a more zig-zag like pathway
between equatorial and apical oxide ion sites that facilitates
long range diffusion. In addition, although site splitting above
and below the equatorial plane is visible in the RMC model at
room temperature (Fig. 4h), it is much less so at 700 °C,
reecting the slightly reduced value of the z-coordinate and
increased isotropic thermal parameter for O(3) at the higher
temperature in the crystallographic model (Table S5).

The current results collectively indicate that in the g0-phase,
in which short-range vacancy ordering is present, the available
oxygen sites for diffusion are decreased in number, which in
turn reduces long-range diffusion pathway connectivity, thereby
suppressing diffusion. Upon heating across the g0 4 g transi-
tion, the structural modulation weakens and the vacancy order
melts, leading to a smoother and more percolative energy
landscape that enables extended zig-zag diffusion pathways.
Both g- and g0-phases show zig-zag pathways between equato-
rial and apical oxide ion sites, with oxide ions preferentially
diffusing around V atoms rather than Cu, because of the
vacancy trapping effect of the latter.
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Oxide-ion diffusion pathway andmechanism. (a) Collapsed oxide-ion trajectories from a representative AIMD run, processed using a low-
pass filter with a 2 THz cutoff to enhance visual clarity. Red lines indicate oxide-ion migration pathways, while purple and blue spheres represent
Bi and V/Cu sites, respectively. Iso-surfaces of potential energy derived from (b) AIMD and (c) RMC models at 700 °C, respectively, showing the
diffusion pathways for oxide ions involving the apical (A) and equatorial (E) sites (specified by local energy minima), with (d) and (e) the calculated
energy barriers for oxide ion migration along the two pathways indicated by blue (from apical to equatorial sites) and green lines (between
equatorial sites). (f) and (g) cross-sections of the potential energy distribution around Cu and V ions in (f) AIMD and (g) RMCmodels, taken along
both [100] and [110] crystallographic directions. The color scale indicates the local potential energy level. (h) Proposed oxide-ion conduction
mechanism in BICUVOX.10.
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Conclusions

In this work, we have successfully claried the complex struc-
tural characteristics and phase evolution of Bi2V0.9Cu0.1O5.35

(BICUVOX.10), with a particular focus on the transition between
the ordered g0-phase and the disordered g-phase. For the rst
time, the g0-phase superlattice has been fully resolved as a (3 +
2)D modulated structure in superspace group I4/mmm(a,a,1)
0s0s(−a,a,1)0s00 with 2D incommensurate modulation vectors.
Comprehensive neutron/X-ray diffraction and total scattering
analyses revealed that positional and occupational modulations
of oxygen atoms within the vanadate layers are key to the
formation of diverse local coordination geometries and drive
the disorder–order phase transition. Temperature-dependent
studies demonstrated a reversible g 4 g0 transition near
500 °C accompanied by measurable changes in lattice param-
eters, Bi–M interlayer distances, and local vacancy distribu-
tions. Notably, short-range ordering of oxygen vacancies was
clearly observed in the g0-phase but diminished in the g-phase,
highlighting its critical role in modulating ionic conductivity.
The AV-EV transformation enhances continuous oxide ion
pathways and therefore facilitates oxide ion conduction.
Conductivity measurements conrmed that high oxide-ion
conductivity is dominated by ionic transport below 650 °C,
This journal is © The Royal Society of Chemistry 2026
with a clear reduction in activation energy in the disordered g-
phase.

The AIMD studies reveal that oxide ion diffusion is
predominantly 2-dimensional but involves both equatorial and
apical oxide ion sites in a zig-zag like pathway within the
vanadate/cuprate layer, with Cu atoms acting as defect traps.
Bearing in mind that a similar pathway has been reported in the
unsubstituted compound, it is likely that this mechanism is
common to most BIMEVOX systems. Two main differences are
seen in the present study on the Cu substituted system
compared to previous work on the unsubstituted parent
compound; rstly, that equatorial to equatorial jumps in the
vanadate layer appear to be more common in the Cu doped
system and secondly that the Cu dopant causes a narrowing of
the diffusion pathways leading to reduced diffusion around the
dopant.

The present work has demonstrated, using a comprehensive
range of computational and experimental techniques, that
a detailed atomistic understanding of the interplay between
long- and short-range order can be achieved even in a complex
incommensurately modulated system such as a BIMEVOX. The
modulated structure can be understood as the average struc-
tural representation of an underlying dynamic process. The
modulation encodes the spatial organization of oxide ion/
J. Mater. Chem. A
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vacancy distributions, which directly governs the pathways and
energetics of oxide ion diffusion. The work underscores the
impact of both local order and structure modulation on ion
diffusion in solids and provides a methodology for interpreting
these features and assessing their signicance. By establishing
a direct link between lattice modulation, defect distribution,
and ionic transport, this work promotes a shi in the design
concept of ionic conductors from tuning chemical composition
toward deliberate control of higher dimensional dynamic
structural order.
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