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ABSTRACT

Scheelite ABO,-type solid electrolytes have attracted much attention for potential applications as oxygen ionic conductors of solid oxide fuel cells.
Herein, a systematic study was carried out on the electrical transport properties of CdMoO, under high pressure by impedance spectroscopy
measurements and theoretical calculations. The sequence of structural phase transitions at pressures was determined as I4,/a — C2/c — P2,/c by
the Crystal structure AnaLYsis by Particle Swarm Optimization (CALYPSO) method. A pressure-induced conduction transition from mixed
ionic—electronic to pure electronic conduction was observed. Below 25.6 GPa, O*~ ions play a major role in the electrical transport process. The
microscopic transport mechanism was analyzed with grain boundary energies and migration energy barriers. Above 26.9 GPa, the grain boundary
response was weakened significantly after a pressure cycle, and the grain boundary conductivity increased by about three times due to pressure.
These results provide guidelines for the optimization and application of scheelite ABO,-based oxygen ionic conductors in solid oxide fuel cells.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0102805

Energy resources and materials are important for society to
achieve sustainable development, and their exploration and research
has become an important frontier scientific issue. Solid oxide fuel cells
(SOFCs) are a clean energy technology that can efficiently convert
chemical energy into electric energy by means of a chemical reac-
tion."” Oxygen ionic conductor electrolyte materials are a key compo-
nent of SOFCs,”” and their properties (such as crystal structure, ionic
conductivity, and grain boundary effects) directly affect the perfor-
mance of the SOFC. Therefore, researchers are constantly searching
for improved oxygen ionic conductors.

Scheelite ABO,-type compounds possess a variety of excellent
physical properties, and they have important applications as ionic

conductors, microwave dielectric devices, solid-state lasers, and so
on.”” In their crystal structure, A and O atoms have various coordina-
tion forms in different systems, but each B atom is always surrounded
by four O atoms in an approximately tetrahedral symmetry with a
BO, configuration.'”"" The tetrahedral anion in the scheelite structure
has great deformation and rotation flexibility, making it a potential
oxygen ionic conductor for SOFCs."* "

At present, doping is the most common method used to optimize
the performance of oxygen ionic conductors in SOFCs. Various
substituted scheelite-type samples have been prepared by the solid-
state reaction, and some new types of ionic conductors are found in
scheelite-type solid solutions.'* ' For example, bismuth vanadate
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(BiVO,) has been reported with mixed oxygen ionic and electronic
conductive behavior, and its conductivity and ionic transference num-
bers have been analyzed.'”'® More recently, Yang et al. substituted
Bi*" with St” in BiVO, to obtain Bi;_Sr,VO, _ sy Their theoreti-
cal and experimental results showed that the scheelite structure was
able to incorporate oxygen vacancies or interstitial defects to facilitate
high oxide ion migration. Although doping can improve the conduc-
tivity of oxygen ionic conductors, it can cause other problems such as
formation of space charge layers that reduce grain boundary conduc-
tivity and resulting material properties. In addition to doping, pressure
is an effective means to regulate the crystal structure and properties of
materials. Under high pressure, ion interactions and grain boundary
changes will inevitably affect the transport behavior of carriers.'””’
Furthermore, the study of grain boundary transport processes under
high pressure also helps reveal the mechanism of grain boundary
effects on the functional properties of materials.

Cadmium molybdate (CdMoO,) is a representative sample of
the scheelite ABO, with a similar crystal structure to BivO,.”"*
Jayaraman et al”’ investigated the crystal structure of CdMoQ, at
pressures over 40 GPa by high-pressure Raman spectroscopy with a
4:1 methanol-ethanol mixture as pressure medium, revealing two
phase transitions at 12 and 25GPa. Shieh et al.”* carried out high-
pressure x-ray diffraction on CdMoO, without a pressure medium
and determined the phase transition path from the initial tetragonal
scheelite structure to the monoclinic wolframite structure and then to
another phase with BaWO,-II structure (I4,/a — P2/c — P2/n).
Errandonea et al.” studied the high-pressure structure of CdMoO,
using angle-dispersive x-ray diffraction with a methanol-ethanol mix-
ture as pressure medium. They reported a reversible phase transition
from the scheelite structure to the M-fergusonite structure at 10.8 GPa

(a) 1.5 GPa
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(I41/a — I2/a). The phase transition path between these works is
inconsistent”” ** and the research on CdMoOy, electrical transport
properties scarcely tackled, which limits the development and applica-
tion of scheelite-based oxygen ionic conductors in SOFCs.

This work conducted in situ alternate-current (AC) impedance
spectroscopy on CdMoOQ; in a diamond anvil cell up to 29.9 GPa. It
explores the electrical transport process and distinguishes between
contributions from the bulks vs grain boundaries. Electrical transport
properties, including ionic and electronic conductivity, ionic diffusion
coefficient, transference number, and relaxation frequency under high
pressure, are discussed, and theoretical calculations provide the
sequence of phase transitions under compression. The relationship
between macroscopic electrical properties and microscopic crystal
structure was further analyzed by theoretical calculations.

Figure 1 shows selected 3D perspective plots of CdMoO, imped-
ance at different pressures up to 29.9 GPa. From 1.5 to 25.6 GPa, a
semicircle arc appears in the high-frequency region on the left side of
the Nyquist plots (Z' vs Z”), while Z” increases with Z' in the low-
frequency region on the right side. The high-frequency and low-
frequency regions correspond to bulk and grain boundary responses,
respectively.”””” In this pressure range, the semicircle arc correspond-
ing to grain boundaries does not appear completely. It disappears
above 26.9 GPa, leaving only the bulks’ signal; this indicates that the
electrical transport process is dominated by the bulks.

Bode plots (Z” vs frequency) are mainly used to analyze relaxa-
tion phenomenon. Below 25.6 GPa, the peak in the high-frequency
region corresponds to the bulk relaxation process and the grain
boundary relaxation peak in the low-frequency region is not fully
detected. Above 26.9 GPa, the grain boundary relaxation peak disap-
pears. In Bode plots, the intensity variation and peak position reflect

FIG. 1. Selected 3D impedance spectra
(Z, Z", and frequency) of CdMoO, at dif-
ferent pressures: (a) 1.5, (b) 9.6, (c) 17.2,
and (d) 29.9 GPa. Black (3D curves of Z/,
Z", and frequency), blue (Z', Z"), green
(frequency, Z”), and red (frequency, Z).
The Z" vs Z' as a Nyquist plot and the Z”
vs frequency as a Bode plot. See Fig. S1
for the impedance datasets.
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the relaxation process under compression. From 1.5 to 6.8 GPa, the
intensity of the bulk relaxation peak in the high-frequency region
increases with increasing pressure. However, from 8.2 to 29.9 GPa, the
intensity decreases, indicating that the bulk relaxation process is
impeded by pressures above 8.2 GPa.

In addition to distinguishing between contributions from the
bulks and from grain boundaries, impedance spectroscopy can also
determine the conduction mechanism, such as electronic conduction,
ionic conduction, or mixed ionic-electronic conduction. Warburg
plots of impedance (Z and »~ %) were adopted to analyze the con-
duction mechanism (Fig. $2).”* Below 25.6 GPa, the linear relationship
between Z' and @™~ "? at low frequencies reflects the ionic diffusion
behavior of CdM0O,. Combined with the results in the Nyquist plots
of Fig. 1, below 25.6 GPa, the signal corresponding to the grain bound-
aries in the low-frequency region is a curve with a visible arc, rather
than a straight line with a slope of 45°. It can be concluded that the
conduction mechanism of CdMoQO, below 25.6 GPa is mixed ionic—
electronic conduction. Ionic diffusion disappears above 26.9 GPa, and
the mechanism changes to pure electronic conduction.

Based on the electrical conduction mechanism, carrier type, and
grain boundary effects, two equivalent circuit models can be used to fit
the impedance spectra (Fig. 2). The transport process of impedance
includes non-Faradic and Faradic processes. The Faradic process is a
charge-discharge process represented by a constant phase angle ele-
ment (CPE). For electronic transport, the process is represented by a
pure resistance (R.); for ionic transport, it is represented by a resis-
tance (R;) and a Warburg element (W) in series in the equivalent cir-
cuit. For mixed ionic-electronic conduction, electronic and ionic
transports are in a parallel relationship in the equivalent circuit. The
Warburg impedance disappeared above 26.9 GPa, and the electrical
transport was dominated by the bulks. The equivalent circuit can be
simplified into a Ry,-CPE,, parallel circuit. The simulated results are in
good agreement with the experimental data (Fig. 2), indicating the
validity of the selected equivalent circuits.

By fitting the impedance spectra, the pressure dependence of elec-
tronic and ionic conductivity of bulks and grain boundaries (p. o4
O gbe and 0;) are quantified in Figs. 3(a) and 3(b). Below 25.6 GPa, ionic
conductivity is always higher than electronic conductivity, indicating
that O*~ ions play a major role in mixed ionic-electronic conduction.
The inflection points of the conductivity at 8.2 and 26.9 GPa are related
to the previous reported pressure-induced structural phase transitions at
12 and 25 GPa, respectively.24 A conduction transition from mixed ioni-
c—electronic to pure electronic conduction is observed accompanying
the second phase transition.

The swarm intelligence CALYPSO (Crystal structure AnaLYsis
by Particle Swarm Optimization) method was used to explore the
high-pressure structure of CdMoO, within the pressure range of
0-60 GPa and analyze enthalpy curves (relative to the P2/c structure)
of various CdMoOy structures as a function of pressure (Fig. S3). The
sequence of phase transitions under compression was determined as
I4,/a — C2/c — P2,/c. The phonon dispersion curves of CdMoO, at
0, 5, and 45 GPa were calculated (Fig. S4) and indicate that the dynam-
ics of the high-pressure phases are stable. For convenience, the three
phases—I4,/a, C2/c, and P2,/c—are herein referred to as phase I,
phase II, and phase III, corresponding to the pressure ranges of
1.5-6.8, 8.2-25.6, and 26.9-29.9 GPa in the experiment, respectively.
There are differences between our theoretical results and previous
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FIG. 2. Equivalent circuit diagrams and selected fitting results for (a) mixed ionic—
electronic conduction at 3.0 GPa, (b) mixed ionic—electronic conduction at 12.8 GPa,
and (c) electronic conduction at 28.4 GPa in CdMoO,. R, CPE, and W are the resis-
tance, constant phase angle element, and Warburg impedance of ion diffusion, respec-
tively. Subscripts b, gb, e, and i denote bulk, grain boundary, electronic, and ionic,
respectively.

experimental results,”’ >’ which may be related to the hydrostatic
pressure environment; the shear stress generated by nonhydrostatic
pressure may affect the phase transition path.”” '

The bulk electronic conductivity (o) at different pressures is shown
in Fig. 3(a). To further analyze the conductivity, the bandgap was calcu-
lated (Fig. S5) and found to decrease with increasing pressure in all three
phases. Conductivity would normally increase with a narrowing bandgap.
However, it is also affected by the electronic transference number (%),
which represents the concentration of electrons involved in conduction
and is positively correlated with ¢, As shown in Fig. 3(d), ¢, decreases
with pressure in phase I but increases in phase II. The decreased o4, in
phase I is due to the decreased f,, while the increased g, in phase II is
caused by the narrowed bandgap and increased f,. In phase III, the con-
duction mechanism changes to pure electronic conduction, and the
increased ¢y, can be attributed to the narrowed bandgap.

Tonic conductivity is closely related to the ionic diffusion coeffi-
cient, the ionic transference number, and the carrier mobility. Both the
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FIG. 3. Relationships of electronic and ionic conductivity of (a) bulks and (b) grain
boundaries (cpe, Thi, Tgne: Tgni)s (C) the relative ionic diffusion coefficient (DyfDo);
and (d) the ionic and electronic transference number (t;, t,) vs pressure for
CdMoOy,. Dy represents the diffusion coefficient at 1.5 GPa. The above parameters
are derived from the impedance data (see the supplementary material for details).

diffusion coefficient and mobility characterize the speed of carrier
migration, and there is a proportional Einstein relation between the
two parameters.”” Therefore, the diffusion coefficient can also qualita-
tively reflect the change of mobility. Based on the impedance spectra,
calculations were made for the relative ionic diffusion coefficient
(D#Dy) and the transference number of O®~ jons (t;) and electrons
(t.); these results are shown in Figs. 3(c) and 3(d).”*””

In phase I, the bulk ionic conductivity (g,;) and D;/D, decrease
with increasing pressure while ¢; increases (Fig. 3). This indicates that,
while the concentration of ions involved in conduction increased, the
ionic diffusion became more difficult. This may be related to the
energy barrier for carrier transport. The calculated migration energy
barriers of O>~ ions along the path from sites a to site g at different
pressures in phase I are shown in Figs. 4(a) and 4(d). Migration barrier
energies increase with increasing pressure, indicating that ionic diffu-
sion becomes more difficult. Although the ionic transference number
increased in phase I, bulk ionic conductivity still decreases with

ARTICLE scitation.org/journal/apl

increasing pressure. The choice of O~ migration path is based on the
principle of minimum energy barrier. This is along the z direction for
phases I and II and along the y direction for phase III. It should be
noted that migration along the selective direction is not the only path.
If there is a strong enough voltage in other directions that can over-
come the barrier, resulting in the migration of 0.

In phase II, both 6}; and D,/D, increase with increasing pressure
while ¢; decreases (Fig. 3). The calculated O* ions migration energy
pathway for phase II is shown in Figs. 4(b) and 4(e), decreasing from
3.279eV at 10 GPa to 3.123 eV at 30 GPa. Although the ionic concen-
tration decreases with increasing pressure, the reduced energy barriers
promote bulk ionic conduction and diffusion becomes easier. This
explains why the diffusion coefficient increases by three orders of mag-
nitude at 25.6 GPa, although ionic conductivity increases by only one
order of magnitude. In phase III [Figs. 4(c) and 4(f)], although the
migration barrier energy decreases with increasing pressure, ionic
transference number is minimal [Fig. 3(d)], and the transport process
is dominated by the electron conduction.

To better understand carrier transport at grain boundaries, the
grain boundary energy with selected grain boundary planes in each
phase was calculated and is shown as Fig. 5. In general, the grain
boundary energy consists of the elastic distortion energy, which
depends on the degree of misorientation, and chemical interaction
energy, which depends on the chemical bonding of atoms on the grain
boundary. As shown in Figs. 5(b)-5(d), the bonding of atoms at the
grain boundary does not obviously change in different phases.
Therefore, the grain boundary energy is mainly a function of elastic
distortion. The variation of grain boundary energy with pressure
reflects the degree of misorientation in the grain boundary, which can
also be understood as the variation of grain boundary density.

As shown in Fig. 5(a), for phase I, the rapidly increasing grain
boundary energy with pressure indicates that the degree of misorienta-
tion also increases rapidly with pressure, enhancing the scattering
effect of grain boundary on carriers. The electronic transference num-
ber and ionic diffusion coefficient decrease, and the ionic transference
number increases, with increasing pressure in phase I [Fig. 3(d)].
Therefore, the electronic and ionic conductivities of the grain bound-
ary (og. and o, respectively) decrease with increasing pressure in
phase I [Fig. 3(b)]. For phase II, the grain boundary energy still
increases with pressure, but the rate of increase is slower. The effect of
the increasing electronic transference number is stronger than the
increasing degree of misorientation, so o, increases. The ionic trans-
ference number decreases with increasing pressure in phase II, but the
ionic diffusion coefficient increases. Similarly, the diffusion effect is
stronger than the increased degree of misorientation, resulting in an
increased o, with increasing pressure in phase II. For phase III, the
grain boundary energy is obviously lower than that of phases I and II,
which indicates that the misorientation of the grain boundary is small
and the grain boundary effect is weakened. Therefore, the bulk domi-
nates the electrical transport process.

The bulk relaxation frequency and the relative permittivity were
also analyzed [Figs. S6(a) and S6(b)]. According to the Arrhenius rela-
tionship,”* the pressure dependences of the activation energy in phases
L, 11, and IIT was calculated to be 2.56, —2.74, and —12.31 meV/GPa,
respectively. In phase I, the increased relaxation activation energy indi-
cates that the vibration damping of the Mo-O dipole increases and the
charge-discharge rate slows down. However, the relaxation activation
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energies in phases II and III are negatively correlated with pressure,
indicating that the charge-discharge process becomes easier. As pres-
sure increases, the relative permittivity decreases in phases I and III
but increases in phase II. The variation of relative permittivity indi-
cates that the dielectric performance of CdMoO, can be modulated by
pressure.

Nyquist plots and dielectric loss for compressed (at 1.5GPa)
and decompressed (at 1.4 GPa) systems are compared in Figs. S6(c) and
S6(d). Note that the grain boundary response was obviously weakened
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FIG. 5. (a) Grain boundary energies of different phases under compression; (b)
(001)(001) grain boundary for phase I; (c) (010)(010) grain boundary for phase II;
and (d) (001)(001) grain boundary for phase Ill. Pink, gray, and red spheres repre-
sent Cd, Mo, and O atoms, respectively. Blue lines indicate borders of the primitive
grain boundary cells.

after a pressure cycle. When pressure was released to 1.4 GPa, the
grain boundary ionic conductivity (o) was 7.8 X 107% S cm and the
electronic conductivity (o) was 1.2 X 1078 S cm. Compared with a
pressure of 1.5GPa during compression, grain boundary conductivity
increased by about three times after a pressure cycle. This suggests that
pressure can effectively improve the grain boundary conductivity of oxy-
gen ionic conductors. Since the bulk response returns to its initial state
after a pressure cycle, the different dielectric loss between compressed
and decompressed materials is mainly due to the pressure-induced
microstructural grain boundary rearrangement. Therefore, the grain
boundary effect of CdMoO, can be effectively regulated by pressure.

In summary, the electrical transport properties of CAMoO, were
investigated up to 29.9 GPa by in situ AC impedance spectroscopy and
theoretical calculations. Conduction transitioned from mixed ionic—e-
lectronic to pure electronic at 26.9 GPa, accompanied by a structural
phase transition. In addition, the phase transition sequence under
compression was given by the CALYPSO method. The contribution of
the bulks and the grain boundaries was also distinguished. Below
25.6 GPa, ionic conductivity was higher than electronic conductivity.
The variation of bulk ionic conductivity with pressure was related to
the migration energy barrier, and the pressure dependence of the bulk
electronic conductivity was due to the variation of electronic concen-
tration under compression. Carrier transport at grain boundaries was
analyzed with grain boundary energy; the variation of relative permit-
tivity under compression indicated that the dielectric performance
could be modulated by pressure. Above 26.9 GPa, the bulk dominated
the electrical transport process. After a pressure cycle, the grain
boundary response weakened significantly, and the grain boundary
conductivity increased by a factor of three. This work provides guide-
lines for designing and optimizing scheelite-based oxygen ionic
conductors for SOFCs.
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See the supplementary material for methods, impedance datasets,
Z' vs ™" plots, derivations of conductive parameters from imped-
ance data, calculated enthalpy, phonon dispersion curves and band
gaps of predicted structures, and dielectric results.
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