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ABSTRACT: Here, we report the valence of transition metals at surface, magnetic ordering and oxide-
ion transport pathway of the double perovskite-type Ba,Cag67M33NbO¢.s (M = Mn, Fe, Co). In-situ X-
ray photoelectron spectroscopy (XPS) reveals the surface valence for Mn and Co-doped
Ba,yCag67M33NbOg s are 2.5+ and 2+, respectively at 700 °C. All the BayCag ;M0 33NbOg.5 samples are
paramagnetic with no long-range cooperative interaction between individual spins. Static bond valence
sum (BVS), bond valence site energy (BVSE) analyses and molecular dynamics (MD) simulations indi-
cate that oxide ion migration pathways are isotropic in Ba;Cag 67M 33NbOgs. In particular, MD simula-
tions (= 800 K) show a long-range oxide ion transport with an activation energy of 0.69 eV for

Ba,Cag 67C00.33NbOg 5.
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1. INTRODUCTION

Solid oxide fuel cells (SOFCs) are promising energy conversion devices with the highest efficiency
among various known fuel cell types, including proton exchange membrane fuel cells, alkaline fuel
cells, molten carbonate fuel cells and phosphoric acid fuel cells [1, 2]. Low cost and abundant hydrocar-
bon fuels (e.g., CHy) can be electrochemically converted into electricity and heat, while the spent fuels
are enriched in CO, and they could be sequestrated underground for storage. However, most known Ni-
based anodes are suffered from coking under hydrocarbon fuels, and therefore, commercial SOFCs are
often equipped with external reformers to improve their durability [3-5]. Over the last two decades, dif-
ferent mixed ion and electronic conductive (MIEC) compounds were investigated as alternative SOFCs
anodes, as some showed improved chemical stability with hydrocarbons containing ppm level H,S im-
purity [1, 6-12]. Among them, perovskite- and fluorite-type metal oxides are the most popular structures
being studied due to their high total electrical conductivity (e.g., 0.12' S cm™ for Ceg9Gdo101. at 750 °C
and 0.04 S cm™ for Ba,Cag70C005Nby7106.5 at 800 °C) and amenable for chemical doping [6-9,13].
Nonetheless, the reaction mechanism of the electrochemical reactions occurred on the MIEC surfaces
are not well understood. A detailed analysis on the change of surface valences at different tempera-
tures/atmospheres could help to better understand and to more efficiently control the kinetics of the

electrochemical reactions in SOFCs and other solid-state ionic devices.

Recently, the concentration of Ce’" near the surface of fluorite-type CeO, was found to be about two
orders of magnitudes higher than that in the bulk, as revealed by in-situ X-ray photoelectron spectrosco-
py (XPS) [14-18]. Moreover, the concentration of low valence Ce’* ions was hardly altered upon chang-
ing the temperature and applied potential [14,16]. Recently, Kan ef al. reported the valance of Fe at sur-
face level of a double perovskite-type Ba,Cag s7Fe( 330NbOs.5 using multiplet fitting on the variable tem-
perature in-situ XPS data [4]. The low valence Fe*" ions at the surface was found to be about three times

higher than the bulk sample in air obtained from thermo-gravimetric and chemical titration method. This



finding suggests that the coordination number of cations (MOs in fluorite vs. MOg in perovskite) in the
bulk seems to play a crucial role to the surface valence state. Previous studies of doped La;_SryTiO3
have indicated that there seems to be a connection between the surface reaction of MIEC and oxide-ion
conduction [19]. However, the mechanism processes are not well understood, and more in-situ studies
are required to unravel some keys properties of MIECs. Here, we report the valence of Mn and Co ions
at surface level in double perovskite-type BayCag67M0 33NbO¢.5 (M = Mn, Co) using in-situ XPS. In ad-
dition, we also analyzed the magnetic susceptibility of Ba,Ca7M033NbOess (M = Mn, Fe, Co) to un-
derstand the spin configuration/ordering. Lastly, for the first time, the oxide-ion migration in
BayCaj67My 33NbO¢.s was studied using both the conventional bond valence sum (BVS) [20, 21], and
the more recent bond valence site energy (BVSE) methods [22, 23]. This work may help to design the

next generation MIECs with higher electrochemical activity and enhanced chemical stability.

2. EXPERIMENTAL SECTION

2.1 Synthesis. Double perovskite-type of the nominal chemical compositions Ba;Cag 66Mo 33NbOg_5
(M = Mn, Fe, Co) was synthesized by conventional ceramic method [4, 7-9]. Stoichiometric amounts of
ACS-grade (99+%) Ba(NO3),, CaCOs, Nb,Os, MnCOs, Fe;O; and Co(NOs),-6H,0 were ball-milled in
a Planetary Mono Mill (Pulverisette, Fritsch, Germany), using 2-propanol as solvent and ZrO, balls, for
6 h at 200 rpm with reversed rotation every hour. The precursors were dried and sintered at 1000 °C (5
°C/min) in air for 12 h. The resulting powders were hand-grinded and pressed into pellets using isostatic
pressure of 200M Pa and sintered at 1400 °C (5 °C/min) in air for 12 h.

2.2 Characterization. Solid phase purity was confirmed using a Bruker D8 Advance powder X-ray
diffractometer (Cu K, 40 kV, 40 mA). Variable temperature in-situ X-ray photoelectron spectra (XPS)
were recorded using a Thermo Fisher Scientific Theta Probe XPS (UK). Theta Probe XPS system used
monochromated Al Ka x-ray source (hv = 1486.6 eV) at a spot size of 400 um in diameter with charge

compensation. Emitted photoelectrons were detected by a multichannel detector at take off angle of 90°



relative to the sample surface. Seah and Dench suggested that the penetration depth of XPS depends up-
on the material and the kinetic energy of the electron being measured [24]. As heavier atoms have lower
penetration depth due to their stronger absorbance of X-ray radiation, the anticipated penetrations of ca.
5-10 nm for the investigated compounds since they have heavier elements than standard Si. To study the
change of the oxidation state for the surface valences for sample was subjected to thermal annealing in
the analysis chamber. Before measurement, the sample has been kept in the load lock chamber over-
night, and then it was transferred to the analysis chamber for surface analysis and variable temperature
dependent measurement. The XPS spectra were acquired at sample temperature of 25, 300, 500, 600,
and 700 °C, upon manually heating in step of 25 °C, at the base pressure 4 x 10 mbar, 1 x 10” mbar, 5
x 10® mbar, 8 x 10" mbar and 1 x 107 mbar, respectively. Hydrocarbon and moisture contained in the
sample were outgassing with increasing temperature so that vacuum level was increased in the chamber.
In order to allow the vacuum to recover after each temperature rise the sample was kept at that tempera-
ture for 30 minutes before starting the measurement. During the measurements, the base pressure in the
turbo-pumped analysis chamber was at 4x10™ mbar. Survey spectra were obtained at pass energy of 300
eV and at a step energy of 1 eV. High-resolution spectra were acquired at a pass energy of 50 eV and at
a step energy of 0.1 eV. All of the obtained binding energy (BEs) values were compensated with that of
the adventitious carbon (Cls) core level peak at 284.8 eV as a reference. CasaXPS (ACADEMIC) was

used to analyze the data.

The valence of Mn and Co in the bulk samples at ambient condition was determined by iodomet-
ric titration [4, 7]. A small amount of samples (ca. 10 mg) was first dissolved using dilute HCI. This step
was to ensure that all transition metal cations became M(H,0)¢""" ions in aqueous solution. The solution

was then reacted with KI to reduce the transition metal ions:

2I +2M™ > 1, +2M™ (1)



To avoid lower valent M(H,0)s"" ions from re-oxidation in air, the reactions were conducted under
CO,. The concentration of I, was determined by a standardized sodium thiosulfate solution using starch

solution as an indicator:
I,+2S,0,” =21 +S,0, )

Once the valence state at 25 °C was determined, the valence state was calculated by from the weight

loss at elevated temperatures which was contributed by the formation of oxide-ion vacancy:
20 -0, +4e” 3)

The magnetic susceptibility was measured by a superconducting quantum interference device (SQUID)
magnetometer. Field cooled (FC) measurements were obtained by cooling the samples from 300 to 1.9

K in the presence of applied field (1000 Oe).

Bond valence sum map was calculated from 3DBVSMAPPER [25]. The imported crystallo-
graphic information (CIF) files were obtained from the Rietveld refinement of PXRD patterns of
BayCag 67M33NbOg5 [6, 7, 9]. The valences of Mn, Fe, and Co ions were assumed to be 2+, 3+ and 2+
in the calculations, respectively. For the bond valence site energy calculation, a 2 x 2 x 3 supercell of
the Ba,Cag 667C00.333NbO¢.5 structure was created from the PXRD structure data with idealized stoichi-
ometry BagsCazCo16NbsgOa64, Where both the Ca:M and the oxygen vacancy distribution was, in the
absence of definitive information on cation ordering, initially random. The oxygen vacancy distribution
has been relaxed by a series of molecular dynamics (MD) simulations at temperatures 1400 K down to
300 K using the bond valence-based softBV force field parameters [23]. Starting from this geometry-
optimized structure with the relaxed lattice parameters at 300K, a static model of oxygen anion site en-
ergies has been calculated for a grid spanning the supercell with a resolution of (0.1A)® using the softBV
software suite developed in the group of one of us. Moreover, a series of NVT MD simulations has been

conducted using the same Morse-type softBV parameters and the software package GULP [26]. At each



temperature in the range 400 K < T < 1400 K, the unit cell volume was relaxed to achieve a pressure of
0 + 0.1 GPa. At each temperature, an NVT equilibration run of 50 — 200 ps was conducted followed by
a production run using a time step of 1fs for simulations at T > 700 K, and of 1.25 fs below 700 K. The
simulations were conducted starting from 1400 K to 400 K where the final state of each calculation was

obtained and used for to the next run.

3. RESULTS AND DISCUSSION

3.1 Surface Valence of Transition Metals in Ba;Caj M 33NbQgs (M = Mn, Co). Generally,
electrochemical reactions are known to happen on interfaces of a sample, and therefore, the XPS analy-
sis of valence at the surface level could provide some insight (e.g., concentration of electrochemically
active metal ions) of the reaction mechanism [1]. However, the exact penetration depth is very challeng-
ing to be quantified, as mean free path of X-ray changes as a function of sample porosity and atomic
mass of elements. As shown in Figure 1, the binding energies of all elements in BayCaj ;Mg 33NbOg.s
could be indexed based on the peaks’ positions reported in the National Institute of Standards and Tech-
nology (NIST) database [27]. The elemental ratio was obtained by integrating the corresponding peaks’
areas and the results are summarized in Table 1. The cation ratio was found to be consistent with the
chemical formulas of all compounds in different temperatures, except for the Co-based spectra at 25 °C
that had poor peak resolution due to the adventitious carbon on the sample surface. Such impurity spe-
cies were removed in the higher temperature spectra, as the adventitious carbon is only weakly bonded
(van der Waals). Similar to our previous study, the oxygen signal was over-estimated which may be due
to adventitious COy and other impurities in the atmosphere [4].

The valence of compounds was further studied using the Gupta and Sen (GS) multiplet-structural fit-
ting and other de-convolution technique of the variable temperature in-situ X-ray photoelectron spectra.
One of the main reasons to consider the multiplet-structure is that species with unpaired electron may

interact with an electron vacancy in the core during the X-ray photoelectron process [28, 29]. MclIntrye,



Biesinger and Grosvenor reported detailed multiplet-structural parameters of the various cations in the
first row transition metal compounds [30-33]. Comparing to the earlier reported case of Fe ions, the fit-
ting of Mn ions was more challenging since many stable oxidation states had been reported, ranging
from 0 to +7. In addition, high spin Mn®" ions have d* configuration and are susceptible to dispropor-
tional reaction to form Mn>" and Mn"*" species at elevated temperatures [34-39]. Our fitting models were
constructed based on Biesinger’s XPS analysis of first row transition metal oxides and hydroxides [30].
Thus, the Mn*" ion in BayCag¢7Mng 33NbOg.; was fitted with six main peaks with peak positions between
640 to 647 eV and the full width at half maximum (FWHM) of 1.21-1.23 eV was used for the 2p;.
spectra (Figure 2). An additional stake-up peak with FWHM of 3.5 eV was also included, as recom-
mended by Biesinger and coworkers [30, 40]. The six peak positions were constrained to be X, X + 1, X
+1.9,X+2.9, X+4and X + 5.75 where X was allowed to change within the above peak position con-
straint (i.e., 640-647 eV). Similarly, the multiplet structures for Mn>" and Mn*" ions were constructed
with use of five and six peaks, respectively. The background was modeled with Shirley-type algorithm
for all spectra, and the peak shape was fitting with Gaussian-Lorentzian line shape GL30. All other pa-
rameters were allowed to change until the convergence was reached. The detailed peak positions, widths
and relative intensities are summarized in Table 2. High spin 2ps;, of Mn*>*, Mn®" and Mn*" species were
quantified in term of binding energy (eV), percentage of total energy, FWHM value (eV) and spectral
component separation (¢V). The resident standard deviations (STD) of 500-700 °C were 1.21, 0.87 and
0.97, respectively (Table 2). At 500 °C, the average surface valence of Mn ions was found to be ca. 2.6+
(44.5% Mn*", 50.7% Mn’" and 4.6% Mn*"). As temperature increased, the average surface valence de-
creased slightly to ca. 2.5+ mainly because of the reduction of Mn®" and Mn*" species at elevated tem-

peratures (Figure 2).

In contrast to the Mn 2p spectra, the Co 2p overlapped strongly with the Ba 3d spectra with peak po-

sition between 778 and 785 eV. As a result, a simple fitting approach was applied to analyze the valence



state of Co from the 3p (55-65) spectra and O 1s spectra for the whole temperature range [41, 42]. A
satellite peak with higher binding energy was also considered due to a multi-electron excitation for all
3p spectra [32]. For Co ions, the surface valence was ca. 2+ based on 3p spectra (Figure 3). Table 3 lists
the curve-fitting parameters for Co 3p and O 1s spectra in BayCag7C0033NbO¢5. The binding energy
(eV), percentage of total energy, FWHM value (eV) and spectral component separation (eV) were all
quantified as a function of temperature. The resident standard deviation (STD) of 500, 600 and 700 °C

data was found to be 0.88, 0.95 and 0.84, respectively.

The peak positions were found to be slightly smaller than the values reported by Mclntyre et al>’.
Such a difference can be explained by a reduced shielding effect (blue-shift) at elevated temperature.
The peak positions were found to be nearly unchanged as temperature increased from 500 to 700 °C.
Such information indicated that the valence was insensitive to the temperature. The O s spectra showed
two peaks, which can be described as lattice and defective oxygen species (Figure 4) and they were con-
sistent to the peak position of CoO [30, 32, 40]. Quite interestingly, due to the complication of multiple
valences (2+ 3+, and 4+) of Mn ions, it appears that only Mn®" and Mn*" ions were reduced at high tem-
peratures. As a comparison between the bulk and surface valences, Co species showed similar behavior
as the Fe analog in which lower surface valence was found. But, the former one was less temperature
sensitive (Figures 5 and 6). We speculated that the higher than expected surface valence of Mn ions

would be due to the BaO surface segregation and forming A-site deficient perovskite A;xBO; [43].

3.2. Magnetic Susceptibility of Ba,Cag ¢7M/.33NbQOg.5. Determination of the magnetic properties in sol-
id-state materials is crucial to understand the crystal structure, spin configuration and valence state [44-
48]. An excellent example is that the cubic LiMn,0O4 (space group Fd-3m) was found to be antiferro-

3.5+

magnetic with a Weiss constant of -266 K for the Mn " ions [49]. The spin configuration is tempera-

ture dependent due to Curie-Weiss law in which paramagnetic state can be converted into ferromagnet-



ic, antiferromagnetic or ferromagnetic state at low temperature regime [50]. Therefore, the molar mag-
netic moment should be measured to evaluate the spin configuration.

As shown in Figure 7, the inversed magnetic susceptibility y passed through zero at low temperature
regime, indicating that the investigated compounds were paramagnetic for the whole temperature range.
Three main reasons can be accounted why the spin in the 3d orbitals were not coupled with each other.
First of all, the concentration of transition metal ions in the B-site is about 17% occupancy. The low oc-
cupancy reduced the interaction between the metal ions E, and oxygen 2p orbitals. Second, the presence
of diamagnetic Ca®" and Nb”" in the B-site could also interrupt the long-range spins cooperative interac-
tion between individual spins. Lastly, the investigated samples had up to ~ 10% oxide-ion vacancies in

the perovskite and may further reduce the orbital interaction.

3.3. Oxide-ion Transport Pathways in Ba,Cag¢;M33NbQOs.5. An experimental determination of ion
migration pathways typically requires high quality single crystal data that allow for a reliable expansion
of higher order anharmonic atomic displacement parameters, or — with higher experimental uncertainties
- powder neutron diffraction data of sufficient quality for a maximum entropy analysis [51, 52]. Still any
diffraction method can in a cation-disordered method only yield averaged results for an oxide ion path-
way. Brown, Adams and Avdeev developed a facile methodology in which the bond valence of the tar-
geted mobile ion can be derived from its crystal structure based on the hypothesis that the mobile ions
will preferentially travel along pathways of lowest energy [53-56]. While the method has been applied
widely to study cation migration pathways [53], it has only occasionally been applied to anion conduc-
tors [54, 55]. Regions of low valence mismatch could be connected to form iso-surfaces and they can be
correlated to the ionic diffusion pathways in solid conductors [20, 21, 25, 56, 57]. Traditionally, the in-
dividual bond valence of an atom/a point can be calculated from the bond length, number of bonds, and
oxidation state. Herein, the bond valence values were calculated (by 3DBVSMAPPER) over three-

dimensional grids of unit cell using cell parameter [25], atomic position, atomic occupancy and valence



state of atoms, as input parameters. The bond valence mismatches for the oxide-ion in
BayCaj67My 33NbOg¢_5 are shown in Figure 8(a-b). For simplification, the valences of Mn, Fe, and Co
ions were assumed to be 2+, 3+ and 2+ in the calculations, respectively. The oxide-ion vacancy was
taken into account and it was calculated based on the charge-balance of all ions in the formula of sam-
ples. The regions of low valence mismatch form a percolating migration path for bond valence mis-
matches ~ 0.4 v.u. in the all investigated perovskites. Although the compounds had different valence

state for transition metal ions and oxide-ion vacancy in the unit cells, similar isosurfaces were observed.

These bond valence sum mismatch isosurface plots clarify that the regular oxygen positions are the
only possible sites for oxide ions, and thus the transport mechanism is a vacancy mechanism. Due to the
cubic symmetry of the investigated compounds, the ionic conduction pathway is isotropic. For all BVS
map analyses, however, the migration barrier estimation in bond valence units cannot be verified to any
experimental data. In addition, no the structural disorder was taken into the analysis for consideration.
Hence, the BVS calculations for Ba,Cay 7C0033NbOg.s have been complemented by static BVSE calcu-
lation of a representative local structure model and molecular dynamics (MD) simulations of a relaxed 2
x 2 x 3-fold supercell. Isosurfaces of constant oxide ion site energy in the supercell (Figure 8c) harmo-
nize with the BVS mismatch isosurfaces. The regular O sites along Nb-O-Ca/M connecting lines are
found to be the only possible low energy sites, but the energy-scaled BVSE approach permits us to pre-
dict the migration barriers for long-range oxide ion motion to ca. 0.7 eV. Interestingly, local oxide ion
motion can occur with considerably smaller activation energy of ca. 0.25 eV, but this motion is restrict-
ed to hops between occupied and vacant oxide ion sites within the same NbOy coordination polyhedron.
This indicates that the Nb-O bond is considerably stronger than the bonds to the divalent cations (Ca or

Co and Ba) in the first coordination shell of the oxide ion and tends to be preserved in low energy hops.

NVT MD simulations for the BagsCaz»Co16NbagOres structure model using the same Morse-type

softBV parameters for the temperature range 400 K < T < 1400 K underline the suitability of the param-



eter set, as the relaxed room temperature lattice parameter of @ = 8.367 A is just 0.1% smaller than the
experimental value of 8.375 A and the linear variation of the relaxed lattice parameters with temperature
corresponds to a thermal expansion coefficient of 2 x 10” K™'. MD simulations at temperatures > 800 K
show a long range O transport with an activation energy of 0.69 eV (see filled symbols in Figure 9).
For lower temperatures the simulations did not yield a quantifiable long-range oxide ion transport over
the up to 12500 ps of the simulation runs. Instead the limiting slopes of the mean square displacement
vs. time curves for these temperatures (and for intermediate time domains in the high temperature simu-
lations) formally correspond to an activation energy of 0.24 eV (crosses in Figure 9) again in remarka-
ble agreement with the predictions form the BVSE model. From visual inspection of the trajectories it
was clarified that these hops correspond to localized oxide ion hops within NbOy coordination polyhe-
dral confirming the predictions of the static BVSE model. It should be noted that while Figure 9 dis-
plays the conductivity data in a log(c) vs. 1000/T plot to yield a direct overview of the observed con-

ductivities, the activation energy value was derived from a corresponding log(cT) vs. 1000/T plot.

The two different activation energies for oxide ion motions within and out of a NbOy coordination
polyhedron should not be misunderstood as two different oxide ion species of different local mobility.
The difference simply arises from the strength of the cation-oxygen bond that has to be broken during
the hop and obviously a hop involving the breaking of a Nb>"-O bond will require a higher energy than
a hop that preserves Nb>"-O bond and instead breaks weaker bonds with a divalent cation. As a conse-
quence from these findings, it is expected that for this stoichiometry local ion mobility probes such as
NMR studies will find a considerably lower activation energy for oxide ion diffusion than dc conductiv-
ity measurements, and that the lower migration energy barrier for the local hops constitutes a lower limit

to the achievable activation energy when varying the oxygen vacancy concentration.



4. CONCLUSIONS

The surface valence state of Mn and Co in Ba,Cag¢7M33NbOs.s (M = Mn, Fe, Co) was studied by
in-situ XPS. The surface valence of Co and Mn ions was found to be insensitive between 500 and 700
°C. The surface valences of Mn and Co were determined to be 2.5+ and 2+, respectively, at 700 °C. All
investigated Ba;Cag¢7Mo33NbOg.5 were paramagnetic from room temperature down to 1.9 K with no
long-range spin coupling. Bond valence site energy calculation and molecular dynamics simulation with
bond-valence based empirical force fields show the 3D percolating migration path for the investigated
perovskite BayCag7C0033NbO¢.s. The pathway is insensitive to the change of valence of the transition
metal ions and an oxide-ion percolation network could explain the rise of electrochemical activity of the

transition metal-doped Ba,Cag 67My 33NbOg.s.
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Table 1. X-ray Photoelectron Spectroscopy (XPS) Elemental Analysis of the Near-Surface (~5-10

nm) Composition of Ba,Cag¢7Mj33NbOs.5 (M = Mn and Co) from 25-700 °C.

Ba,Cag 67Mng 33NbOg.5

Temperature (°C) Ba3d Ca2p Mn2p Nb3p Ols

25 1.85 0.65 033 1.01 8.97
300 201 0.68 033 1.01 648
500 204 065 033 098 6.31
600 196 062 033 1.06 6.23
700 208 0.65 033 1.01 5.85

Theoretical 202 068 033 1.01 5.61

Bazcao.67C00,33NbO6.5

Temperature (°C) Ba3p Ca2p Co3s Nb3p Ols

25 202 058 033 073 6.60
300 1.80 0.51 033 086 5.72
500 1.87 061 033 095 5382
600 198 0.65 033 1.03 6.36

700 1.84 0.63 033 093 550




Table 2. Gupta and Sen (GS) Multiplet Parameters for the Mn 2p Spectra in Ba;Cag ¢;Mng33NbQg_s.

Temperature Ions  Peak 1 % Peak 2 % Peak 3 % Peak4 % Peak5 % Peak6 %
°C) (eV) (eV) (eV) (eV) (eV) (eV)
[FWHM] [FWHM] [FWHM] [FWHM] [FWHM] [FWHM]
500 Mn*"  640.1 10.6  641.1 124 642.0 9.8 6429 56 6441 2.1 6458 4.1
[1.2] [1.2] [1.2] [1.2] [1.2] [3.5]
Mn®* 640.7 9.6 641.8 22.6  643.1 128 6446 43 6462 1.6
[1.8] [1.8] [1.7] [1.8] [1.7]
Mn*"  641.8 1.9 642.6 1.2 643.3 0.7 6441 04 6449 02 6459 0.1
[0.8] [0.9] [0.8] [0.8] [0.9] [0.8]
600 Mn®" 6402 125  641.1 144 642.1 11.5 6430 65 6441 24 6459 4.7
[1.2] [1.2] [1.2] [1.2] [1.2] [3.5]
Mn®"  640.8 8.9 6419 21.0 643.1 119 6446 40 6463 1.5
[1.8] [1.8] [1.7] [1.7] [1.8]
700 Mn®" 6405 123 6414 142 6424 113 6433 64 6445 24 6462 4.7
[1.2] [1.2] [1.2] [1.2] [1.2] [3.5]
Mn’"  641.1 9.2 6422 21.6 6434 123 6449 41 6466 1.5
[1.8] [1.7] [1.8] [1.7] [1.8]




Table 3. Curve-fitting Parameters for Co 3p and O 1s Spectra in Ba;Cag 7C0033NbO¢_s.

Temperature Species 3psn Peak (eV) Species sy Peak(eV) ¢
(°C) [FWHM] [FWHM]

500 Co™" 59.5[4.2] O (lattice) 1s 529.2[1.9] 9(

Co”" satellite 64.2 [3.0] O (defect) 1s 532.0[1.7] 9

600 Co™" 59.7 [4.3] O (lattice) 1s 529.3[2.0] 8¢

Co”" satellite 64.4 [4.1] O (defect) 1s 532.1[2.0] 11

700 Co™ 59.5 [4.3] O (lattice) 1s 529.4[2.1] 4¢

Co”" satellite 64.2 [3.4] O (defect) 1s 532.2[2.0] 5I




Figure Captions

Figure 1. X-ray photoelectron spectroscopy (XPS) elemental analysis of the near-surface of (a)

BaQCao_67Mno_33NbO6_5 and (b) B3.2C210467C00,33Nb06-5 from 25-700 OC.

Figure 2. Multiplet curve-fitting of Mn 2ps, spectra at (a) 500 °C, (b) 600 °C and (c) 700 °C.

Figure 3. Curve-fitting of Co>" 3p3) spectra at (a) 500 °C, (b) 600 °C and (c) 700 °C.

Figure 4. Curve-fitting of O s/, spectra at (a) 500 °C, (b) 600 °C and (c) 700 °C.

Figure 5. Bulk (air and H;) and surface (air) valences of (a) BayCaps7Mn33:NbOgs and (b)
Bagcao_67C00.33NbO6.5 from 500-700 OC.

Figure 6. Thermogravimetric analysis (TGA) of Ba;Cag67M0 33NbO¢5 (M = Mn, Fe, Co) in air and H,.

Figure 7. Field-cooled (FC) measurements for powdered samples of Ba,Cag67Mo33NbOs.s (M = Mn,

Fe, Co). The calculated ps and number of unpaired electrons were also shown in the inset.

Figure 8. (a) Structure of double perovskite-type Ba,Cap ;Mg 33NbO¢.s (M = Mn, Fe, Co) and (b) bond
valence sum map shows the low bond valence unit (u.v. = 0.4) mismatch contour plot (light yellow) of
O” jons. (c) Slice through a geometry-optimized 2x2x3 supercell of Ba,Cag7C0033NbOs s with three
superimposed isosurfaces of constant bond valence site energy. The thickness of the displayed slice is
restricterd one unit cell in order to minimize overlap of pathway regions. The dark, medium and light

isosurfaces correspond to energies characteristic of equilibrium sites (0.05 eV), localized pathways
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within NbOy coordination polyhedra (0.25 eV) and the energy at which a percolating pathway for long-

range O°” motion is formed (0.7 eV), respectively.

Figure 9. Arrhenius plot of the oxide ion conductivity determined from the mean square displacement
of oxide ions in NVT molecular dynamics simulations of BagsCaz»C016NbsgO264 assuming validity of
the Nernst-Einstein relationship (filled symbols) yields an activation energy of 0.69 eV for long range
oxide ion motion for temperatures > 800 K. The limiting slopes of mean-square displacement curves for
lower temperatures and slopes over intermediate time domains for the higher temperatures correspond
to localized oxide ion hops within NbOy coordination polyhedral that occur with a considerably lower
activation energy of ca. 0.24 eV (crosses). Straight lines are linear regressions of the displayed data as a

guide to the eye.
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Figure 1. X-ray photoelectron spectroscopy (XPS) elemental analysis of the near-surface of (a)
Bazcao_67Ml’lo_33NbO6.5 and (b) BazCa0,67Coo,33NbO6.5 from 25-700 OC.
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Figure 2. Multiplet curve-fitting of Mn 2ps, spectra at (a) 500 °C, (b) 600 °C and (c) 700 °C.
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Figure 3. Curve-fitting of Co>" 3ps, spectra at (a) 500 °C, (b) 600 °C and (c) 700 °C of
Ba,Cag 67Mng 33NbO¢.5.
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Figure 4. Curve-fitting of O 1s;, spectra at (a) 500 °C, (b) 600 °C and (c) 700 °C of
Ba,Cag 7C00.33NbOg.s.
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Figure 5. Bulk (air and H;) and surface (air) valences of (a) BayCae7Mng33NbOss and (b)
Ba2Cao_67Coo.33NbO6.5 from 500-700 OC.

26



(a) 1 01 T T T
100 | (i)
———~ (ii)
S (i
<= 99 1
<
Ry
2 — (i) Ba,Ca, ,Mn_,,NbO_, (Air)
98} — (ii) Ba,Ca, ,Fe ,,NbO_  (Air)
— (iii) Ba,Ca, ,Co  ,.NbO . (Air)
97 1 1 1
0 200 400 600 800
Temperature (°C)
(b)101 r T T T
100 (iii) 1
N
& -
.% — (i) Ba,Ca, ,Mn ,.NbO_, (H,)
= ogl — (i) Ba,Ca,;Fe, ;NbO, (H,)
— (iii) Ba,Ca . Co, ,,NbO_ (H,)
97 ) 1 1 1
0 200 400 600 800

Temperature (°C)

Figure 6. Thermogravimetric analysis (TGA) of BayCag¢7My33NbO¢.s (M = Mn, Fe, Co) in air (a) and
H, (b).

27



800

(o))
)
o

¥ (emu/mol Oe)
N N
() o
o o

“’eff

(B.M.)

u]

0]

A

OO0
R A A O T A

Ba2caO.67MnO.33Nb06—8
BazCaWFeO.SBN bOG_8

Ba,Ca, .Co,..NbO A
27%067 7033 6-5 AAAAA

. . . VA
50 100 150 M
Temperature (K) 2 auas:
A

' 0
ggggoogoooooooooooooooo@@m

50 100 150
Temperature (K)

200

Figure 7. Field-cooled (FC) measurements for powdered samples of Ba,Cag67Mo33NbOs.s (M = Mn,

Fe, Co). The calculated ps and number of unpaired electrons were also shown in the inset.
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Figure 8. (a) Structure of double perovskite-type Ba,Cap ¢7My33NbO¢.s (M = Mn, Fe, Co) and (b) bond
valence sum map shows the low bond valence unit (u.v. = 0.4) mismatch contour plot (light yellow) of
O ions. (c) Slice through a geometry-optimised 2x2x3 supercell of Ba,Cag¢7C0033NbOs s with three
superimposed isosurfaces of constant bond valence site energy. The thickness of the displayed slice is
restricterd one unit cell in order to minimize overlap of pathway regions. The dark, medium and light
isosurfaces correspond to energies characteristic of equilibrium sites (0.05 eV), localized pathways
within NbOy coordination polyhedra (0.25 eV) and the energy at which a percolating pathway for long-
range O” motion is formed (0.7 eV), respectively.
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Figure 9. Arrhenius plot of the oxide ion conductivity determined from the mean square displacement
of oxide ions in NVT molecular dynamics simulations of BagsCaz»C016NbsgO264 assuming validity of
the Nernst-Einstein relationship (filled symbols) yields an activation energy of 0.69 eV for long range
oxide ion motion for temperatures > 800 K. The limiting slopes of mean-square displacement curves for
lower temperatures and slopes over intermediate time domains for the higher temperatures correspond
to localized oxide ion hops within NbOy coordination polyhedral that occur with a considerably lower
activation energy of ca. 0.24 eV (crosses). Straight lines are linear regressions of the displayed data as a
guide to the eye.
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