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ABSTRACT

The oxide-ion conductor BasMoNbOs s, the oxide-ion and proton conductor Ba7NbsMoO», and
their hexagonal perovskite-related oxides are important groups of materials because of their high
ionic conductivity. The structure of the ion-conducting layer of these materials has not been
clarified because of their complex structure and the difficulty in distinguishing between Mo and
Nb. In this study, we separately detected > Mo and **Nb by solid-state nuclear magnetic resonance
(NMR) measurements to directly observe the Mo/Nb coordination in the high oxide-ion conductor
BazMoNbOs 5. The results showed that the number of revealed peaks was different for *>Nb and
%Mo. For the two chemical shifts from *Nb NMR, the more intense peak was attributed to a
NbOs octahedron in the conducting layer, while the less intense peak was ascribed to a NbOgs
tetrahedron in the conducting layer or a NbOg octahedron in the non-conducting layer. Four peaks
were observed in the Mo NMR of the **Mo-enriched sample. One peak was attributed to the
MoOs octahedron in the non-conducting layer. The other three peaks attributed to the conducting
layer were only interpreted by assigning either one or two of them to the MoOs polyhedra, which
are speculated to play an important role in ionic conduction. Presumably, these are the first results
supporting the presence of MoOs in the ion-conducting layer of oxide-ion conductors, and Mo
likely plays an important role in ionic conduction. The analysis of the local structure of Mo and
Nb oxide polyhedra by NMR is an important tool for understanding the nature of ionic conduction
because it provides element-independent information. It is therefore expected to contribute to the

further development of oxide-ion conductors.

INTRODUCTION



The development of solid oxide-ion (O%*) conductors has led to a range of energy and
environmental technologies, including gas sensors, solid oxide fuel cells (SOFCs), and oxygen
separation membranes. Research on the high energy efficiency of SOFCs at low temperatures
has led to the discovery of new oxide-ion conductors and an improved understanding of the
diffusion mechanisms of oxide ions.! Recently, it has been reported that hexagonal perovskite-

617 which are oxide-ion

based materials such as BasMoNbOs 5 and the related materials,
conductors, as well as Ba7NbsMoO2¢'®!° and Ba;Taz 7Mo13020.15,2° which are mixed conductors
of oxide ions and protons, show high ion conductivity. For example, BasMoNbOs 5 exhibits
oxide-ion conduction over a pO; range of 1072°—1 atm with a bulk conductivity of 2.2 x 1073
Scm ! at 600 °C. The complex structures of these materials have been shown to be related to
their high ionic conductivity. In BasTa3 7Mo13020.15, the structural analysis of synchrotron X-ray

diffraction data with the support of density functional theory calculations shows that Mo®" is

preferentially present in the conduction layer.?°

For BasMoNDbOgs 5, represented by AzB20s s (A = Ba, B=M = Mo/Nb), the structure is based on
the 9R polytype A3B309 and a cation-anion deficient derivative of palmierite A3B20s.® Although
it was initially believed that one-third of the vacancies were distributed in the B-site,’ it has
recently been demonstrated that up to two cations can occupy each M1-M2-M1 polyhedral stack,
and that the M2-site is distributed in two equivalent positions along the c-axis, maintaining the
M20s octahedral structure (Figure 1).'* Here, the O2 and O3 oxygen atoms coordinated to M1 are
statistically distributed with an occupancy of less than 1, whereas the O1 oxygen atom coordinated
to M2 is coordinated with an occupancy of 1.7 In addition, the M1 sites were initially believed
to contain only M104 and M10s polyhedra, and the oxide-ion conductivity was correlated with

the change in the ratio of M 104 tetrahedra to M 10 octahedra with increasing temperature using



Rietveld refinement.®! However, the very large atomic displacement parameter of O2 obtained
from single-crystal diffraction results suggests that five-fold coordination is also very likely (Table
1).1417 Oxide ions were also found to migrate two-dimensionally through the mixed oxygen sites
of O2 octahedra and O3 tetrahedra on the O2—-02—-02 faces of the M10s_¢ polyhedra, where £ is
the oxygen vacancy concentration.!”> The 02/03 disordering makes the minimum neutron

scattering length densities on the O2—03 path higher, which enhances oxide-ion conductivity,

leading to higher activation energies of BasWNbOs s compared with BasMoNbOsgs.'” Recently,
modeling using a combination of Bragg, D(r), and F(g) data from neutron scattering experiments
suggested a preference for M10s polyhedra in BasMoNbOss.!¢ In this study, the coordination
numbers of the M cations were determined using a cut-off length based on the M—O distance
histograms obtained from reverse Monte-Carlo simulations. The variable coordination
environment and coordination dynamics of the M1 site in BasMoNbOgs are believed to be
important for creating a low-energy transfer pathway for oxide ions; however, these structures are
usually studied by X-ray diffraction, neutron scattering, and electron diffraction, assuming an even
distribution of Mo and Nb at each site and analyzed as if there were averaged Mo and Nb atoms,
although there were no averaged Mo/Nb atoms.®"!” This is because X-rays, neutrons, and electrons
all have a close scattering ability, rendering distinguishing between Nb and Mo difficult. In
addition, the reverse Monte-Carlo simulation is very model-dependent. Hence, more reliable and

direct evidence of the presence of M10s polyhedra in BasMoNbOs s is necessary.
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Figure 1. Part of the crystal structure of BasMoNbOs s. (a) Averaged structure is represented as a
hybrid consisting of the overlapping 9R polytype and palmierite subunits, where M is Mo/Nb, the
space group is R3m, and M2 sites are C3 symmetric and distributed in two positions along the c-
axis. The occupancies of M1 and M2 at room temperature are 0.881 and 0.119, respectively.!* (b)
Structural cross-sectional in the c-axis direction. The layer containing partially occupied 02/0O3
sites is shown. The arrows in both directions indicate the diffusion directions of oxide ions. In the
MI site, in addition to M104 and M10Os, the M10Os polyhedron is likely an important structure
related to oxygen diffusion in the pathway via O2 and O3. Each site is described in the same way

asinref 7.



Table 1. Local structures known and suggested to exist in BasMoNbOs 5

site“  Local structure known to exist Local structure suggested to exist
M1 M101303; and M1015023 M10s
M2 M201s -

“Both M1 and M2 are for (Nb/Mo) sites, and the notation is the same as in ref. 7.

Nuclear magnetic resonance (NMR), which, in principle, directly reflects the electronic state
around the nucleus, is advantageous for determining local structures. Specifically, we measured
the solid-state NMR of *Mo and **Nb in BasMoNbOs s for two reasons: the ease of
distinguishing between Mo and Nb, and the possibility of splitting the signal for each
coordination number, which would include the MOs polyhedron.?!2® For the measurement of
Mo, **Mo was selected from NMR-active nuclei because of its suitability for high-resolution
analysis; NMR measurements were also conducted on a sample enriched with *Mo to improve
sensitivity. These NMR measurements revealed the diffusion mechanism of oxide ions by
analyzing the individual coordination structures of Nb and Mo, providing new opportunities for

the design of oxide-ion conductors with hexagonal perovskite-related structures.

EXPERIMENTAL SECTION

BazMoNbOs 5 and *’Mo-enriched samples were synthesized using a solid-state reaction
method. The starting materials were high-purity (>99.9%) powders of BaCOs, M0O3, and Nb2Os
for BasMoNbOs s and high-purity (>99.9%) powders of BaCOs; **MoOs (*’Mo = 95.5 atom% of

Mo isotopes, Trace Sciences International); and Nb2Os for “*Mo-enriched samples. The



Ba;MoNbOs s sample was synthesized as previously reported.!> The *>Mo-enriched sample was
synthesized as follows: the starting materials were weighed in a molar ratio of Ba:Mo:Nb = 3:1:1
and then mixed and ground for approximately 1 h in an agate mortar as dried powders and as
ethanol slurries. This mixture was calcined in air at 900 °C for 12 h. The calcined sample was
ground for approximately 1 h in an agate mortar. Thereafter, the mixture was uniaxially pressed
into pellets at approximately 250 MPa and sintered in air at 1100 °C for approximately 48 h. The
calcined pellets were crushed in a WC mortar and ground for approximately 1 h in an agate

mortar.

All NMR measurements were conducted with a fabricated 3.2-mm single resonance magic
angle spinning (MAS) probe at 18.79 T without temperature control, where the resonance
frequencies for *>Mo and *>Nb were 52.16 and 195.84 MHz, respectively. The natural
abundances and spin number, 1, were 15.7% and 5/2 for **Mo and 100% and 9/2 for **Nb. All
samples were rotated at 20 kHz. A 0 ppm 2.0 M NaxMoOys solution was used as a reference for
the chemical shifts of *>Mo, and —1093 ppm?>?” at 18.79 T in NaNbO; (Sanwa Chemical
Industry, 99.9%) was used as a convenient secondary chemical shift reference for the chemical
shifts of *>Nb instead of a saturated solution of NbCls in acetonitrile at 0 ppm. A JEOL ECA 800
NMR spectrometer was used for the one-dimensional measurement of > Mo and two-
dimensional measurement of >*Nb. A JEOL ECZR 800 NMR spectrometer was used for the one-
dimensional measurement of >*Nb. One-dimensional > Mo spectra were acquired with 13,000—
22,000 scans using either a single pulse of 1.2—1.6 s, corresponding to a liquid standard 7/6
pulse, or a spin-echo sequence?® (2.5 and 5.0 ps) with a relaxation delay of 20 s. Due to the
severe baseline distortion in single-pulse *Nb MAS measurements, one-dimensional >*Nb

spectra were acquired in a spin-echo sequence®® (2.0 and 4.0 us) with 1,024 scans, and the



relaxation delay was set to 1 s. Here, 2.0 ps corresponds to the 7/3 pulse of solid NaNbOs. For
the multi-quantum (MQ) MAS NMR measurement of **Nb, we employed three-quantum (3Q)
MASNMR, a type of MQMAS NMR, measurement with a three-pulse (2.0, 0.9, and 15 ps)

sequence using a zero-quantum filter, as proposed by Amoureux et al.?’

Here, the spectrum was
recorded with 264 transients averaged for each of the 1024 ¢1 points and a relaxation delay of 0.2

s, which was sufficient to obtain an adequate signal-to-noise ratio.

The magnitude of the quadrupole coupling constant, Cq, of the **Mo resonance for *>Mo-
enriched BasMoNbOs s was evaluated using the DMFIT simulation software package.>’ In the
case of quadrupole nuclei such as >Nb, the apparent shift measured by one-dimensional MAS
NMR, dwmas, 1s usually different from the isotropic shifts, diso. For solid solutions such as
BazMoNDbOgsss, it is difficult to separate the contribution of asymmetric parameters from the Pq
values because the line widths are broadened by the distribution of chemical shifts,*' and the
analysis of the 3QMAS result was performed as follows:3>* the positions of the experimental
resonances (Or1 and or2) in the F1 and F2 dimensions of the sheared MQMAS spectrum and

quadrupole product, Pq, (the same as the second-order quadrupolar effect (SOQE)) are

calculated as

176, + 1005
Oiso = 127 2 (1)

and

_ 10.17>1/2 [41(2] — 1)]
[

Po = (ﬁ 3 41(1 + 1) — 3]Y/2 v 1077 (Jk1 — 5F2)%' )



Here, or1 and or; are chemical shifts in the triple and single quantum dimensions, respectively,
and vy is the Larmor frequency. Pq is related to Co by Po = Cq (1 + 77/3)"2. The asymmetry

parameter 77 takes values between 0 and 1, and Pg becomes equal to Cq when 7= 0.

In the case of /= 9/2 as *Nb, Pq values are obtained by

10 1/2
PQ = (1224" ﬁ (5F1 - 8F2)> V- 10_3. (3)

RESULTS AND DISCUSSION

93Nb NMR. Figures 2a and 2b show, respectively, the “*Nb MAS NMR measurements using
the spin-echo method”® and 3QMAS NMR spectrum?’ for a powder sample of BasMoNbOs s at
room temperature. In Figure 2a, two chemical shifts are observed at approximately —750 and
—950 ppm, apart from the ghost signal called the spinning sideband. In general, MQMAS
measurements are less sensitive than single-pulse MAS measurements, but as shown in Figure
2b, an adequate spectrum was obtained, and the distribution along the chemical shift axis is
clearly shown for the more intense signal. From the peak position (dr1, or2) in the contour map of
the 3QMAS spectrum, the values of diso and Pq were estimated using Eqgs. (1)—(3), and the results

are listed in Table 2.
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Figure 2. (a) “>Nb MAS NMR and (b) **Nb 3QMAS NMR spectra of BasMoNbO,.. The diagonal
line in the 2D diagram is called the chemical shift axis; a spreading of the signal along the diagonal

line indicates a distribution in chemical shift. Asterisks (*) denote spinning sidebands. Arrows

indicate the position of each peak.

10



Table 2. &1, S2, diso, and Pq values obtained from *>Nb 3QMAS measurements on BasMoNbOs s,

with attributed sites and attributed coordination numbers

o1 /| & | Oso [/ Po / Attributed Attributed

ppm ppm ppm MHz sites“ coordination
number
=753 =775 =761 20 M1 4 (M1)

(or M2) (or 6 (M2))
—937 949 -941 14 MIl 6

“Both M1 and M2 are for (Nb/Mo) sites, and the notation is the same as in ref 7.

The more intense signal of 937 ppm is attributed to the following: the M1 and M2 sites are
88.1% and 11.9% of the total M sites, respectively.'* Even with all Mo biased toward the M1 site
notwithstanding,”® Nb is 38.1% and 11.9% at the M1 and M2 sites, respectively. For the half-
integer quadrupolar nuclei, the signal intensity ratio does not often reflect the quantity ratio due
to the amplitude of the quadrupole coupling. However, as there is no significant difference in the
Pq values of the two peaks (Table 2), the ratio rather reflects the quantity ratio even in the echo
measurement. Therefore, the signal at the M2 site in the non-conducting layer cannot be the
strongest, so the more intense peak at =937 ppm is identified as the M1 site in the conducting
layer. We considered three possible M1 site assignments: M104, M10s, and M10s. The M10s
polyhedra has an intrinsically large Pq value owing to its low symmetry, but its Pq value of
14 MHz is much smaller than the value of a possible NbOs polyhedron of approximately
80 MHz; hence, the M10s structure is excluded from consideration.?'?> Of the M104 and M10s
polyhedra, the Pq values of NbOs and NbOy are reported to be 0-50 MHz and approximately

80 MHz, respectively, with NbOs tending to be smaller.?!*> Moreover, in most niobium oxide

11



compounds, sites with higher coordination numbers tend to have more negative chemical
shifts.2!"2} For example, in BasNbyOo, it has been reported that the diso of NbO4, NbOs, and NbOs
are —714 and —722 ppm; —822 and —871 ppm; and —818, —832, =865, and —931 ppm,
respectively.?® Therefore, of the two possibilities for the M104 and M10s polyhedra, the

=937 ppm of Jis is attributed to the signal from the Nb10Og octahedron. In addition, the signal
spread in the direction of the chemical shift axis in the 2D map is considered to be due to the M1

site being located within the conducting layer with a mixture of different local Mo/Nb structures.

For the less intense signal at =753 ppm of diso, the evidence supporting attribution to M 104
and M20Os polyhedra is considerable. The M10Os polyhedron, however, cannot have a Pq value as
small as 20 MHz. For M 10O, the relatively small Pq value can be explained by the possibility
that either the electric field gradient around the nucleus is averaged to some extent owing to
thermal motions such as lattice vibrations, or the local structure is essentially symmetrical. M20Og
was shifted exceptionally in the positive direction, compared to what is typically observed for

NbOg octahedra.?!"?® Therefore, the signal is more likely due to M104.

For the M10s polyhedron, the lack of a 3QMAS signal suggests that either there are few
Nb1Os polyhedra or the line broadening due to large quadrupolar interactions prevented them
from being observed.?? Here, in reference 23, a case with the small Cq values is reported for 5-
coordinated structures, but we believe that these values should not be used as a reference for the
following two reasons. The first reason is the exceptionally small Cq values for similar line
widths in this literature compared to our data and other literature. As shown in Equation (2),
different Pq or Cq values are obtained for the same line width depending on the magnitude of /.

This may be because the formula for / = 3/2, which is used in many nuclei, was incorrectly used

12



in the analysis for *>Nb, where 7/ = 9/2. The second reason is that the 5-coordination studied in
BasMoNbOs s does not depend on hydration, and the 5-coordination by hydration as described in

the literature may cause line width sharpening due to accelerated molecular motion.

%Mo NMR. Figures 3a, b, and ¢ show the results of Mo MAS NMR measurements of the
powder samples of BasMoNbOs s at room temperature by the single pulse method, *>Mo-
enriched BasMoNbOs s by the single pulse method, and *>Mo-enriched BasMoNbOs 5 by the
spin-echo method,?® respectively. In Figure 3a, two signals were observed at approximately
—40 ppm to —50 ppm. One is a sharp doublet-like signal typical of half-integer spin quadrupole
nuclei in axially-symmetric sites observed at approximately —40 ppm with # ~ 0, as simulated in
Figure 3d,%° and the other is a broad signal with a clear tail to low frequency at approximately
=50 ppm. The Cq and &iso values obtained from the DMFIT simulation software for the narrow
peak at approximately —40 ppm (Figure 3b) and the peak position of the broad signal are listed in
Table 3. According to published reports, the > Mo chemical shifts of the MoOs tetrahedron in
salts cover a wide range of values, from 131 ppm in CdMoOQ4 to —122 ppm in CsLiM00Q4.24%
The **Mo chemical shifts of the MoOg octahedron in salts range from 205 to 29 ppm for three
sites of [(NH4)sM07024]-4H,0.%26 Therefore, it is difficult to discuss the coordination number
only in terms of the magnitude of the shift. Notably, the Cq values of **Mo are less than those of
93Nb because those values are dependent on the properties of each nucleus. The signal at
—40 ppm has a Cq of 1.8 MHz, within the normal tetrahedral and octahedral values of 0—

3 MHz;?* %6 hence, we can exclude M10s, which cannot have spherical symmetry and therefore
should have a larger Cq. Furthermore, M104 is also excluded, as its asymmetry parameter cannot

be zero because O3 oxygen does not have axial C; symmetry. The M2 site can be split into two

equivalent sites,'* but the M2 sites have axial C3 symmetry; hence, it is reasonable to simulate

13



the signal with it when the asymmetry parameter is zero, as shown in Figure 3d. As for M1 site,
it also may have axial C3; symmetry when it only adopts the M10Og structure; hence, it is possible
that this signal is derived from M10¢. However, the M1 site is considered to be affected by
structural disorder due to the mixing of different local Mo/Nb structures in the conducting layer,
even in the M10Os structure, and the axial-symmetrical signal is attributed to the M2 site in the
non-conducting layer. Meanwhile, the broad signal with the tail at approximately —50 ppm is
considered suitable to be attributed to one of the M1 sites, regardless of the coordination number,
M104, M10s, or M10g¢ in the conducting layer (Table 3). Here, for this peak, the distribution of
chemical shifts due to the structural disorder renders obtaining the reliable Cq value by line

shape analysis difficult.

14
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Figure 3. Mo MAS NMR spectra of (a) BasMoNbOs s measured by the single pulse method, (b)
%Mo-enriched Ba;NbMoOss measured by the single pulse method, (c) *’Mo-enriched
Ba;MoNbOs s measured by the Oldfield echo method and (d) the DMFIT simulation® result for

the sharp peak around —40 ppm. The asterisk (*) indicates a spinning sideband. Arrows indicate

the position of each peak.
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Table 3. “>Mo peak positions, isotropic chemical shifts, quadrupolar parameters, attributed sites,

and attributed coordination numbers for BasMoNbOs s

Omas / Siso / Co | 71 Attributed  Attributed

ppm ppm  MHz sites ¢ coordination
number
160 - - - Ml 4,5,0r6
10 - - - Ml 4,5,0r6
=50 - - - Ml 4,5,0r6
-33 1.8 0° M2 6

“Both M1 and M2 are for (Nb/Mo) sites, and the notation is the same as in ref. 7.

’In the present simulation, this value was fixed at 0 for axial C3 symmetry.

The peak at approximately +350 ppm in Figure 3a is a spinning sideband; however, another
signal that appears at approximately +160 ppm has not been assigned. We will now discuss the

possible assignment of this peak.

When we measured a sample enriched with **Mo, the signal-to-noise ratio was greatly
improved, as shown in Figure 3b, but the width of the signal appears to increase between
+200 ppm and 0 ppm. Because the single-pulse MAS measurements shown in Figures 3a and 3b
tend to distort the baseline due to the phase shift, the echo method was used to measure the
9Mo-enriched sample, and a signal was observed at +10 ppm, in addition to +160 ppm, as listed
in Table 3. The echo method has the disadvantage of a low signal-to-noise ratio and a deviation
between intensity and volume ratios related to the amplitude of the quadrupolar coupling;

however, it is known for its low baseline distortion.
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The two chemical shifts at +160 and +10 ppm in Figure 3¢ may originate from different sites
or from a single site. If they originate from different sites, the chemical shift at approximately
+10 ppm is related to a different local structure than the peak at +160 ppm, and it is reasonable to
attribute each of the three peaks at +160, +10, and —50 ppm to one of the three polyhedra, M 104,
M10s, or M10Og (Table 3). If both peaks originate from a single site, this implies that a broad
spectrum ranging from +160 to +10 ppm has a Cq of 8 MHz and 7 of almost 0 (refer to the
Supporting Information). This Cq value is much larger than the values up to approximately
3 MHz that are typical for other MoO4 and MoOg polyhedra.**® Furthermore, because the Pq
results of *>Nb are smaller than usual, it is natural that the Cq values of > Mo at the same site are
also smaller than usual; further, a larger-than-normal Cq of 8 MHz is not possible for either the
MoO4 or MoOg polyhedra. To the best of our knowledge, no *>Mo NMR spectra of MoOs
polyhedra have been reported. However, large Cq values are only possible for MoOs polyhedra,
which are relatively difficult to form in a highly symmetric structure. Here, it is possible that 7
may be close to zero only for structures with near-axial symmetry, such as a square pyramid or a
triangular bipyramid.'*!7 In both cases, therefore, the experimental data are mostly likely
explained as MoOs polyhedra in the conducting layer, although the attribution of the broad

chemical shifts observed is still unclear (Table 3).

CONCLUSIONS

The initial analysis of BasMoNbOgs s, using Rietveld refinement, suggested that the conducting
layer contains only M104 and M10Os polyhedra, whereas single-crystal analysis suggested the

possibility of the presence of M10s polyhedra. The presence of a five-coordinate (Mo/Nb)Os has

17



been suggested by reverse Monte-Carlo total neutron scattering; however, the results were not
highly reliable. In this study, the local structure of BasMoNbOgs s was investigated by individual
9Nb and **Mo solid-state NMR measurements, which directly reflect the electronic state around
%Mo/**Nb nuclei. **Nb NMR data showed the presence of Nb10Og octahedra and either Nb104
tetrahedra or Nb2Qs octahedra. The NMR spectra of *>Mo-enriched BasMoNbOs s showed four
peaks; one was attributed to MoOg octahedra in the non-conducting layer, and the other three
peaks could not be attributed, assuming there are only MoO4 and MoOg polyhedra in the
conducting layer. Therefore, it is concluded that a significant proportion of Mo10s polyhedra is
present in the oxide-ion conducting layer, and that Mo®" plays a significant role in the enhanced
conductivity of BasMoNbOs 5. The direct observation of the local structure by solid-state NMR is
important for understanding the nature of ionic conduction and is an important tool in the

development of solid electrolytes such as hexagonal perovskite-related oxide-ion conductors.
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Supporting Information.

Results of the DMFIT simulation in the event that both the +160 and +10 ppm chemical shifts
appear from the same local structure in the > Mo MAS NMR spectrum of *Mo-enriched

BasMoNbOs s in Figure 3¢ (blue line). (PDF)
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