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ABSTRACT: Formation of hexagonal perovskite with mixed cubic and
hexagonal stacking of AO3 layers becomes more and more diﬃcult when
the number of layers in the stacking repeating unit increases. So far, the
highest number of layers reported for twinned hexagonal perovskite is 12,
with alternative 5 consecutive cubic layers and one hexagonal layer in the
(ccccch)2 sequence. Here, we present the unexpected formation of a 14-layer
twinned hexagonal perovskite with a stacking sequence (cccccch)2 for the
BaO3 layers on the Ba14Mn1.75Ta10.5O42 (Ba8MnTa6O24) composition, the
ﬁrst example of twinned hexagonal perovskite with a periodicity exceeding
12-layers. The B-cation and vacancy distributions are characterized by
multiple eﬃcient and complementary techniques including neutron and
synchrotron powder diﬀraction, scanning transmission electron microscopyhigh angle annular dark ﬁeld (STEM-HAADF) imaging, and electron
energy loss spectroscopy (EELS) and X-ray energy dispersive spectroscopy (EDS) elemental mapping. Atomic-resolution
STEM-HAADF imaging and EELS/EDS elemental mapping enables direct observation of high-spin d5 Mn2+ cation ordering in
the d0 Ta5+ host, thus demonstrating the great potential of this technique for probing cation ordering and performing structure
determination. Moreover, atomic mapping allows for the observation of local defect structure variants, which can be a powerful
tool for future new material design. The large high-spin Mn2+ cation and Ta-vacancy pair formation in face-sharing octahedral
sites play key roles on both the stabilization of this 14-layer twinned hexagonal perovskite structure and the Mn2+ ordering in the
central corner-sharing octahedral (CSO) positions within the ﬁve-consecutive CSO layers. Compared with the 8-layer twinned
Ba8ZnTa6O24 material, the low quality factor in microwave frequency and enhanced ultraviolet and visible light absorption of
Ba14Mn1.75Ta10.5O42 as well as the photocatalytic activity on water splitting are discussed in terms of the presence of high-spin
Mn2+ cations in the structure.

■

INTRODUCTION
Metal oxide materials based on the ABO3 perovskite family are
of great importance in current solid state chemistry and physics
given their structural diversity and their technologically relevant
physical properties,1,2 e.g., superconductivity,2,3 ferromagnetism,2 ionic motion,4,5 low dielectric loss,6,7 etc. The cubic ABO3
perovskite structure is built up from cubic-close-packed AO3
layers with B cations occupying the octahedral sites between
the AO3 layers. Similarly, hexagonal perovskite oxides contain
the same building units of close-packed AO3 layers but arranged
with hexagonal or mixed cubic-hexagonal close packing. These
structures are interesting prototypes to be exploited for
© 2016 American Chemical Society

structural chemistry and physical properties in order to provide
a deeper understanding of the fundamental chemistry and
physics of materials in the cubic perovskite family and possibly
to further discover potential new materials.
The most two common types of hexagonal perovskites are
twinned and shifted structures where the stacking of AO3 layers
shows an alternation of single and two consecutive hexagonal
AO3 layers. Schematically, the structures of stoichiometric
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Figure 1. Schematic plots for the (a−e) twinned and (f−k) shifted hexagonal perovskite structures. The twinned structures have the (cnh)2 stacking
sequence of AO3 layers: (a) 4-layer, n = 1; (b) 6-layer, n = 2; (c) 8-layer, n = 3; (d) 10-layer, n = 4; and (e) 12-layer, n = 5. While the shifted
hexagonal perovskite structures have the (cnhh)m stacking sequence of AO3 layers: (f) 9-layer, n = 1, m = 3; (g) 12-layer, n = 2, m = 3; (h) 5-layer, n =
3, m = 1; (i) 18-layer, n = 4, m = 3; (j) 21-layer, n = 5, m = 3; (k) 8-layer, and n = 6, m = 1. The large green, small cyan, and red spheres denote A and
B cations and O anions, respectively.

ABO3 twinned and shifted hexagonal perovskites are provide in
Figure 1. The twinned structures have (cn‑1h)2 stacking
sequences of AO3 layers, which can form 4-, 6-, 8-, 10-, and
12-layer structures (referred to as 4H-, 6H-, 8H-, 10H-, and
12H-twinned structures, respectively in Figure 1a−e). The
twinned hexagonal perovskite structure can be described as
perovskite blocks assembled in a zigzag manner with each
perovskite block sharing a single h-BaO3 layer with the adjacent
blocks, thus forming two face-sharing octahedral (FSO) layers.
Similarly, shifted structures have (cn‑2hh)m (m = 1 or 3) stacking
sequences of AO3 layers, leading to 9-, 12-, 5-, 18-, 21-, and 8layer structures (referred to as 9R-, 12R-, 5H-, 18R-, 21R-, and
8H-shifted structures, respectively, in Figure 1f−k). The
formation of twinned and shifted structures becomes more
and more diﬃcult8 for longer periodicities: no n ≥ 6 members
for the twinned type and n ≥ 7 members for the shifted type
have yet been reported.
In this work, we report the synthesis, structure determination, and physical properties of a 14-layer twinned hexagonal
perovskite struct ure, namely, Ba 1 4 Mn 1 . 7 5 Ta 1 0 . 5 O 4 2
(Ba8MnTa6O24). This material is the ﬁrst example of a twinned
hexagonal perovskite with a periodicity exceeding 12 layers.
Hexagonal perovskite tantalates and niobates based materials9−13 have recently attracted growing interest because of their
high permittivity and low dielectric loss performance in
microwave frequency and their interesting structural variants.

Our initial interest in the Ba8MnTa6O24 composition was
motivated by the search of a new 8-layer phase analogue to the
twinned 8-layer tantalates Ba8MTa6O24 (M = Zn, Ni, Co),9−13
which demonstrated high-Q performance comparable to that of
the well-known complex perovskite dielectric resonators
Ba3ZnTa2O9 and Ba3MgTa2O9.6,7 Surprisingly, instead of the
expected 8-layer structure, the Ba8MnTa6O24 composition
forms a longer-periodicity corresponding to a 14-layer twinned
hexagonal perovskite structure (n = 7 member of the twinned
structure), demonstrating long-range Mn2+ cationic ordering in
the purely corner-sharing octahedral (CSO) Ta host and partial
ordering of B-site vacancies along the ab-plane. The unexpected
stabilization of the 14-layer twinned structure from the nominal
Ba8MnTa6O24 composition demonstrates the complexity of the
mechanism controlling the stacking periodicity of hexagonal
and cubic AO3 layers in twinned structures. It also implies the
great potential of the further discovery of new twinned or
shifted structures with longer periodicities. More signiﬁcantly,
eﬃcient and complementary methods are presented here to
solve the structure on this 14-layer twinned hexagonal
perovskite structure. Synchrotron and neutron powder
diﬀraction, electron diﬀraction, scanning transmission electron
microscopy−high angle annular dark ﬁeld (STEM-HAADF)
imaging, electron energy loss spectroscopy (EELS), and X-ray
energy dispersive spectroscopy (EDS) elemental mapping are
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over a temperature range from room temperature to 1173 K by using a
Solartron 1260A impedance/gain- phase analyzer with a frequency
range from 10−1 Hz to 107 Hz. Prior to measurements, the pellet was
coated with platinum paste and ﬁred at 1073 K for 40 min in order to
remove the organic components to form electrodes. The microwave
dielectric properties were measured by the Hakki−Coleman dielectric
resonator method with the TE011 mode using an Agilent 8720ES
network analyzer. The temperature coeﬃcient of resonate frequency τf
values were measured from 298 to 358 K.
Magnetization measurements were carried out using a PPMS-9
QUANTUM physical property measurement system. Magnetization
versus temperature curves were measured between 5 and 300 K in
ﬁeld-cooled (FC) and zero-ﬁeld-cooled (ZFC) modes with applied
ﬁelds of 500 Oe. Ultraviolet and visible (UV−vis) light absorption
spectra of the dry-pressed disk sample was measured by a UV3600
UV−vis spectrometer ﬁtted with an integrating sphere with BaSO4 as
standard material in the wavelength region of 200−1200 nm with a
resolution of 0.1 nm.
The photocatalytic performance on water reduction was checked on
a gas-closed circulation system equipped with a CEL-SPH2N vacuum
line, a 150 mL Pyrex glass reactor, and a gas sampling port directly
connected to a Techcomp-GC7900 gas chromatograph employing N2
gas as carrier for H2 detection. During the photocatalytic evaluation,
the powder samples (∼50 mg) with and without cocatalyst loading
were dispersed via magnetic stirring in 20 vol % methanol aqueous
solution (50 mL) in a 278 K cycling water bath to keep the reaction
vessel at a constant temperature; then the vessel was exposed to
ultraviolet (CEL-M500, Hg-lamp) or visible (CEL-HXF300, Xe-lamp)
light. Cocatalyst loading (in the weight percentage of 1%) proceeded
as described below in order to enhance the photocatalytic activity of
BMT. Typically, ∼80 mg BMT powder together with 0.56 mL of
H2PtCl6·6H2O (1.48 mg Pt/mL) were mixed in 50 mL of distilled
water in a 100 mL beaker under an ultrasonic treatment for 20 min. An
appropriate amount of diluted KBH4 aqueous solution (7.4 mmol/L)
was added into the beaker drop-by-drop. Finally, the cocatalyst-loaded
powder was extensively washed by water and dried at 60 °C prior to
the photocatalytic testing. For other metal loading, the used sources
are RuCl3, AgNO3, HAuCl4·4H2O, and PdCl2.

combined to give a precise description of the structure via
direct observation on the cation ordering at an atomic scale.

■

EXPERIMENTAL SECTION

Polycrystalline Ba14Mn1.75Ta10.5O42 (BMT) samples were synthesized
by a traditional solid-state reaction in air with starting materials of
BaCO3 (99%+, Aladdin), MnCO3 (99%, Aladdin), and Ta2O5 (99.5%,
Aladdin). The starting materials were weighed according to the correct
stoichiometry and mixed in ethanol with an agate mortar and pestle.
The dried mixtures were calcined at 1473 K for 8 h in alumina
crucibles, then ground and pressed into pellets under a pressure of 330
MPa. These pellets were ﬁred at 1773 K for 12 to 24 h with heating
and cooling rates of 5 K/min. A Ba14Mn1.75Ta10.5O42 sample of around
10 g was prepared for neutron powder diﬀraction according to the
procedure described above with a ﬁnal ﬁring at 1773 K for 24 h. The
pellets were ground into ﬁne powder for diﬀraction characterization.
The BMT pellets for microwave dielectric property measurement were
synthesized using the following procedure: the precalcined powders
were mixed with a 5% poly(vinyl alcohol) (PVA) solution as an
organic binder and then pressed into pellets under a pressure of 330
MPa, and ﬁnally sintered at 1773 K for 14 h with a heating and cooling
rate of 5 °C/min. The estimated densities of the pellets were
calculated by using the geometric sizes (diameters and thickness) and
the masses of the pellets.
The phase formation of BMT was investigated by powder X-ray
diﬀraction (XRD), which was performed on a Panalytical X’Pert PRO
diﬀractometer with Cu Kα radiation equipped with an Anton Parr
HTK 1200N high temperature attachment. High quality laboratory
XRD data for Rietveld reﬁnements was collected over the 10−120° 2θ
range. Variable temperature (VT) XRD data were collected from room
temperature (RT) to 1373 K with a 25 K temperature step. Highintensity and high-resolution synchrotron powder diﬀraction (SPD)
data were collected on an 11BM diﬀractometer at the Advanced
Photon Source (Argonne National Laboratory, US). The sample
powder was loaded in a 0.3 mm diameter glass capillary, and data were
collected at RT over the 0.5−60° 2θ range using a step size of 0.001°
and wavelength of λ = 0.459300 Å. Neutron powder diﬀraction (NPD)
data with a constant wavelength (λ = 1.225 Å) were collected at room
temperature on the 3T2 powder diﬀractometer at the Laboratoire
Léon Brilloin (Saclay, France) over a 2θ range of 5−120°. Rietveld
analysis of SPD and NDP data was carried out using Topas
Academic.14 Bond valence sums (BVSs) were calculated by Brown
and Altermatt’s method.15 The compositions were examined by X-ray
energy dispersive spectroscopy (EDS) from a FEIESEM XL 40
scanning electron microscope (SEM). Transmission electron microscopy (TEM) was used to characterize the structure. The selected area
electron diﬀraction (SAED) was performed on a Philips CM20
transmission electron microscope. The sample was ﬁrst crushed in
ethanol, and a drop of the solution with the small crystallites in
suspension was deposited onto a carbon coated copper grid. High
resolution STEM-HAADF imaging and atomic resolution EELS and
EDS mapping were realized on a JEOL transmission electron
microscope (JEM-ARM200CF) cold FEG operating at 200 keV and
TEM/STEM double spherical aberration (Cs) corrected equipped
with a Centurio EDS and a GIFQuantum (GatanImaging Filter). The
STEM-HAADF images were acquired with a 6 cm camera length and a
0.13 nm probe size. The atomic resolution EDS mapping was acquired
using the same 0.13 nm probe size and a 0.02 nm step size. The EELS
mapping was acquired with a collection angle near 80 mrad, a step size
of 0.06 nm, and a dispersion of 1 eV/channel.
Hydrogen-reduction thermogravimetric analysis (TGA) was
employed to determine the oxygen content of the as-prepared
material via the mass loss related to the reduction of Mn cations. The
TGA experiment was carried out on a STA8000 thermal analysis
instrument, for which the baseline was calibrated using Al2O3 as a
standard material. The 14-layer sample was placed in an alumina
crucible and heated in a 5% H2-95% N2 ﬂow with an ∼20 mL/min
ﬂow rate from room temperature up to 1473 K with a heating rate of 5
K/min. AC impedance spectroscopy measurements were carried out

■

RESULTS

Phase Formation of BMT. The XRD data of the BMT
composition ﬁred at various temperatures within 1473−1773 K
are shown in Figure S1. Below 1773 K, the material is
composed of mixtures containing cubic Ba3MnTa2O9 and
hexagonal Ba5Ta4O15 phases. The reaction eventually led to a
new hexagonal phase when the sample was heated at 1773 K.
The indexation of this XRD pattern leads to a hexagonal cell
with a ∼ 5.81 Å and c ∼ 33.4 Å, suggesting a 14-layer structure.
An electron diﬀraction study conﬁrmed this cell with P63/mmc
as a possible space group for some crystallites (Figures 1a and
S2), whereas some other crystallites showed the presence of a
14-layer superstructure phase (a ∼ 10.1 Å and c ∼ 33.4 Å;
Figure 1b) owing to tripling along the [110] axis of the simple
14-layer cell. The triple superstructure cell is derived from the
simple cell according to the relationships: at = as + 2bs, bt =
−2as − bs, cs = ca, where t and s denote triple and simple cells,
respectively. A schematic plot for the cell tripling of the
simple14-layer hexagonal perovskite is provided in Figure S3.
The SAED data suggest that the possible space group for the
triple 14-layer phase is P63/mcm (or its subgroups P63cm and
P6̅c2). VT-XRD experiment performed from 298 to 1373 K in
air showed that the 14-layer phase is stable with linear thermal
expansion behavior (the coeﬃcient of thermal expansion for
the volume is 35.6 ppm/K) over the measured temperature
region (Figure S4). Further SAED and XRD studies on BMT
samples annealed at diﬀerent temperatures between 1500 and
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Figure 3. Representations of (a) the simple 14-layer twinned
hexagonal perovskite structure described using the P63/mmc space
group and (b) the corresponding triple superstructure in the acentric
P63cm space group. The octahedral sites in green are occupied by Mn
and Ta atoms; the other octahedral sites in blue are occupied by Ta
atoms, and the FSO sites in pale blue are shared by Ta and vacancies.
In b, the FSO B8 site is empty; thus, the B8O6 octahedra are not
shown.

Ba14Mn1.75Ta10.5O42. The simple 14-layer hexagonal perovskite
structure contains three CSO B-sites (B1−B3) and one FSO Bsite (B4). The reﬁnement revealed a strong preference for Mn
cations to occupy the central octahedral sites (B2 sites in green
in Figure 3a) in the consecutive 5-layer CSO block between the
FSO dimers and the location of B-cationic vacancies in the FSO
sites B4 only.
The simple 14-layer structure was then ﬁrst converted into a
triple superstructure in the P63/mcm space group, and then, a
two-phase Rietveld reﬁnement including both the simple 14layer structure and the triple superstructure was performed
against combined SPD and NPD data. The reﬁnement
converged to Rwp ∼ 16.1% on SPD data and 4.58% on NPD
data and gave mass percentages of the simple and triple 14layer phases, respectively, as ∼36 wt % and ∼64 wt %, although
there has to be a consequent uncertainty on this quantiﬁcation
result obtained from two-phase Rietveld analysis of the partially
ordered sample. This phase quantiﬁcation seems in good
agreement with the TEM (SAED) observations performed on
numerous crystallites which clearly showed the presence of
more triple phase than simple phase. Further reducing the
symmetry for the triple superstructure to the acentric P63cm
space group signiﬁcantly improved the ﬁt to Rwp ∼ 11.6% on
SPD data and 3.37% on NPD data and indicated short-range
ordering of vacancy over the FSO sites within each FSO dimer.
Such short-range ordering inside the FSO dimers cannot be
described in the P6̅c2 space group because the FSO sites within
the same FSO dimer in the structural model in P6̅c2 are
equivalent. Therefore, the P6̅c2 space group is excluded for the
tripled BMT phase, similar to the 8-layer twinned hexagonal
perovskites Ba8MTa6O2416,17 and Ba8Ga4−xTa4+0.6xO24.11 The
reﬁned overall cationic compositions for the simple 14-layer
phase is Ba14Mn2.01(8)Ta10.35(4), close to the nominal composition Ba14Mn1.75Ta10.5 and showing a slightly larger discrepancy
between the reﬁned and expected Mn contents than that for the

Figure 2. SAED patterns of BMT recorded along (a) [010] and (b)
[11̅0] directions. The reﬂection spots marked by arrows are due to
double diﬀraction. The indexations were performed using the simple
14-layer hexagonal perovskite cell. In b, the weaker reﬂection columns
((1/3) (1/3)l) and ((2/3) (2/3)l) between the main reﬂection
columns arise from the triple superstructure formation.

1650 °C did not show any obvious evolution of the ratio
between the simple cell and the triple cell forms, indicating the
possible occurrence of an equilibration between the simple and
tripled phases.
EDS measurements realized from a SEM on the 14-layer
phase show an average composition of Ba14Mn1.5(1)Ta10.3(1),
close to the nominal Ba14Mn1.75Ta10.5 composition given the
usual uncertainty related to the technique, except for the Mn
content. However, the accuracy on the Mn content is relatively
low given its much lighter mass compared with that of Ba and
Ta atoms. No apparent mass reduction/gain was observed
during the hydrogen-reduction TGA experiment up to 1473 K
(Figure S5), showing that the Mn cations in BMT are not
reducible under the reducing atmosphere and implying that the
Mn cations have most probably an oxidation state of +2.
Therefore, the oxygen content would be Ba14Mn1.75Ta10.5O42.
Structure Determination. The structure determination of
the 14-layer BMT material was initially carried out considering
the simple 14-layer structure only, for which a twinned
hexagonal perovskite model was built up in the P63/mmc
space group according to a (ccccccch)2 stacking sequence for the
close-packed BaO3 layers (Figure 3a). This structural model
was ﬁrst reﬁned against laboratory powder XRD data, which
conﬁrmed the 14-layer twinned structure for
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Figure 4. (a) STEM-HAADF image of Ba14Mn1.75Ta10.5O42 along the [010] orientation. The EELS atomic maps for Ba, Mn, and Ta are shown in b,
c, and d, respectively. (e) Overlaid STEM-HAADF and EELS images. (f) [010] projection of structure for the simple 14-layer phase obtained from
Rietveld reﬁnement: the CSO sites in green are shared by Mn and Ta atoms, the other CSO sites in blue are occupied by Ta, and the FSO sites are
shared by Ta and vacancies.

observation and discussion of cation ordering along this
direction.
With the STEM-HAADF imaging and the EELS elemental
mapping taken into consideration, all Mn atoms were placed on
the central CSO sites in the CSO blocks between the FSO
dimers in both the simple and triple 14-layer structures, and the
Ta occupancies over the six FSO sites were reﬁned without any
constraints during the two-phase reﬁnement for BMT. Such
rearrangement only slightly increased the reliability factors to
Rwp ∼ 12.5% on SPD data and 3.98% on NPD data. The ﬁnal
Rietveld plots of NPD and SPD data for Ba14Mn1.75Ta10.5O42
are given in Figure 5, and their enlarged views are provided in
Figures S6,7. The ﬁnal reﬁned structural parameters and bond
lengths for the simple and triple 14-layer phases are listed in
Tables 1 and 2 and Tables S1 and 2, respectively. Table 1 and
Table S1 also provide calculated BVSs for the simple and triple
BMT phases, respectively. The BVSs of Mn2+ on the mixed Ta/
Mn sites are ∼2.36−2.40, agreeing well with the ordering of
Mn2+ on these sites, although they are slightly larger than 2,
owing to the mixed occupation of smaller Ta5+ (BVSs ∼ 3.35−
3.41). The fully occupied Ta sites exhibit BVSs values close to 5
in both phases except for a lower value ∼4.26 for the Ta7 site in
the tripled phase. While most of the partially occupied Ta sites
in both phases have small BVSs within 2.6−3.6 due to the
partial occupation (∼22−54%) except for the ∼78% occupied
Ta10 site shows overbonding (BVS ∼ 5.5) in the tripled phase.
Overall, the calculated BVSs are reasonably consistent with the
ordered B-cationic distribution proposed from the STEMHAADF imaging and the EELS elemental mapping results
given the complexity of the structures reported here.
Magnetization Data. The oxidation state of Mn in the 14layer BMT was further investigated by magnetism susceptibility
measurements. Magnetization data of BMT measured on zeroﬁeld cooled (ZFC) and ﬁeld cooled (FC) runs display no
diﬀerence over the measured temperature regions (Figure 6).
The Curie−Weiss law ﬁt of the inverse magnetic susceptibility
in the high temperature region between 150 and 300 K (inset

reﬁned and expected Ta contents. Nevertheless, the reﬁned
cationic ratio for the triple 14-layer phase, Ba14Mn1.7(2)Ta10.5(2),
is in excellent agreement with the nominal composition. This
two-phase reﬁnement reproduced the preference of Mn cation
on the central octahedral sites in the CSO blocks between the
FSO dimers in both phases: the reﬁned Mn occupancies in the
other sites are found no higher than 6%.
At the next stage, STEM-HAADF and EELS techniques were
employed to image this new 14-layer twinned hexagonal
perovskite structure with atomic resolution in order to observe
the local cationic distribution of Mn and Ta. Regarding the
STEM-HAADF image and considering the constant thickness
through the observed area, the intensity is proportional to the
density of the sample and the atomic number of the elements
(≈ Z1.7). By consequence, in these “Z-contrast” images, the Mn
atomic columns (ZMn = 25) appear less bright than the Ba (ZBa
= 56) and Ta (ZTa = 73) atomic columns. The EELS elemental
mapping of Ba, Ta, and Mn enables atomic-resolution position
identiﬁcation from the STEM-HAADF image (Figure 4). The
positions of large Ba cations (Figure 4b) are consistent with the
stacking sequence of (ccccccch)2 for BaO3 layers in the 14-layer
structural model. The Mn atoms formed complete ordering in
the central octahedral sites within the CSO blocks between the
FSO dimers forming single octahedral layers that are mostly
composed by MnO6 (Figure 4c,e,f), consistent with the B-site
occupancy reﬁnement from the Rietveld analysis showing
strong preference of the Mn cation on the central octahedral
sites within the CSO blocks. It should be noted here that this
STEM-HAADF image was recorded along the [010] direction,
from which the simple and triple structures are not distinguishable. However, several observations performed on diﬀerent
crystallites showed the same information, validating these
observations for both the simple and triple structures.
Unfortunately, the [11̅0] direction, suitable for simple/triple
structure distinction, is not adapted for atomic imaging and
mapping as projected interatomic distances along this direction
are much shorter (see Figure 2), thus rendering complex the
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Table 2. Bond Lengths for the Simple 14-Layer Twinned
Hexagonal Perovskite of BMT

Figure 5. Rietveld reﬁnement plots of both NPD (a) and SPD (b)
data for the 14-layer twinned hexagonal perovskite BMT. The
reliability factors are Rwp ∼ 3.98% and Rp ∼ 3.12% on NPD data,
and Rwp ∼ 12.5% and Rp ∼ 8.61% on SPD data. Two rows of vertical
marks from the bottom to top denote Bragg reﬂection positions of the
simple and triple 14-layer hexagonal perovskite phases, respectively.
The inset in b enlarges the ﬁt within the 2θ range of 1−8°.

bond

length (Å)

bond

length (Å)

Ba1−O1(×3)
Ba1−O3(×6)
Ba1−O4(×3)
Ba2−O1(×6)
Ba2−O2(×3)
Ba2−O3(×3)
Ba3−O3(×3)
Ba3−O4(×9)

2.797(5)
2.9108(2)
2.883(4)
2.9350(5)
2.722(4)
3.166(4)
2.894(3)
2.9118(1)

Ba4−O1(×6)
Ba4−O2(×6)
Ta1−O3(×3)
Ta1−O4(×2)
Ta2/Mn2−O4(×6)
Ta3−O1(×3)
Ta3−O3(×3)
Ta4−O1(×3)
Ta4−O2(×3)

3.017(4)
2.9094(2)
2.034(2)
1.988(4)
2.136(4)
1.943(5)
2.103(2)
2.178(5)
2.055(5)

Figure 6. Temperature-dependent ZFC and FC magnetic susceptibilities for BMT. The inset shows inverse magnetic susceptibility from
the ZFC run (black dots) and the Curie−Weiss ﬁt (solid red line).

Electrical Properties. The complex impedance plot of the
BMT pellet at 405 °C consists of one large and one small
semicircular arcs (Figure 7). The large arc displays a
capacitance of ∼3 pF/cm, indicative of the bulk response
with a permittivity of ∼30. The small arc has a capacitance with
a magnitude of ∼10−10 F/cm, attributable to the response from
the thinner grain boundary regions. The bulk conductivity
varied within 10−9−10−3 S/cm in the temperature region 473−
1173 K, giving an activation energy 0.76(2) eV (inset in Figure
7). Microwave dielectric property measurement on the BMT

in Figure 6) shows an eﬀective moment of 5.59(1) μB per Mn
and antiferromagnetic Weiss constant −32.8(4) K. This result
is in agreement with the high spin (S = 5/2) conﬁguration for
Mn2+ cations (the spin-only eﬀective moment of high-spin
Mn2+ is 5.9 μB) and isolated MnO6 octahedra without apparent
Mn−O−Mn superexchange interaction, consistent with the
ordered single MnO6 layers in the 14-layer twinned hexagonal
perovskite.

Table 1. Structural Parameters for the Simple 14-Layer Hexagonal Perovskite of BMTa from the Combined Reﬁnement on
Both SPD and NPD Data
atom

site

x

y

z

occupancy

Biso(Å2)

BVSb

Ba1
Ba2
Ba3
Ba4
Ta1
Ta2
Mn2
Ta3
Ta4
O1
O2
O3
O4

4e
4f
4f
2c
4f
2a
2a
4f
4e
12k
6h
12k
12k

0
1/3
1/3
2/3
1/3
0
0
2/3
0
0.660(1)
0.333(1)
1/2
0.1687(4)

0
2/3
2/3
1/3
2/3
0
0
1/3
0
0.8300(5)
0.1667(6)
0
0.8313(4)

0.10831(9)
0.81408(8)
0.03521(9)
3/4
0.92862(5)
0
0
0.64351(6)
0.21461(9)
0.17440(9)
1/4
0.3943(1)
0.9613(1)

1
1
1
1
1
0.125
0.875
1
0.541(2)
1
1
1
1

0.92(3)
2.09(4)
0.80(3)
1.09(4)
0.66(2)
0.03(5)
0.03(5)
0.60(2)
0.42(3)
1.42(4)
1.74(5)
1.26(3)
1.27(4)

2.45
2.23
2.14
1.94
4.70
3.35
2.36
4.65
3.58
1.94
1.74
2.00
1.97

a

a = 5.818857(7) Å, c = 33.43938(9) Å, and V = 980.548(4) Å3. Space group: P63/mmc, Z = 1. bThe BVSs for the oxygen sites were calculated with
the mixed and partial occupancies of the B-sites taken into consideration.
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In such a scenario, loading cocatalysts is quite straightforward
to further explore photocatalytic properties of BMT. It is wellknown that eﬀective cocatalyst loading will not only elongate
the lifetime of charges by acting as either e− or h+ sinks but also
provide substantial catalytic sites, which usually have strong
binding ability to substrates. As shown in Table S3 and Figure
S8, the photocatalytic H2 evolution rates for the BMT loaded
with 1 wt % cocatalysts are generally enhanced to 15.1−21.0
μmol/h/g, roughly 1 order of magnitude higher than that of the
host compound. Moreover, the bimetallic loading of Pt−Ag or
Ru−Ag (1 wt % in total) shows an even higher activity in
comparison with the loading of a single cocatalyst, probably due
to some synergetic eﬀect. Overall, such an increase is beneﬁcial
from the superﬁcial modiﬁcation, validating the intrinsic
photocatalytic ability of BMT. The BMT powders were
examined by XRD after the photocatalytic testing. No apparent
change was observed on the XRD patterns of the BMT
powders, indicating that BMT is stable during the photocatalytic testing.

Figure 7. Complex impedance plot of the BMT pellet measured at 405
°C. Rb and Rt denote bulk and total resistivities, respectively. The
numbers denote the logarithms of selected frequencies marked by
ﬁlled symbols. The inset shows the Arrhenius plot of the bulk
conductivity for the BMT pellet.

■

DISCUSSION
It is well-known that the electrostatic repulsion between the
FSO B-cations owing to the short B-B distances is an important
factor aﬀecting the stabilization of the hexagonal perovskite
structures.8,11,18 In B-cationic deﬁcient compositions, the
distribution of the B-cationic vacancies over the FSO sites
may reduce the FSO cationic repulsion and so further stabilize
the hexagonal perovskite structures.18 The B-site vacancies in
the B-site deﬁcient hexagonal perovskites display either partial
ordering in the FSO dimers in the twinned structures, e.g.,
Ba8MTa6O24 (M = Zn, Ni, Co),16,17 or completely long-range
ordering between two consecutive hexagonal layers in the
shifted structures, e.g., Ba8MNb6O24 (M = Co, Zn).18,19 The
vacancy ordering in the shifted structure leads to single empty
octahedral layers in the central octahedral position of the FSO
trimers and avoids the formation of short FSO B−B pairs.
Similarly to the other B-site deﬁcient twinned hexagonal
perovskites, the B-site vacancies in BMT are found to be
located in FSO sites. In the simple 14-layer phase, the Ta and
vacancies (€) are disordered in the FSO site with the reﬁned Ta
content just above 50%. Therefore, the formation of local Ta-€
pairs in the FSO dimers is expected to reduce the strong FSO
cationic repulsion. In the triple superstructure, the FSO sites
demonstrate partial ordering of Ta and vacancies along the abplane of the simple 14-layer phase, and there is short-range
ordering of Ta and vacancies within each FSO dimer. Two
kinds of FSO B-cationic dimers are formed in the triple
superstructure: one is the B7−B8 dimer, where the B7 site is
fully occupied by Ta, and the B8 site is empty; the other one is
the B9−B10 dimer, where the B9 site contains ∼0.22 Ta and
∼0.78 €, while the B10 sites contain ∼0.78 Ta and ∼0.22 €.
Such FSO cationic and vacancy ordering conﬁrms the
formation of FSO Ta-€ pairs. Therefore, Ba14Mn1.75Ta10.5O42
can be viewed as the n = 14 member of the B-site deﬁcient
twinned AnBn‑2O3n family, where half of the FSO sites are
empty to avoid the formation of FSO B−B pairs to eliminate
the FSO B−B repulsion, i.e., there are very little FSO B−B pairs
in the 14-layer Ba14Mn1.75Ta10.5O42.
The 14-layer hexagonal perovskite structure of BMT features
remarkable long-range cationic ordering of Mn2+ in the central
octahedral sites of the CSO perovskite blocks between the FSO
blocks, as directly demonstrated by the combined STEMHAADF imaging and EELS elemental mapping. Given the very

ceramics (∼90% of the X-ray theoretical density) showed that
the material exhibits modest εr ∼ 29−31, low quality factor Qf
∼ 8630−9588 GHz, and positive temperature coeﬃcient of
resonant frequency τf ∼ 24−29 ppm/°C.
Photocatalytic Activity. Figure 8 displays the UV−vis
absorption spectrum of BMT. Here, the 8-layer twinned

Figure 8. UV−vis light absorption spectrum of the 14-layer twinned
BMT in comparison with that for the 8-layer twinned Ba8ZnTa6O24.
The inset shows plots of (ahv)2 versus energy hv for BMT and
Ba8ZnTa6O24, for which the estimated band gaps (eV) are ∼3.08 and
∼4.45, respectively.

Ba8ZnTa6O24 containing d-shell fully ﬁlled (d10) Zn2+ cation
was also measured for comparison with BMT. As indicated in
the inset, BMT shows a band gap of ∼3.08 eV, which is much
lower than that (∼4.45 eV) of Ba8ZnTa6O24. In fact, there is a
broad absorption band within the visible light range for BMT.
Therefore, the photocatalytic activity on water splitting was
tested on BMT with methanol as sacriﬁcial agents under either
UV or visible light radiation. No photocatalytic activity on
water splitting was observed under visible light radiation for
BMT; while a gentle H2 generation rate (∼2 μmol/h/g) was
detected when irradiated by UV light in methanol aqueous
solution. This result proved the suﬃcient negative potential of
the conduction band for water reduction; but apparently,
further eﬀorts are needed to suppress the bulk or superﬁcial
recombination rate of the photogenerated excitons.
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Figure 9. (a) STEM-HAADF image of BMT along the [010] orientation. The EDS atomic maps for Ba, Ta, and Mn are shown in b, c, and d,
respectively. (e) Overlaid STEM-HAADF image and EDS maps.

CSO blocks have essentially centrosymmetric coordinate
environments, while the other sites have acentric (out-ofcenter) coordinate environments (Figure 10). These distinct

little presence of FSO B−B pairs in the 14-layer AnBn‑2O3n-type
Ba14Mn1.75Ta10.5O42 material, Mn2+ cationic ordering in the 14layer twinned hexagonal perovskite Ba14Mn1.75Ta10.5O42 is
taking place essentially in the purely CSO Ta host network
that is disrupted by the insertion of single hexagonal BaO3
layers. The single octahedral Mn2+ layers are separated apart by
∼1.7 nm. This case is similar to the shifted 8-layer hexagonal
perovskites Ba8MNb6O24 (M = Co, Zn),18,19 containing
ordered Co/Zn layers separated by ∼1.9 nm. It is worth
noting here that the STEM-HAADF imaging and EDS
elemental mapping have also highlighted some minor structural
defects in the 14-layer twinned hexagonal perovskite
Ba14Mn1.75Ta10.5O42 (Figure 9). This defected structure exhibits
the stacking of two MnO6 octahedral layers which are separated
by one TaO6 layer in addition to the regular separation of
MnO6 layers apart by ∼1.7 nm.
As demonstrated in Figures 4 and 9, the combination of
STEM-HAADF imaging and EELS elemental mapping enables
direct atomic-scale observation of cationic distribution in the
14-layer twinned structure. These results are of great interest in
order to perform the structure determination of new materials
and particularly demonstrate strong applicability on probing the
cation ordering in widely structural types.20,21 Cation order−
disorder plays important role in controlling the physical
properties,20,22,23 such as in the well-known complex perovskites Ba3MTa2O9 (M = Zn, Mg) dielectric resonators where
the 2:1 B-cation ordering signiﬁcantly lowers the dielectric loss
in microwave frequency.6 Direct visualization of ordered−
disordered cationic distribution at atomic resolution is of great
importance for deep insight into the composition−structure−
property relationships in order to tail the properties for device
applications. Moreover, the observation of local defects such as
the new stacking structure presented above (Figure 9) may
provide ideas of new structures on which the composition is
provided by EDS. Atomic-resolution STEM-HAADF imaging
and EELS/EDS elemental mapping then appears to be a
powerful tool to further drive the development of innovative
materials.
In BMT, the central octahedral sites (B2 site in the simple
structure or B3 and B4 sites in the triple superstructure) in the

Figure 10. Typical bonding environments of Mn2+ and Ta5+ in the
simple 14-layer twinned hexagonal perovskite BMT showing
centrosymmetric bonding for Mn2+ and asymmetric bonding for Ta5+.

coordinate environments perfectly match the chemical bonding
preference of Mn2+ and Ta5+, respectively. The d5 Mn2+ cations
have centrosymmetric oxygen bonding preference. Meanwhile,
the empty d shell in Ta5+cations results in second order Jahn−
Teller (SOJT) distortion24,25 for TaO6 octahedra showing
various bonding distances with oxygen. Locating the highly
charged Ta5+ in the FSO sites or the edge octahedral site within
the CSO block next to the empty octahedra is necessary for
stabilizing the oxygen atoms via the out-of-center distortion
forming three short bonds with the oxygen atoms in the empty
octahedra.18 Therefore, both distribution of B-cation vacancies
in the FSO sites and the bonding preferences of Mn2+ and Ta5+
contribute to the long-range Mn cationic ordering in the 14layer twinned hexagonal perovskite structure, similarly to the 8layer shifted hexagonal perovskites Ba8MNb6O24 (M = Co,
Zn).18,19
The ordering of Mn2+ cations in the 14-layer twinned
structure BMT is also driven by the diﬀerences between the
cationic sizes and charges of Ta5+ and Mn2+. Mn2+ cations,
which exhibit a high-spin d5 conﬁguration as revealed by the
magnetization measurements, have an ionic radius of 0.83 Å.26
This is much larger than that for Ta5+(0.64 Å) and even larger
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than those of the divalent cations Mg2+ (0.72 Å), Zn2+(0.74 Å),
Ni2+(0.69 Å), and Co2+ (0.745 Å for high-spin, 0.65 Å for lowspin),26 which are commonly found in hexagonal perovskites.
The Mn2+ cation ordering in the CSO blocks in the 14-layer
hexagonal perovskite structure diﬀers from the twinned 8-layer
Ba 8 MTa 6 O 24 (M = Zn, Ni, Co) 16, 17 and 10-layer
Ba10M0.25Ta7.9O30 (M = Mg, Co)27 hexagonal perovskites,
where the M2+ cations are conﬁned within the FSO sites
forming FSO Ta5+-M2+ pairs which help to reduce the FSO
cationic electrostatic repulsion in the FSO dimers in
comparison with the FSO Ta5+-Ta5+ pairs.16,17,27 Compared
with other divalent cations such as Mg2+, Zn2+, Ni2+, and Co2+
in Ba8MTa6O24 (M = Zn, Ni, and Co) and Ba10M0.25Ta7.9O30
(M = Mg and Co) compositions, the large high-spin Mn2+
cations in the FSO sites could induce stronger electrostatic
repulsion in the FSO dimers thus destabilizing the 8-layer
twinned structure on Ba8 MnTa 6 O 24 composition (i.e.,
Ba 14 Mn 1.75 Ta 10.5 O 42 ). Forming the 14-layer twinned
AnBn‑2O3n-type perovskite phase free of FSO B-B pairs is
energy-favorable for the Ba8MnTa6O24 composition, although
establishing the longer-periodicity for Mn2+ cations and B-site
vacancies is suspected to cost extra energy.8,18 The formation of
the 14-layer twinned structure in Ba8MnTa6O24, though a
shorter-periodicity 8-layer twinned structure is observed for
Ba8MTa6O24 (M = Zn, Ni, and Co) compositions, suggests a
competitive role between the FSO B-B cationic repulsion and
structural periodicity-length for the 8-layer or 14-layer twinned
phase formation. The long-periodicity could play a predominant eﬀect over the FSO B-B cationic repulsion on preventing
compositions Ba8MTa6O24 (M = Zn, Ni, and Co) from forming
a 14-layer twinned structure.
Compared with the 8H-twinned Ba8MTa6O24 (M = Zn, Ni,
Co)10,16 and the 10H-twinned Ba10(Mg/Co)02.5Ta7.9O3027
structures, the 14-layer twinned BMT ceramics presented
here possess rather poor quality factors. Low quality factors
frequently occur in Mn2+-containing compounds (e.g., complex
perovskite Ba3MnNb2O928,29 and columbite MnNb2O630,31
containing high-spin Mn2+ cations) when compared with the
Mg2+, Zn2+, Ni2+, and Co2+ analogues. In general, the
compounds containing transitional metal cations with partially
ﬁlled 3d shells have higher dielectric loss than the Mg2+/Zn2+
analogues, implying an important role of 3d electron number or
d shell conﬁguration on controlling the dielectric loss.32
Electronic structure calculation of Ba 3 MnNb 2 O 9 and
Ba3NiNb2O9 indicates that the half-ﬁlled t2g orbitals in Mn2+
and fully ﬁlled t2g orbitals in Ni2+ are responsible for the
diﬀerence between their lattice vibration modes: the half-ﬁlled
Mn t2g orbitals soften infrared modes and increase lattice
vibration inharmonicity and therefore the intrinsic loss.33 The
3d electronic conﬁguration of the high-spin d5 Mn2+ cations
may also explain the origin of the high dielectric loss of the 14layer twinned BMT material. However, the dielectric loss is
generally highly sensitive to the processing which signiﬁcantly
impacts the extrinsic loss associated with the porosity, cationic
order, and secondary phase formation.6,11
The BMT powder shows gray color, suggesting mild
absorption over the visible light range, which could be ascribed
to the d electron transition t2g → eg in Mn2+ atoms, although
they are in high-spin conﬁguration, which places spinforbidding constrain, thus lowering the probability of the d
electron transition. The broad absorption band within the
visible light range for BMT conﬁrms the occurrence of d
electron transition within the d shell in the Mn2+ atoms.

Because of the existence of Mn2+ in the 14-layer twinned
structure, BMT has a narrower band gap of ∼3.08 eV compared
with the extra wide band gap ∼4.45 eV of the 8-layer twinned
Ba8ZnTa6O24. This makes BMT perform higher UV-light
absorption within 250−400 nm, beneﬁcial to photocatalytic
activity under UV radiation. Although tantalum oxide and
tantalates are a large group of photocatalyst, not only for water
splitting but also for the degradation of environmental organic
pollutants,34,35 there are relatively few investigations on the
photocatalytic properties of hexagonal perovskite tantalate
compounds except for the 5-layer shifted A5Ta4O15 (A = Sr,
Ba) compounds, which display interesting photcatalytic
activity.36,37 The photocatalytic activity on the water splitting
demonstrated on BMT, although relatively weak, may stimulate
further exploitation of new photocatalysts from the large
hexagonal perovskite families particularly with compositions
containing transitional metal cations with partially ﬁlled d shells.

■

CONCLUSIONS
The nominal Ba8MnTa6O24 composition forms a 14-layer
Ba14Mn1.75Ta10.5O42 twinned hexagonal perovskite structure,
instead of an 8-layer structure analogue to the 8H-twinned
Ba8ZnTa6O24. Ba14Mn1.75Ta10.5O42 presents the ﬁrst example
with the stacking sequence (cccccch)2 for the BaO3 layers
showing long periodicity exceeding the 12H-twinned structure.
The STEM-HAADF imaging and EELS/EDS elemental
mapping directly demonstrate high-spin d5 Mn cation ordering
in the d0 Ta host and local defect structure variant at atomic
resolution in BMT. Both the large high-spin Mn2+ cation and
the FSO Ta-vacancy pair formation contribute to the
stabilization of this 14-layer twinned hexagonal perovskite
structure and the Mn2+ ordering in the central CSO positions
within the ﬁve consecutive CSO layers in BMT. Analysis of
SAED, SPD, and NPD data reveals the coexistence of the
simple 14-layer structure with its triple superstructure arising
from partial ordering of the vacancies among the FSO sites in
BMT sample. Compared with the 8-layer twinned
Ba8ZnTa6O24, BMT possesses a low quality factor in microwave
frequency. Moreover, its narrow band gap with enhanced UV−
vis light absorption owing to the high-spin Mn2+ cations leads
to photocatalytic activity on water splitting for BMT under UV
radiation.

■

ASSOCIATED CONTENT

* Supporting Information
S

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemmater.6b01566.
XRD data, temperature dependency of the cell
parameters, and hydrogen-reduction TGA data of
BMT; schematic view for the cell tripling of the simple
14-layer hexagonal perovskite; structural parameters and
bond lengths for the triple 14-layer phase of BMT; and
photocatalytic H2 evolution for BMT loaded with various
cocatalysts under UV light irradiation (PDF)
Simple and triple phases of 14-layer twinned hexagonal
perovskite BMT (CIF)

■

AUTHOR INFORMATION

Corresponding Authors

*(X.K.) E-mail: kuangxj@glut.edu.cn.
*(M.A.) E-mail: mathieu.allix@cnrs-orleans.fr
4694

DOI: 10.1021/acs.chemmater.6b01566
Chem. Mater. 2016, 28, 4686−4696

Article

Chemistry of Materials
Notes

A High-Q Microwave Dielectric from a Potentially Diverse
Homologous Series. Appl. Phys. Lett. 2003, 82, 4537−4539.
(17) Abakumov, A. M.; Tendeloo, G. V.; Scheglov, A. A.;
Shpanchenko, R. V.; Antipov, E. V. The Crystal Structure of
Ba8Ta6NiO24: Cation Ordering in Hexagonal Perovskites. J. Solid
State Chem. 1996, 125, 102−107.
(18) Lu, F.; Wang, X.; Pan, Z.; Pan, F.; Chai, S.; Liang, C.; Wang, Q.;
Wang, J.; Fang, L.; Kuang, X.; Jing, X. Nanometer-Scale Separation of
d10 Zn2+-Layers and Twin-Shift Competition in Ba8ZnNb6O24-Based
8-Layered Hexagonal Perovskites. Dalton Trans. 2015, 44, 13173−
13185.
(19) Mallinson, P. M.; Allix, M. M. B.; Claridge, J. B.; Ibberson, R.
M.; Iddles, D. M.; Price, T.; Rosseinsky, M. J. Ba8CoNb6O24: A d0
Dielectric Oxide Host Containing Ordered d7 Cation Layers 1.88 nm
Apart. Angew. Chem., Int. Ed. 2005, 44, 7733−7736.
(20) Bao, L.; Zang, J.; Wang, G.; Li, X. Atomic-Scale Imaging of
Cation Ordering in Inverse Spinel Zn2SnO4 Nanowires. Nano Lett.
2014, 14, 6505−6509.
(21) Choi, S. Y.; Chung, S. Y.; Yamamoto, T.; Ikuhara, Y. Direct
Determination of Dopant Site Selectivity in Ordered Perovskite
CaCu3Ti4O12 Polycrystals by Aberration-Corrected STEM. Adv. Mater.
2009, 21, 885−889.
(22) Davies, P. K.; Wu, H.; Borisevich, A. Y.; Molodetsky, I. E.;
Farber, L. Crystal Chemistry of Complex Perovskites: New CationOrdered Dielectric Oxides. Annu. Rev. Mater. Res. 2008, 38, 369−401.
(23) Huang, Y. H.; Karppinen, M.; Yamauchi, H.; Goodenough, J. B.
Systematic Studies on Effects of Cationic Ordering on Structural and
Magnetic Properties in Sr2FeMoO6. Phys. Rev. B: Condens. Matter
Mater. Phys. 2006, 73, 104408.
(24) Lufaso, M. W.; Woodward, P. M. Jahn-Teller Distortions,
Cation Ordering and Octahedral Tilting in Perovskites. Acta
Crystallogr., Sect. B: Struct. Sci. 2004, 60, 10−20.
(25) Lufaso, M. W. Crystal Structures, Modeling, and Dielectric
Property Relationships of 2:1 Ordered Ba3MM’2O9 (M = Mg, Ni, Zn;
M′ = Nb, Ta) Perovskites. Chem. Mater. 2004, 16, 2148−2156.
(26) Shannon, R. Revised Effective Ionic Radii and Systematic
Studies of Interatomic Distances in Halides and Chalcogenides. Acta
Crystallogr., Sect. A: Cryst. Phys., Diffr., Theor. Gen. Crystallogr. 1976, 32,
751−767.
(27) Mallinson, P.; Claridge, J. B.; Iddles, D.; Price, T.; Ibberson, R.
M.; Allix, M.; Rosseinsky, M. J. New 10-Layer Hexagonal Perovskites:
Relationship between Cation and Vacancy Ordering and Microwave
Dielectric Loss. Chem. Mater. 2006, 18, 6227−6238.
(28) Nomura, S. Ceramics for Microwave Dielectric Resonator.
Ferroelectrics 1983, 49, 61−70.
(29) Lee, M.; Choi, E. S.; Huang, X.; Ma, J.; Dela Cruz, C. R.;
Matsuda, M.; Tian, W.; Dun, Z. L.; Dong, S.; Zhou, H. D. Magnetic
Phase Diagram and Multiferroicity of Ba3MnNb2O9: A spin-5/2
Triangular Lattice Antiferromagnet with Weak Easy-Axis Anisotropy.
Phys. Rev. B: Condens. Matter Mater. Phys. 2014, 90, 224402.
(30) Lee, H. J.; Hong, K. S.; Kim, S. J.; Kim, I. T. Dielectric
Properties of MNb2O6 Compounds (Where M = Ca, Mn, Co, Ni, or
Zn). Mater. Res. Bull. 1997, 32, 847−855.
(31) Pullar, R. C.; Breeze, J. D.; Alford, N. M. Characterization and
Microwave Dielectric Properties of M2+Nb2O6 Ceramics. J. Am. Ceram.
Soc. 2005, 88, 2466−2471.
(32) Dai, J.-Q.; Zhang, H.; Song, Y.-M. First-Principles Investigation
of Intrinsic Dielectric Response in Ba(B′1/3B″2/3)O3 with B′ as
Transition Metal Cations. Mater. Chem. Phys. 2015, 159, 6−9.
(33) Dai, J.-Q.; Zhang, H.; Song, Y.-M. Static Dielectric Response
and Polar Phonons of Ba(Mn1/3Nb2/3)O3 and Ba(Ni1/3Nb2/3)O3
Complex Perovskites. Comput. Mater. Sci. 2013, 79, 918−922.
(34) Osterloh, F. E. Inorganic Materials as Catalysts for Photochemical Splitting of Water. Chem. Mater. 2008, 20, 35−54.
(35) Zhang, P.; Zhang, J.; Gong, J. Tantalum-Based Semiconductors
for Solar Water Splitting. Chem. Soc. Rev. 2014, 43, 4395−4422.
(36) Xu, T.-G.; Zhang, C.; Shao, X.; Wu, K.; Zhu, Y.-F.
Monomolecular-Layer Ba5Ta4O15 Nanosheets: Synthesis and Inves-

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
The National Natural Science Foundation of China (Nos.
21361008 and 21511130134), Guangxi Program for Hundred
Talents for Returned Scholars and Guangxi Key Laboratory for
Advanced Materials and New Preparation Technology (No.
12AA-11) are acknowledged for ﬁnancial support and CNRS
for ﬁnancial support on the bilateral TransLight PICS07091
project. Dr. Eiji Okunishi from JEOL Ltd. is gratefully
acknowledged for the STEM observations and EELS/EDS
mapping. Use of the Advanced Photon Source at Argonne
National Laboratory was supported by the U.S. Department of
Energy, Oﬃce of Science, Oﬃce of Basic Energy Sciences,
under Contract No. DE-AC02-06CH11357.

■

REFERENCES

(1) Rao, C. N. R.; Raveau, B. Transition Metal Oxides: Structure,
Properties and Synthesis of Ceramic Oxides, 2nd ed.; Wiley-VCH: New
York, 1998.
(2) Raveau, B. Impact of Crystal Chemistry upon the Physics of
Strongly Correlated Electrons in Oxides. Angew. Chem., Int. Ed. 2013,
52, 167−175.
(3) Bednorz, J. G.; Müller, K. A. Possible High Tc Superconductivity
in the Ba−La−Cu−O System. Z. Phys. B: Condens. Matter 1986, 64,
189−193.
(4) Ishihara, T.; Matsuda, H.; Takita, Y. Doped LaGaO3 Perovskite
Type Oxide as A New Oxide Ionic Conductor. J. Am. Chem. Soc. 1994,
116, 3801−3803.
(5) Li, M.; Pietrowski, M. J.; De Souza, R. A.; Zhang, H.; Reaney, I.
M.; Cook, S. N.; Kilner, J. A.; Sinclair, D. C. A Family of Oxide Ion
Conductors Based on the Ferroelectric Perovskite Na0.5Bi0.5TiO3. Nat.
Mater. 2014, 13, 31−35.
(6) Reaney, I. M.; Iddles, D. Microwave Dielectric Ceramics for
Resonators and Filters in Mobile Phone Networks. J. Am. Ceram. Soc.
2006, 89, 2063−2072.
(7) Davies, P. K. Cation Ordering in Complex Oxides. Curr. Opin.
Solid State Mater. Sci. 1999, 4, 467−471.
(8) Trolliard, G.; Teneze, N.; Boullay, P.; Mercurio, D. TEM Study
of Cation-Deficient-Perovskite Related AnBn‑1O3n Compounds: the
Twin-Shift Option. J. Solid State Chem. 2004, 177, 1188−1196.
(9) Thirumal, M.; Davies, P. K. Ba8ZnTa6O24: A New High Q
Dielectric Perovskite. J. Am. Ceram. Soc. 2005, 88, 2126−2128.
(10) Kan, A.; Ogawa, H.; Yokoi, A.; Ohsato, H. Microwave Dielectric
Properties of Perovskite-Like Structured Ba8Ta6(Ni1‑xMx)O24 (M =
Co, Cu and Zn) Solid Solutions. Jpn. J. Appl. Phys. 2006, 45, 7494−
7498.
(11) Cao, J.; Kuang, X.; Allix, M.; Dickinson, C.; Claridge, J. B.;
Rosseinsky, M. J.; Iddles, D. M.; Su, Q. New 8-Layer Twinned
Hex agonal P er ov sk ite M icr owa ve Die lec tr ic Ce ra mics
Ba8Ga4‑xTa4+0.6xO24. Chem. Mater. 2011, 23, 5058−5067.
(12) Collins, B. M.; Jacobson, A. J.; Fender, B. E. F. Preparation of
the Ordered Perovskite-Like Compounds Ba4M3LiO12 (M = Ta,Nb):
A Powder Neutron Diffraction Determination of the Structure of
Ba4Ta3LiO12. J. Solid State Chem. 1974, 10, 29−35.
(13) Fang, L.; Li, C. C.; Peng, X. Y.; Hu, C. Z.; Wu, B. L.; Zhou, H. F.
Ba4LiNb3‑xTaxO12 (x = 0−3): A Series of High-Q Microwave
Dielectrics from the Twinned 8H Hexagonal Perovskites. J. Am.
Ceram. Soc. 2010, 93, 1229−1231.
(14) Coelho, A. A. Topas Academic V4; Coelho Software: Brisbane,
Australia, 2005.
(15) Brown, I. D.; Altermatt, D. Bond-Valence Parameters Obtained
from a Systematic Analysis of the Inorganic Crystal-Structure
Database. Acta Crystallogr., Sect. B: Struct. Sci. 1985, 41, 244−247.
(16) Moussa, S. M.; Claridge, J. B.; Rosseinsky, M. J.; Clarke, S.;
Ibberson, R. M.; Price, T.; Iddles, D. M.; Sinclair, D. C. Ba8ZnTa6O24:
4695

DOI: 10.1021/acs.chemmater.6b01566
Chem. Mater. 2016, 28, 4686−4696

Article

Chemistry of Materials
tigation of Photocatalytic Properties. Adv. Funct. Mater. 2006, 16,
1599−1607.
(37) Otsuka, H.; Kim, K. Y.; Kouzu, A.; Takimoto, I.; Fujimori, H.;
Sakata, Y.; Imamura, H.; Matsumoto, T.; Toda, K. Photocatalytic
Performance of Ba5Ta4O15 to Decomposition of H2O into H2 and O2.
Chem. Lett. 2005, 34, 822−823.

4696

DOI: 10.1021/acs.chemmater.6b01566
Chem. Mater. 2016, 28, 4686−4696

