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Abstract

A series of complex oxides of general formula BiysMo;¢.5,Fe»,0g9.3 Was synthesized and studied. The solid solution formation
ranges and polymorphic modification limits were determined. SEM investigations and chemical analysis showed homogenous
samples and confirmed the theoretical concentrations of the dopant. High-resolution neutron and X-ray diffraction were used to
describe the structural features of the solid solution at ambient and high temperatures (30—-800 °C). Structure refinement was
carried out by Rietveld analysis using a combination of X-ray and backscattered neutron data. Close inspection of the fit at room
temperature revealed a non-centrosymmeric P1 space group and additional peaks associated with oxygen and/or magnetic
ordering. Magnetic measurements showed the samples had low magnetic susceptibility and a magnetic transition at ~—20 °C.
A.C. impedance spectroscopy was used to determine the electroconductive properties of Bi;gMo1g.5.Fe5,Og9.3,. TWo basic types
of impedance curves were detected at low and high temperatures, correlated with a change from triclinic to monoclinic symmetry.
Details of both the monoclinic and triclinic structures are discussed, with the variation of electroconductive properties explained
by structural changes.
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Introduction

Fast oxide ion-conducting solid electrolytes based on bismuth
oxide are being studied as potential materials for use in a
variety of electrochemical devices such as solid oxide fuel
cells [1] and gas separation membranes [2]. They also have
important catalytic properties [3—5]. As ionic conductors,
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these materials can be classified according to their dimension-
ality, as one dimensional, e.g., Bi;gMo010Og9_5 [6]; two dimen-
sional, e.g., the BIMEVOXes [7]; and three dimensional, e.g.,
5-Bi05 [8].

The one-dimensional conductor, Bi;sMo01¢Og¢9.5, Was first
described by Vannier et al. [6] and later by Buttery et al. [9] as
part of a solid solution with Bi:Mo ratios ranging from 2.6 to
2.8 (i.e., 56.5 to 58.3% Bi,03). Later studies by Galy et al.
[10] extended this range from 2.534 to 3.4 (i.e., 55.9 to 63.6%
Bi,03). However, a more recent work has shown a number of
room temperature stable phases in the Bi:Mo range 2.67 to 3.4
(i.e., 57.1 to 63.6% Bi,053), which transform to the columnar
structure at temperatures above ca. 650 °C [11].

The structure of Bi,sMo0;¢Ogo.5 Was first determined in the
monoclinic space group P2/c by Buttery et al. [9], who noted a
small triclinic distortion. A later work by Vannier et al. con-
firmed the basic structure, which consists of columns of
[Bi;2014],""", separated by an apparently isolated Bi** cation
and five [MoO,]*~ tetrahedra [6]. This accounts for 68 of the 69
oxygen atoms per cell and there has been some debate as to the
location of the 69th oxygen required to maintain electroneu-
trality, if the cations are assumed to be in their nominal oxida-
tion states of + 3 and + 6 for bismuth and molybdenum, respec-
tively. More recently, the triclinic structure of BiysM0;¢Og9.5
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has been elucidated by Ling et al. [12] using a combination of
X-ray and neutron scattering methods, as well as molecular
dynamics calculations. They found the coexistence of both 4-
and 5-coordinate molybdate polyhedra, with rotational disorder
of these above 310 °C, consistent with a conduction mecha-
nism involving diffusive jumps between the bismuthate col-
umns via the molybdate polyhedra [13].

Since the discovery of fast ion conduction in these mate-
rials, there have been a number of studies on substitution of
both molybdenum and bismuth by a variety of cations such as
Ca2+, SI‘2+, Ba2+7 Pb2+, Mn2+, A13+, Ge4+, P5+, V5+, W6+, CI‘6+,
and Y>* and various lanthanides [14—17]. Changes in electri-
cal conductivity, both increases and decreases, result from
these substitutions. In the present work, we examine low
levels of iron substitution in BiysMo01¢Og9.5, including de-
tailed structural characterization of both the monoclinic and
triclinic phases using high-resolution neutron diffraction. The
phase behavior as a function of composition and temperature
is examined with respect to changes in magnetic and electrical
properties.

Experimental
Sample preparation

Samples of composition Bi;sMo01.2,F€5,069.3, (0.0 <x <0.4)
were synthesized by conventional solid state methods from
the precursor oxides. Stoichiometric amounts of dried pow-
ders 0f Bi,03 (99.9%), M005 (99.5%), and Fe,O5 (96%) were
weighed and mixed in an agate mortar as a dispersion in eth-
anol. The dried mixture was pelletized at 20 bar using a uni-
axial press to yield pellets of 20 mm diameter. The pellets
were placed on an alumina plate in a bed of precursor powder
and heated at 550 °C for 48 h, then quenched in water to room
temperature. The samples were then reground in ethanol,
dried, pelletized once more, and reheated to 850 °C for 24 h,
before slow cooling in air to room temperature over a period
of approximately 12 h.

For impedance measurements, the synthesized samples
were pelletized at 20 bar to yield pellets of 10 mm diameter
and ca. 2.5 mm thickness. The pressed pellets were then heat-
ed to 850 °C for 24 h, before slow cooling in air to room
temperature. Pt electrodes were applied by decomposition of
a dispersion of NH4(PtClg) at ca. 400 °C.

Morphology and composition measurements

The morphology of the obtained powders was studied using
scanning electron microscopy (SEM) with a JEOL JSM
6390LA and chemical composition analyzed with a JED
2300 EDX-analyzer. Dopant concentration in Bi;gMojq.
2 Fe2,069.3, Was monitored by chemical analysis of the
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samples. Powder samples of BisgMo01¢.5Fe>,0g9.3, Were
weighed, dissolved in a mixture of concentrated hydrochloric
and nitric acids, and made up to 100 ml volume with distilled
water. Iron concentrations in the obtained solutions were de-
termined by atomic absorption spectral analysis using a Solaar
M6 spectrometer (Thermo Scientific) by the standard addition
method.

Impedance measurements

Impedance spectra were measured on an Elins Z-3000 imped-
ance spectrometer, over the frequency ranges 1 MHz to 0.1 Hz
and 3 MHz to 10 Hz, at stabilized temperatures from ca.
225 °C to ca. 850 °C. Two cycles of heating and cooling were
performed. Data presented correspond to the second cooling
run. Data were modeled using equivalent electrical circuits
with the Zview software (Version 2.6b, Scribner Associates,
Inc.).

Magnetic measurements

The magnetization curves of BiysMo0;.2,Fe2,060.3 (x=0.1,
0.3) powders were collected with aVSM-5T (Cryogenic Ltd.)
vibrating sample magnetometer in the temperature range 4 to
300 K and in fields up to 5 T. The thermal variation of mag-
netic susceptibility was modeled with Curie-Weiss law. The
effective magnetic moments were calculated from the Curie
constant ier= \V8C. The oxidation state of iron was calculated
from theoretical fioq values of Fe** and Fe** jons:

F63+ Fez+
:ugff = Uéff “Cpes+ + Ugff “(I=cpe+) (1)

where cpg+ is the molar concentration of Fe** ions, and
(1=cpes+ ) is the molar concentration of Fe** ions.

Diffraction

X-ray powder diffraction data were obtained on a PANalytical
X’Pert Pro diffractometer fitted with an X’Celerator detector
and a Bruker Advance DS diffractometer with a VANTECI1
detector. In both cases, Ni-filtered Cu-Ko radiation (\; =

1.54056 A and \, = 1.54439 A) was used. Data were collected
in flat plate 6/6 geometry and calibrated against external LaBg
and SRM1976 (Al,O3) standards for the X Pert and D8 dif-
fractometers, respectively. Room temperature data suitable for
detailed Rietveld refinement were collected in the 26 range
5°-120°, in steps of 0.0167°, with an effective scan time of
200 s per step. Elevated temperature measurements on the D8
instrument were carried out using an Anton-Paar XRK-900 or
HTK-1200 cameras in steps of 10 °C on heating and 50 °C on
cooling. For Rietveld analysis, elevated temperature measure-
ments were performed on the X Pert Pro diffractometer using
an Anton-Paar HTK 15 camera at 50 °C intervals from 100 to
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800 °C on heating and cooling. Data were collected in the 26
range 5°—120°, in steps of 0.033°, with an effective scan time
of 50 s per step for all but the data at 800 °C, where the room
temperature scan parameters were used.

Neutron powder diffraction data were obtained on the
HRPD diffractometer at the ISIS Facility, Rutherford-
Appleton Laboratory, for the x=0.1 and x = 0.3 compositions.
Data were collected on backscattering (ca. 168°), 90°, and
low-angle (ca. 30°) detectors. For the x=0.1 composition,
measurements were performed with the powdered sample
contained directly in a cylindrical vanadium can (11 mm di-
ameter) located in front of the backscattering detectors, inside
an evacuated furnace with vanadium windows. For the x=0.3
composition, the sample was first sealed in a 10-mm-diameter
silica tube, which was then placed in an 11-mm-diameter va-
nadium can in the furnace. Data were collected at room tem-
perature and at 50 °C intervals from 300 to 750 °C and 200 to
700 °C for the x=0.1 and x=0.3 samples, respectively. At
room temperature and at 650 °C, longer data collections of
200 pA h and 150 pA h, respectively, were made, while at
other temperatures, shorter collections of between 20 and
30 pA h were performed.

Structure refinement was carried out by Rietveld analysis
with the GSAS suite of programs [18], using a combination of
equally weighted X-ray and backscattered neutron data sets
where available and the X-ray data sets alone for other refine-
ments. Initial starting models were based on the structure of
monoclinic Bi;sMo0;¢Ogo reported by Vannier et al. [6] and the
triclinic model of Ling et al. [12]. For the x = 0.3 composition,
BigMo0,0;5 [19] was included as a secondary phase at tem-
peratures from 600 to 750 °C. Independent isotropic displace-
ment parameters were refined for all atoms at room tempera-
ture, while those for like atoms were tied in the refinements of
the high-temperature models. Fe was initially assumed to be
randomly distributed across all Mo sites. However, site occu-
pancy refinement confirmed a preferential distribution and
this was fixed in the final refinements. Crystal and refinement
parameters for the x=0.1 and 0.3 compositions at room tem-
perature and 650 °C are given in the supplementary informa-
tion as Tables S1 and S2, respectively, along with the refined
structural parameters (Tables S3 to S6) and the corresponding
fitted diffraction profiles are given in Figs. S1 and S2.

Results and discussion
Solid solution formation

Substitution of molybdenum by iron in the Bi,sMojy.
2:Fe2:Og93¢ System yielded samples with X-ray diffraction
patterns similar to those of the unsubstituted parent com-
pound, up to x=0.30 (Fig. 1). Above x=0.30, additional
peaks corresponding to Bi;gMo,07g [20] are evident. The data

for all compositions were indexed using the triclinic cell, as
previously suggested for the unsubstituted parent compound
[9] and recently described in detail by Ling et al. [12].

The variation of unit cell parameters with composition is
given in the supplementary information as Table S7. The unit
cell volume is seen to decrease with increasing value of x. This
decrease in volume is somewhat unexpected, since substitu-
tion of the smaller Mo®" ion by the larger Fe** ion (with ionic
radii of 0.41 and 0.49 A, respectively, for four coordinate
geometry [21]) should lead to an increase in cell volume. In
order to explain this apparent anomaly, it is helpful to consider
the solid solution mechanism in the present system, which
may be written as:
1/2Fe;03 _ m 3 3

= Feyo +5 Vo +500 (2)

Moy, + 305

Thus, the substitution of Mo®* by Fe** is accompanied by
creation of oxide ion vacancies, which would be expected to
result in a decrease in volume. Often, iron shows a mixed
oxidation state, and as a result, Fe** can also be present in
complex oxides. It shows a similar solid solution mechanism
and a decrease in volume is also expected:

m

Mo, + 305 =0 Fepr, + 2V + OF (3)

As is seen in Table S11, the decrease in volume (—0.29%
from x =0.00 to x =0.30) is mainly attributed to the decreases
in the a-cell parameter (—0.45% from x=0.00 to x=0.30),
with that for the c-axis showing an increase with an increasing
level of substitution (+0.27% from x =0.00 to x =0.30). The
b-dimension is mainly associated with the axial dimension of
the bismuthate columns and changes only slightly, suggesting
that the volume change is mostly attributable to any change of
the a and ¢ parameters, i.e., in the intercolumnar spacing,
consistent with loss of oxide ions from between the columns
and intercalation of the larger ion. A similar regularity of the
changes of parameters (a decreases, b changes slightly, ¢ in-
creases, V decreases) is observed in [15], where the substitu-
tion of isolated Bi** by bigger ions of Ba®*, Pb®*, and Sr** is
described. This would readily be accomplished by loss of the
“69th” oxide ion, identified by Ling et al. [12] as lying be-
tween molybdate polyhedra and would lower the coordination
number of some of the Mo/Fe atoms from 5 to 4, with a
resultant shrinkage of the lattice. If correct, then the solid so-
lution limit could be predicted to occur when all the Mo/Fe
atoms were tetrahedral, i.e., when there were no further oxide
ions in the 69th position, which is calculated to occur at x =
0.33. This is consistent with the present results, which show
that the solid solution limit lies between x = 0.30 and x = 0.35.

The variation in the cell angles « and ~y shows that at x =
0.30, the cell approaches monoclinic dimensions. However,
Rietveld analysis confirms a small triclinic distortion remains.
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Fig. 1 Detail of diffraction x=0.40

patterns for compositions of

general formula Bi,sMoyg . (27.28)
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Ambient temperature structures

The data for the x=0.10 composition were initially fitted
using the triclinic model proposed by Ling et al. [12].
However, despite resulting in a satisfactory fit to the data, it
was evident that two of the Bi positions, Bi(13) and Bi(14) in
the original model, located on the 1a and 15 positions, respec-
tively, of the P-1 space group, showed unrealistic coordination
environments. In addition, the isotropic thermal parameter for
oxygen, although within acceptable limits, was significantly
larger than those refined for the cations, suggesting some po-
sitional disorder in the oxide ion sublattice. Refinement of the
Bi(13) and Bi(14) atomic coordinates disordered over general
positions resulted in more satisfactory coordination environ-
ments for these atoms. The presence of such disorder suggests
a breaking of the centrosymmetric condition. In order to es-
tablish whether the structure was truly non-centrosymmeric, a
model was constructed and refined in space group Pl. To
facilitate refinement of such a large number of variables, the
maximum atomic shift between cycles was setto 0.02 A, and a
large number of refinement cycles was carried out to ensure
satisfactory convergence. As for the refinement in space group
P-1, soft restraints were applied to the Mo-O distances to
ensure realistic molybdate coordination polyhedra. Since the
non-centrosymmetric analysis involves many more variable
parameters, it is necessary to check the statistical significance
of any improvement in R-factors. The best fit obtained in
space group P-1 had 220 variable parameters for 10,799 data
points and yielded an overall weighted profile R-factor of
0.0325. The refinement in space group P1 utilized 369 param-
eters and gave an improved overall weighted profile R-factor
0f 0.0267. Using the method of Hamilton [22] and extrapola-
tion for the dimensions of the current system, the R-factor ratio

@ Springer

25 30 35 40 45 50 55 60

of 1.217 is much larger than the extrapolated F value of
1.049 at the 99.5 significance level, indicating that the ob-
served improvement in R-factor is statistically significant.

Close inspection of the fit to the high-resolution neutron
data for the x=0.10 composition revealed significant differ-
ences in the observed and calculated patterns (Fig. 2a).
Additional peaks could not be attributed to likely impurities
and were not evident in the patterns at high temperatures.
These additional peaks can be indexed through a doubling
of the a-axis and a LeBail refinement in the resulting supercell
(@=23.5936(5) A, b=5.8058(1) A, c=24.7649(5) A, a=
89.897(1)°, #=102.904(1)°, and v=89.920(1)°) gave a very
good fit (Fig. 2b). The corresponding X-ray data show no
additional peaks and suggests that if indeed a superlattice is
present, then it is likely associated either with ordering in the
oxide ion sublattice or with possible magnetic ordering of Fe
atoms (see below). Although the structure can be modeled in
the supercell, in the case of ordering in the oxide ion
sublattice, the number of variable parameters involved is very
large, making a meaningful refinement difficult and therefore
only the subcell model is presented here.

Independent refinement of the isotropic displacement pa-
rameter for O(69) on the position proposed by Ling et al. [12]
at 0.5, 0.0, and 0.5 led to very high values for this parameter.
Furthermore, when the occupancy of this site was refined, a
negative value was obtained. Attempts to refine oxide ion
occupancy on similar sites in the structure yielded significant
positive scattering density around 0.5, 0.0, and 0.0, which was
then allowed to refine as a general position in the P1 space
group. In the final refinement, the occupancy on this site was
fixed at the stoichiometric value. O(69) was found to be co-
ordinated to Mo(3) at a distance of 2.105 A, resulting in a
distorted trigonal bipyramidal coordination for Mo(3), and
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contacts 0f 2.540 A and 2.857 A to Bi(11) and Mo(8), respec-
tively (Fig. 3a). In this respect, it therefore resembles the mod-
el presented by Ling et al. [12], which showed both 4- and 5-
coordinate Mo polyhedra. Mixtures of Mo coordination envi-
ronments can be observed in other oxide ion-conducting sys-
tems such as a La,Mo,0y [23]. Iron was found to be prefer-
entially located on the Mo(2) site. In the present work, the
molybdate polyhedra show extensive distortion away from
tetrahedral geometry Fig. 3b. These distortions can be quanti-
fied using a bond-length distortion index (DJ). In [24], three
types of DI were suggested:

Y |TO~ < TO >
DI(TO) = =

4
n* < TO > “)
where 70, is the ith M-O bond length in an MO,, polyhedron

and <TO> is the average M-O bond length in this MoO,,
polyhedron;

i=m
Z |OTO— < OTO >
DI(0TO) = =

(5)

m* < OTO >

where O7O0,; is the ith O-M-O angle in MO,, polyhedron and
<OTO> is the average O-M-O angle in this MO,, polyhedron
containing m O-M-O angles and

i1
Y 100~ < 00 >
DI(00) ==

I" < 00> ©)
where OO; is the ith O-O distance in MoO,, polyhedron and
<0O0> is the average O-O distance in this MO,, polyhedron
containing / O-O edges. Values of DI for the studied compo-
sitions are given in Table 1. Since the angles are independent,
the DI(TO) index is universal for all types of symmetrical
polyhedra, and its use for comparison of polyhedral distortion
in BiysMo1¢.2.Fe5,0¢9.3, 1S most reasonable. In all cases, the
DI(TO) values for the x =0.3 composition were greater than
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Fig. 3 a Trigonal bipyramidal
coordination of Mo(3) and typical
tetrahedral coordination of Mo; b
examples of extensive distortion
MoO4 polyhedra from tetrahedral
geometry; ¢ trigonal pyramidal,
four pyramidal, and truncated
octahedral coordination of Bi; d
coordination of isolated Bi(13)
and Bi(14); e structure of
Bi26M09.8Fe0.2068.7 in general

T
N
— ,. \

~ Mo(Fe)2/, | Mo(Fe)10
/ R L ]

the corresponding values for x=0.1.

Bismuth atoms in Bi26M09.8F60‘2068‘7 exhibit distorted co-
ordination environments reflecting the stereochemical activity
of the 6s° lone pair of electrons, with three to five shorter
bonding interactions and several essentially non-bonding con-
tacts. Three basic coordination environments are observed,
trigonal pyramidal, four pyramidal, and truncated octahedral,
representative examples of which are shown in Fig. 3c. The
two intercolumnar bismuth atoms, Bi(13) and Bi(14), show
four pyramidal and trigonal pyramidal coordination geome-
tries, respectively (Fig. 3d) and are located centrally between
four [Bi;,014], columns (Fig. 3e).

As for the x = 0.10 composition, the diffraction data for the
x=0.30 composition were modeled using the non-
centrosymmetric triclinic model in P1. The statistical signifi-
cance of the fit to the non-centrosymmetric model compared
to that in the centrosymmetric space group was confirmed
using the method of Hamilton [22] as for the x=0.10 compo-
sition. The R-factor ratio was 1.155 and extrapolation for the
dimensions of the current system gave an F value of 1.049 at
the 99.5 significance level indicating that the observed im-
provement in R-factor is statistically significant. The location
of'the 69th oxide ion could not be unambiguously determined.
If as discussed above, electroneutrality of the system is

Table 1 Values of distortion

indices for Bi,Mo01.FerOgo.3, Compound BixsMog gFep 20687 Biz6M0g 4Fe0.606.1
Polyhedron DI (T-O) DI (O-T-O) DI (0-0) DI (T-O) DI (O-T-O) DI (0-0)
Mol(Fel)Oy 0.038 0.077 0.062 0.077 0.065 0.061
Mo2(Fe2)Oy4 0.048 0.106 0.088 0.130 0.115 0.099
Mo3(Fe3)Os 0.039 0.170 0.127 0.120 0.070 0.040
Mo4(Fe4)O, 0.032 0.123 0.097 0.174 0.183 0.212
Mo5(Fe5)0, 0.039 0.209 0.148 0.070 0.246 0.161
Mo6(Fe6)O, 0.039 0.099 0.075 0.088 0.118 0.056
Mo7(Fe7)0O4 0.061 0.207 0.121 0.090 0.134 0.073
Mo8(Fe8)O, 0.081 0.092 0.051 0.090 0.051 0.056
Mo9(Fe9)O, 0.061 0.152 0.109 0.103 0.118 0.087
Mo10(Fel0)O, 0.008 0.168 0.121 0.041 0.143 0.107
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maintained through loss of the 69th oxide ion, then at the x =
0.30 composition, the calculated occupancy for this site is
0.10, which, bearing in mind the low symmetry and complex-
ity of the present structure, is likely beyond the limits of de-
tection with the present data.

All the Mo/Fe atoms show distorted tetrahedral geometry.
The values for the tetrahedral distortion parameters indicate
that the tetrahedra are more distorted than at the x =0.10 level
of substitution. At the x=0.30 composition, the bismuth co-
ordination environments are similar to those found at the x =
0.10 composition.

Thermal variation of structure

The thermal variation of unit cell volume for the two studied
compositions is shown in Fig. 4. For the x = 0.10 composition,
there is a step in the thermal expansion of unit cell volume
between 300 and 350 °C, associated with a change from tri-
clinic to monoclinic symmetry, as previously described for the
unsubstituted parent compound [12]. On cooling, the reverse
transition occurs at lower temperature, between 250 and
200 °C. This hysteresis is significantly reduced when mea-
surements are performed using a 10 °C step. Interestingly,
the lattice parameters on cooling were found to be slightly
lower than those observed on heating, which may be indica-
tive of a change in oxygen stoichiometry, with the sample
exhibiting a greater degree of oxidation on cooling. For the
x=10.30 composition, volume change is fully reproducible
between heating and cooling runs. The triclinic to monoclinic
phase transition occurs between 150 and 200 °C. The unit cell
parameters o and 'y increase gradually from 89.97° and 89.93°
(at 150 °C) to 89.98° and 89.99° (at 200 °C) and 89.999° and
89.991° (at 250 °C) and clear change in slope or step is not
observed. As a result, the monoclinic structure was used for
calculations above 250 °C. However, a change in slope is

e}

<L
e /g/'
1700 1 /g/
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Fig. 4 Thermal variation of unit cell volume in Bi,gMo;g-5.Fe>,Og9-3x

forx = 0.1 (squares) and x = 0.3 (triangles) on heating (open symbols) and
cooling (filled symbols)

observed above ca. 600 °C and is accompanied by the appear-
ance of additional peaks in the diffraction patterns, attributable
to Bi;MoOg [25] and Fe,O5 [26] (Fig. 5). These additional
phases disappear at around 800 °C and are absent on cooling.
Interestingly, in the second and third heating—cooling cycles
under identical conditions, phase separation was detected over
a narrower temperature range (710-800 °C). Additionally,
high-temperature X-ray diffraction data for the x =0.20 com-
position also showed the appearance of low concentrations of
Bi,M0QOg¢ and Fe,O3 phases. Only a slight deviation of unit
cell parameters was observed (Supplementary Information
Fig. S3), with a maximum deviation in second and further
heating—cooling cycles of 0.05-0.3% for the 3 parameter.
As a result, the plot of volume contraction on cooling for this
composition suggests that the phase separation seen on initial
heating leaves the overall stoichiometry of the principal phase
relatively unaffected.

For the x=0.10 and x=0.30 compositions at 650 °C, the
69th oxide ion (0O(19)) is found to be coordinated to Mo(2),
yielding a distorted trigonal bipyramidal coordination, analo-
gous to the situation at room temperature (Fig. 6a). The dis-
tortion indices for the tetrahedral Mo(Fe)O,, polyhedra
(Table 2) indicate that they are less distorted than those at
room temperature. The high DI for Mo2(Fe2)Os shows the
strong asymmetry of the trigonal bipyramid. Iron was found to
be preferentially located on the Mo(2) site. Bismuth atoms in
the x =0.10 and x = 0.30 compositions exhibit distorted coor-
dination environments reflecting the stereochemical activity
of the 65 lone pair of electrons. Trigonal and four pyramidal
coordination environments are observed, representative exam-
ples of which are shown in Fig. 6b. Bi(7) located centrally
between four [Bi;,04], columns shows a trigonal pyramidal
coordination (Fig. 6b) and forms two ((M0O4)—Bi(M0O4)-),,
chains along the b-axis (Fig. 6¢,d). Just as at room tempera-
ture, only one ((MoQO4)—Bi(M0Os)—), chain is observed.
Forming such chains can affect the MoO,, polyhedral motion,
which provide ionic transport (Holmes model of conductivity
[13]) and influence the conductive properties.

Morphology and composition

Representative electron micrographs of powdered and ceram-
ic samples are shown in Fig. 7. SEM micrographs of pow-
dered samples show a homogenous distribution of large and
small grains (Fig. 7a), with grain sizes in the range ~0.1-5 pm
for all samples. After sintering of pellets, grain sizes increase
to the range ~1-50 um and dense ceramic samples were
formed (Fig. 7b). The majority of pores are isolated and have
a spherical form.

Iron concentration in Bi,sMo;o.5,.Fe,Og9.3, shows good
agreement with the theoretical values (Supplementary
Information Table S8). The mean deviation of the experimental
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Table 2 Values of distortion - ]

indexes for Bi,4Mo;¢.2.Fe2,O60. Compound BiyMog sFeo 20657 BizsMog 4Feq 606s.1

3¢ at 650 °C Sp. gr. P2/c Sp. gr. P2/c
Polyhedron DI DI DI DI DI DI

(T-0) (O-T-0) (0-0) (T-0) (O-T-0) (0-0)

Mol(Fel)O4 0.022 0.066 0.039 0.044 0.076 0.056
Mo2(Fe2)Os 0.076 0.218 0.165 0.083 0.212 0.174
Mo3(Fe3)04 0.045 0.050 0.050 0.010 0.029 0.019

from the theoretical concentration is ~ 3—4%, which is less than
method error (5%).

Magnetic measurements

In the present work, the magnetization curves of Bi,sMoy.
2:Fe5,0g9.3, (x=0.1, 0.3) and magnetic susceptibility vs tem-
perature curves were obtained (Fig. 8). For the x=0.10 com-
position, typical paramagnetic properties were observed in the
range 4-300 K. It is well known that iron exhibits several
possible oxidation states, the most common of which are
Fe?* and Fe®*. Additionally, iron exhibits several types of
coordination environments and various spin states, i.e., low
spin (LS), high spin (HS), and intermediate spin (IS). For
Fe®*, two different spin states are possible, i.e., the high-spin
state t2g3eg2 (oct.) or eg3t2g2 (tetr.) (S=5/2) and the low-spin
tzgsego (oct.) (S=1/2). Fe ** can have three different spin
states, i.e., the high-spin state t2g4eg2 (oct.) or e:g3t2g3 (tetr.)
(S=2), the low-spin state t2g6eg0 (oct.) (S=0), and the inter-
mediate spin state tzgsegl. (oct.) (S=1) [27, 28]. Spin state
transitions can be induced by varying the temperature, pres-
sure, magnetic fields, chemical substitution, and gas adsorp-
tion [28] and are found in a wide range of materials.
Theoretical magnetic moments ¢ for selected spin states
are given in the supplementary information as Table S9.
Magnetic susceptibility as a function of temperature for the x =
0.10 composition was fitted with the Curie—Weiss law X .01 = X0 +
C/(T— O); the obtained C parameter was 0.028 cm® K mol . The
linear M(H) plot at 300 K (inset in Fig. 8) confirms paramagnetic
behavior for BiysMog gFey,0gs7. Deviation from linearity for
M(H) at 3 K is the result of saturation effects and is typical for

Fig. 7 SEM images of
BixsMog gFep 4Ogs.4: @ powder,
secondary electron imaging, scale
1:8000; b ceramic pellet cross-
section, backscattering electron
imaging, scale 1:2500

OkV % X8,000

paramagnetic materials at low temperatures. The 1 . was calcu-
lated from the Curie constant and was 2.23 1>

Several simple models of different iron ion mixtures were
assumed: (1) Fe**(LS)+Fe**(HS); (2) Fe**(LS)+Fe**(LS): (3)
Fe?* (LS)+Fe**(HS). The molar concentration of each ion
type was calculated from Eq. (2) (orbital magnetic moment
for Fe?*(HS) was not taken into account) and the results are
shown in Table 3. It should be noted that such a low value of
the magnetic moment can be considered as a unique example
of Fe** (LS) stabilization in inorganic compounds induced by
chemical substitution rather than temperature and pressure.

For BiysMog 4Fe( ¢Ogs.1, typical paramagnetic properties
were observed in the range 2-250 K and even lower values
of ,uchf were obtained (C=0.033 cm® K mol ™ !; p,chf=
0.88 ,uBZ) (Fig. 9). This suggests that, despite the fact that the
Xmol (I) dependencies are well described with the Curie—
Weiss law, the model of non-interacting localized moments
does not adequately describe the magnetic properties of
BiMo;g.0Fe2:069.3,. We can assume that in the systems
under consideration, in addition to separate paramagnetic cen-
ters, there are exchange-coupled clusters with zero magnetic
moment [27]. An alternative assumption could be the possi-
bility of crossover from localized to itinerant electronic behav-
ior associated with bond-length fluctuations [28] or the pres-
ence of Fe** with a low-spin spin state. This problem requires
further study.

For the x = 0.30 composition, besides an anomalously low
magnetic moment, a reversible magnetic transition was detect-
ed at ~ 250 K. It manifests itself in the growth of the magnetic
susceptibility (inset in Fig. 9), as well as in the appearance of
the hysteresis loops. The observed magnetic effect may be due

& i
_ BAY
7‘2;1 4 X 11 30 SEI
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Fig. 8 Magnetic susceptibility for the x = 0.10 composition, as a function
of temperature, fitted with the Curie—Weiss law. Magnetization curves for
the x = 0.10 composition are shown at inset

to thermally induced ferromagnetism in band systems with a
paramagnetic ground state [29] or it could be associated with a
phase transition. In any case, judging by the magnetic satura-
tion values, one can assume weak ferromagnetism or canting
is present. This may well be associated with additional peaks
in the high-resolution neutron data (absent in the X-ray data),
which can be indexed through a doubling of the @ and b
parameters to give a 2ax2bxc supercell (Supplementary
Information Fig. S4). This superlattice might be associated
with either or both ordering in the oxide ion sublattice and
weak ferromagnetism.

Electrical conductivity

Fitting of A.C. impedance spectra was used to study the elec-
trical behavior of compositions in the present system. Typical
impedance spectra and model equivalent circuits are shown in
Fig. 10. Two basic types of impedance curves were seen at
low and high temperatures. In high-temperature spectra (> ca.
550 °C), a single broadened semicircle was observed with a
non-zero high-frequency intercept on the real axis. This semi-
circle corresponds to the electrode electrolyte interface, with
the high-frequency interface RO corresponding to the total
resistance of the electrolyte. Two R-CPE elements were used
to model the semicircle, with typical capacitance values of ca.

0.012
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y 4 50%: 240K
I n'/' . émo;(
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Fig. 9 Magnetic susceptibility as functions of temperature fitted with
Curie-Weiss law for x=0.30 composition; magnetization curves for x =
0.30 composition are shown at inset

10*-10"°®F, characteristic of electrochemical processes at the
electrode-electrolyte interface [30]. For spectra obtained at
lower temperatures, a semicircle corresponding to the com-
bined bulk and grain boundary resistances is observed and
was fitted using a single R-CPE element, with the low-
frequency end of the semicircle R1 corresponding to the total
resistance of the electrolyte. Capacitance values for this high-
frequency semicircle were in the range ca. 10°''=107'° F, typ-
ical of grain boundary resistances in oxide systems [30]. For
these low-temperature spectra, the electrode electrolyte inter-
face response was modeled using a single R-CPE element and
a Warburg component. The separation of total resistance into
bulk and grain boundary components was not possible.

Arrhenius plots of total conductivity are presented in
Fig. 11. For the x=10.0 and 0.1 compositions, the plots con-
sists of two linear regions at high and low temperatures, for the
x=0.2 and 0.3 compositions only one linear region is ob-
served. The change of slope at ~300 °C for the x=0.1 com-
position corresponds reasonably well with the diffraction re-
sults, which show the triclinic to monoclinic phase transition.
For the x = 0.2 and x = 0.3 compositions, phase transition tem-
perature is less than temperature range of electrical conductiv-
ity measurements and slight deviations from linearity are
caused only by kinetic restraints at low temperatures described
in [31].

Table 3 Molar concentration of

different types of iron ions Model

BixsMog gFep 20¢5.7

BiysMog 4Feg.6065.1

calculated in two-component

models Fe™ (LS)+Fe* (HS)
Fe™ (LS)+Fe™ (LS)

Fe*? (LS)+Fe™ (HS)

91%Fe*? (LS)+9%Fe*? (HS)
26%Fe*? (LS)+74%Fe* (LS)
949%Fe*? (LS)+6%Fe*> (HS)

96%Fe*? (LS)+4%Fe*? (HS)
70%Fe*? (LS)+30Fe* (LS)
97%Fe*? (LS)+3%Fe* (HS)

@ Springer



lonics (2018) 24:3983-3994

3993

7" kOhm

0 20 40 Z'. kOhm
R1 R2
«LI:I_T[_EFVVS
b > 1
CPE1 CPE2

Fig. 10 Typical impedance spectra of iron-substituted bismuth molybdate
(symbols) and model circuits and model spectra (line). a At high-
temperature range. b Low-temperature range

The difference between triclinic and monoclinic structures
affects the electrical conductive properties. The Holmes model
[13] of conductivity in BisMo0;0Og9 assumes three types of
oxygen ion transfer: (1) oxygen ion motion using rotation of
the Mo-O polyhedra (from room temperature to ca. 200 °C);
(2) motion involving occupied and empty oxygen interstitial
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'g & Bi, Mo, Fe O
Py 26 9.8 02 7687
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Fig. 11 Arrhenius plots of total conductivity of BiysMo10-2,Fe>,Og9-3
and concentration dependences of 1g(o) at 450 and 750 °C (inset)

sites + the MoQ, tetrahedra rotational motion (~200 °C—
phase transition temperature); (3) rotational motion of the
Mo-O polyhedra + motion involving oxygen interstitial sites
+ motion involving oxygen atoms from the Bi-O columns
(above the phase transition temperature) [13]. In general, this
model does not describe the location of any interstitial oxygen
sites. Observed (MoO,4)—(MoOs) moieties formed with Fe
doping or [(M0oO4)—Bi(M0QO,)], chains along the y-axis
formed with temperature can affect the mentioned types of
motion. Thus, the observed structure changes correlate with
variations of electrical conductivity of the triclinic modifica-
tion and the monoclinic phase and increase of conductivity
with dopant concentration.

Conclusions

The Bi,sMo1¢.2.Fe2,0¢0.3, solid solution was investigated.
The solid solution limit was found to be around x = 0.30, with
compositions crystallizing in triclinic symmetry. The unit cell
volume was shown to decrease with increasing value of x
associated with the loss of oxide ions from between the col-
umns. SEM investigations of Biy¢Mo1g.Fe5,Og9.3, show a
homogenous distribution of large and small grains; after
sintering of pellets dense, ceramic samples were formed.
Iron concentration in the BisgMo07¢.5,F€,,0¢9.3, determined
by chemical analysis showed good agreement with the theo-
retical values.

The structure of BisgMo1g.5,Fe5,Ogo.3, is triclinic at room
temperature and approaches monoclinic symmetry with in-
creasing x-value. At x=0.10, additional superlattice peaks
are evident in the neutron diffraction data that can be indexed
through a doubling of the a-axis. This superlattice may be
associated with ordering in the oxide ion sublattice and or
weak magnetic ordering.

The structure of the triclinic phase was modeled in the non-
centrosymmetric space group P1. The 69th oxygen position in
the x=0.10 and x =0.30 compositions was found to be in a
different position than to that proposed by Ling et al. [12] for
the parent compound but similarly resulted in a distorted tri-
gonal bipyramidal coordination for Mo [12]. Iron was found
to be preferentially located on the Mo sites. The molybdate
polyhedra show increasing distortion away from tetrahedral
geometry, with increase of x.

A change from triclinic to monoclinic symmetry occurs be-
tween 300 and 350 °C for the x =0.10 composition, while for
the x = 0.30 composition, this transition occurs below ~ 250 °C.
Above ca. 600 °C, phase separation occurs with the appearance
of Bi;MoOg and Fe,Oj3 in the diffraction patterns. This phase
separation is seen only on initial heating, leaving the overall
stoichiometry of the principal phase relatively unaffected. In
the monoclinic phase at 650 °C, the 69th oxide ion again allows
for a distorted trigonal bipyramidal coordination for
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molybdenum. The Mo(Fe)O,, polyhedra are less distorted than
those at room temperature. At 650 °C, a bismuth atom (Bi(7)) is
located centrally between four [Bij»O14],, columns and forms
chains between the molybdate polyhedral which can affect
MoO,, polyhedral motion, believed to be responsible for the
ionic transport in this system. The triclinic to monoclinic phase
transition is reflected in Arrhenius plots of conductivity with
change in activation energy. The variation of electroconductive
properties in BirgMo;.2,.Fe,,0g9.3, ascribed to structural
changes such as formation of (MoO4)—(MoOQOs) moieties or
[(Mo004)—Bi(M00,)], chains.

BiygMo1g.5.Fes,Ogo.3, exhibits low magnetic susceptibili-
ty, with a reversible magnetic transition at ~250 K for the x =
0.30 composition. The observed magnetic effect may be due
to thermally induced ferromagnetism or a possible phase
transition.
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