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The defect structure of the oxide ion conducting solid electrolyte, Mg substituted BisV,044_s
(BIMGVOX), was examined by high-resolution powder neutron diffraction. A detailed
explanation of interpretation of the defect structure is presented. The general formula for
the BIMGVOX solid solutions Bi,V1_xMgxOs5_3x/2 assumes complete oxidation of
vanadium to VV- Analysis of the neutron diffraction data reveals the defect structure and
indicates that there is, in fact, partial reduction of vanadium to V'V. The extent of reduction
is dependent on thermal history, with high temperature quenched samples showing a
greater degree of reduction than exponentially slow cooled samples. This is correlated with
differences in electrical behaviour at low and high temperatures. Differences in ionic
conductivity and activation energies between samples with different thermal histories are
explained in terms of the balance between charge carrier concentration and the extent of
defect trapping effects. © 2001 Kluwer Academic Publishers

1. Introduction ranges [3]. The fully disordered tetragonaphase is
The BIMEVOXes are a group of fast oxide ion conduct- stabilised to room temperature on substitution of vana-
ing solid electrolytes based on aliovalent substitutiondium by aliovalent metal atoms and it is this phase that
in the parent compound B¥,0;1_s [1-3]. Their in-  exhibits the high ionic conductivities that are charac-
terest lies in excellent ionic conductivities, particularly teristic of these materials.
at low and intermediate temperatures, which can be in An idealised model for the structure ¢f-BisV2
the range of 103 S cnt! at 300°C and 101 Scnt!  Oy1_sisshowninFig. 1. Bismuthis in square pyramidal
at 600°C [4]. The divalent substituted materials have coordination with oxygen, while the Bisb lone pairs
been studied extensively [4], and have a general solidre stereochemically active and point towards the vana-
solution formula BjV1_xM" ,Os5_3x /2—s (Where M date layers above and below. In the idealised case V can
is a divalent metal). Apart from having their own ap- be thought of as octahedrally coordinated to oxygen.
plications in low-temperature electrochemical gas sepHowever, high concentrations of oxide ion vacancies
aration membranes [5], the BIMEVOXes also serve asn the vanadate layer and simple stoichiometric con-
model compounds for understanding processes considerations preclude exclusive occurrence of vanadium
mon to all oxide ion conducting solid electrolytes. octahedra. Neutron diffraction studies on the Co and Ni
The structure of the parent compound,8;O;1_s substituted systems have confirmed that vacancies are
is made up of alternating layers of [,]">* and mainly concentrated in the ‘equatorial’ oxide positions
[V03_5_5Do,5+5]22* (whereo represents an oxide ion [6-8]. In addition these studies have shown extensive
vacancy). Polymorphism arises due to ordering of vadistortion of the vanadium polyhedra. Careful analysis
cancies in the vanadate layer with three principal poly-of the diffraction results has allowed us to propose a
morphs &, B andy) stable over various temperature model for the defect structure of divalent substituted
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X-ray powder diffraction analysis from the fully dis-
ordered phase. However, using high-resolution powder
neutron diffraction a weak incommensurate superstruc-
ture was detected in the case of the cobalt substituted
system[10, 14]. This modulated incommensurate phase
has been termeg'. They’-modulation occurs in sam-
ples that are slow cooled after high temperature syn-
thesis or subject to prolonged heating at intermediate
temperatures, for example during the course of tem-
perature dependent conductivity measurements [15].
This ordering phenomenon must be related to order-
ing of the vanadium polyhedra in the vanadate layer.
Vanadium oxides with vanadium nominally in the-5
oxidation state generally show a degree of inherent
reduction to W. This general observation combined
with the fact that the appearance of théphase is
connected to time dependent thermal history, suggests
O~ ok b that vanadium reduction and the consequent change
in vacancy concentration also have significant roles
in the formation of the modulated’-phase. We have
Figure 1 Idealised structure for BW,0115 showing Bi (filled circles),  previously shown that vanadium reduction results in
V(shaQed circles) O (open circles) atoms. Oxygen vacancies are omitteg{;eg k paramagnetic behaviour in the parent compound
for clarity. Bi4V201175 [9]
The Mg doped system, BIMGVOX, shows an exte-

BIMEVOXes with two principal coordination environ- nSIve range Qf solid solutlor_ms [13].' The use of a non-
reducible main group substituent ion, such as magne-

ments viz: distorted tetrahedral and distorted OCtaheéium allows for a study of the defect structure as a
dral (Fig. 2). At thex =0.10 composition the ratio of funct}on of vanadium reguction independent of possi-
tetrahedra to octahedra is approximately 2 : 1 [7, 8] ’ P P

51y solid state NMR studies on the parent compound,ble reduction of the substituent ion. Here we present

Bi4V2011_s, confirms the occurrence of these two prin__electgcal and s:ructural resdultrs],_, hobtalnles by ac

cipal coordination environments for vanadium [9]. |dmpe ance Z%GC roscopy anc Ilg f-resou':/cl)n pow-
Electrical studies ory-phase BIMEVOXes using oc' neutron diffraction respectively, for 81osMdo,

ac impedance spectroscopy have generally shown two>3%-%

linear ranges in their Arrhenius plots of conductivity,

one at low temperatures and one at high temperatures

[10-13]. The high temperature region, above ca2. Experimental

500 °C, is characterised by low activation energies,2.1. Preparations

ca 0.5 eV, and high conductivities, in the order of Samples of BiVgMgo 105355 were prepared by con-

10! S cntt at 600°C. The low temperature region ventional solid state synthesis using procedures de-

has higher activation energies, ca 0.7 eV, and conducscribed previously for other members of the BIMEVOX

tivities in the order of 10° S cnT!. While the high  family [16]. A starting mixture of BjO; (POCh,

temperature region is associated with the fully disor-99.9%), MgO (POCh, 99.5%) and,®s (ABCR,

deredy-phase, the change in activation energy on ther99.5%) was used. The ground mixture was heated

mal cycling has been interpreted as occurring througtinitially at 620°C for 12 h cooled, reground and pel-

an ordering of vacancies in the vanadate layer. Thidetised. Pellets were then sintered at 8&Dfor 5 h.

partially orderedy-phase is indistinguishable through Samples were then either quenched in air to room

0 0(4)

0(3) 0(3)

(b) (c)

Figure 2 Vanadium coordination polyhedra y+BIMEVOX: (a) average crystallographic vanadium environment (b) derived distorted octahedron
and (c) derived distorted tetrahedron.
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temperature, to preserve the high temperature strug-ABLE | Crystal and refinement parameters forz\8soMgo.
ture, or slow cooled exponentially, to allow structural 9535

relaxation. Quenched Slow cooled
Formula BpV09M@g010s274  Biz2Vo9Mgo10s310
2.2. Electrical m rement M °50.62 >51.20
e .ec ca eéasurements . . Crystal system Tetragonal Tetragonal
Electrical parameters were determined by ac impespace group 14/mmm 14/mmm

dance spectroscopy over the temperature range 15 dimensions)

to 730°C using a Solartron 1255/1286 system in the

a=3.93535(5),
c= 15.4489(2A

a=3.93278(5)
c=15.4417(2)A

frequency range 1 Hz to $10° Hz. Samples for Yol (4% 239-257(10) 2238-833(9)
impedance measurements were prepared as rectangu g emrd) 7646 7667

blocks (ca 6x 3 x 3 mn¥) cut from slow cooled sin-

Appearance

tered pellets using a diamond saw. Platinum electrode®mperature

Dark brown powder

298 K
30-130 ms

Orange brown powder
298 K
30-130 ms

were sputtered by cathodic discharge. Impedance me&ata range collected
surements were carried out over two cycles of heating‘i’lata range refined

. . o. of data points
and cooling. In order to observe the effect of quenchingy; o+ variables
just prior to measurement, some pellets were heated t®.tactors
700°C overnight and quenched in air to room temper-

ature.

34-118 ms
4148

24

Ry =0.0711,
Rup = 0.0791,
x2= 14.79

34-118 ms
6221
24
Ry, =0.0679,
Rup = 0.0643,
¥x2= 6.08

2.3. Neutron Diffraction ok | oo Tt
High-resolution powder neutron diffraction data were (a)
collected on the HRPD diffractometer at the ISIS facil-
ity, Rutherford Appleton Laboratory. Data were col-
lected at room temperature in back-scattering mode. !
over the time of flight range 30-130 ms. The sample
was located in a vanadium canm infront of the back-
scattering detectors. Data were collected on quenche
and slow cooled samples. or e
Structure refinement was carried out by the Rietveld R M

method using the GSAS suite of programs [17]. A struc-
ture based on that of BICOVOX [7] was used as an ini-
tial model. Isotropic thermal parameters were refined
for all atoms with those of O(2) and O(4) tied together ‘ | | ‘ . | . . |
due to the close proximity of these sites to one another. (b) i
0O(2) and O(4) cannot be simultaneously occupied and
their occupancies are also related to the occupancy of
the ‘equatorial’ site O(3). A linear constraint was there- _
fore applied to the occupancy parameters of O(2), O(4) 7 )
and O(3) (see below). Refinement and crystal parame- ol
ters are summarised in Table I.
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3. Results and discussion
The diffraction patterns of the quenched and slow
cooled materials look very similar and in both cases
all peaks can be indexed in the tetragonal space group
I4/mmm (no. 139 [18]). Table Il summarises the final Figure 3 Fitted diffraction profiles for BiVooMgo10s.35-5 (a) quen-
refined structural parameters of the quenched and slof¢ from 850 C and (b) slow cooled from 85(C, showing observed

. . . . points), calculated (line) and difference (lower) profiles. Markers indi-
cooled samples, with the corresponding fitted diffrac-;,e refiection positions.
tion profiles shown in Fig. 3. The basic structural fea-
tures are common to other BIMEVOXes and have al-
ready been described in the introduction. Of particulapositions while O(3) is the nominal ‘equatorial’ site
interest in this study is the disorder in the vanadatdFig. 2).
layer. Vanadium and magnesium atoms share the metal Both O(2) and O(4) sites are non-bridging. O(2)
atom site, M, in the vanadate layer. Due to the relativelyis a four-fold site in the ideal apical position for
poor scattering of neutrons by vanadium it is impossi-a vanadium/magnesium (M) octahedron. O(4) is a
ble to say if there is any significant displacement ofsixteen-fold site and is associated exclusively with dis-
scattering density away from the idealised 2b site usetbrted tetrahedral coordination for M. Independent re-
in the model. Three oxygen sites were modelled in thdinement of O(2) and O(4) fractional occupancies al-
vanadate layer; O(2) and O(4) are the nominal ‘apicalways resulted in a total ‘apical’ oxygen per M atom

d-spacing (A)
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TABLE Il Final refined atomic parameters for,Blip 9oMgo.105.35— 5

Atom Site X y z Occupancy o (A2)

(a) Quenched
Bi 4e 0.0¢) 0.0(-) 0.16917(7) 1.0¢) 0.0385(5)
VIMg 2b 0.5() 0.5(-) 0.0(-) 0.9/0.1¢) 0.025¢)
o(1) 4d 0.0¢) 0.5(-) 0.25() 1.0(-) 0.0342(6)
0(2) 4e 0.5¢) 0.5(-) 0.1097(8) 0.279(10) 0.057(2)
0O(3) 89 0.5¢) 0.0(-) 0.0295(3) 0.319(8) 0.087(2)
O(4) 16n 0.5¢) 0.3160(24) 0.0920(4) 0.180(3) 0.057(2)

(b) Slow cooled
Bi 4e 0.0¢) 0.0(-) 0.16942(5) 1.0¢) 0.0359(4)
VIMg 2b 0.5() 0.5(-) 0.0(=) 0.9/0.1¢) 0.025¢)
O(1) 4d 0.0¢) 0.5(-) 0.25(-) 1.0(-) 0.0343(4)
0(2) de 0.5¢) 0.5(-) 0.1049(5) 0.315(6) 0.065(1)
0(3) 89 0.5¢) 0.0(-) 0.0316(2) 0.328(4) 0.075(1)
O(4) 16n 0.5¢) 0.2290(17) 0.0897(3) 0.171(1) 0.065(1)

ratio o 2 : 1 orgreater. This suggests that there are ndetrahedralX;e, and octahedra,;, can be calculated
nominal ‘apical’ vacancies in the system and that eaclas follows:
M atom is coordinated to either two O(2) or two O(4)

atoms. On a particular oxygen sitg the fractional oc- Xoct = Fo@)/2 = Fo(gocty/2 (5)
cupancy per M atom can be definedrgm). An O(2) :
O(4) ratio higher tha 2 : 1 is plysically impossible, Xiet = Fow)/2 = Foey (6)

since both sites cannot be simultaneously occupied due

to their close proximity; consequently the following re-  ASsuming that Biis only present in the trivalent state
lationship holds: (which is evident by the coordination adopted), the

overall charge on the [3oMgo10335_5]n layer must
(1) be 2h— to preserve electroneutrality. Taking this into
account, and subtracting the contribution to the layer

o ) ) charge from Mg* (0.2), the effective charge on vana-
O(3) is situated slightly above and below the idealgiym, 7.4, may be calculated as follows:

‘equatorial’ plane and is a bridging atom common to

Fo@) + Fou) =2

both octahedral and tetrahedral M-atom coordinations.
Therefore the total occupancy of O(3) per M atom, Zegt = 2For + Fo(g); Fow) ~ 2.2 (7)
Fo(a), is the sum of an octahedral contributidfszoct) ’
and a tetrahedral contributidfoatet), i.€.: The value ofs in the formula, BjVooMgo 105355,
may readily be calculated as follows:
Fo@) = Fo@oct)+ Fo(ater (2)
§ = 3.35— (Fop) + Fo) + Fow) (8)

The individual contributionsEozoct) @and Foatety may

be calculated from a consideration of the ratios of non- Table I1l summarises thEom) values and extracted
bridging to bridging atoms in the respective M-atom parameters for the quenched and slow cooled samples.
polyhedra. Each octahedrally coordinated M-atom idtis clear that the effect of slow cooling is to increase the
bonded to two non-bridging O(2) and four bridging value of Fo(z) and Fogocr at the expense dfo) and
O(3) atoms, giving rati®s M : O(2) = 1 : 2 and  Fqger, i.€. to decrease the tetrahedral:octahedral site

M: O(3oc) = 1: 2 (each bridging atom contributes ratio. The difference iZe for V is also very significant,
0.5 per M atom). Therefore as the ratio O(2) : Q{8

isl:1,
TABLE Il M: O ratios and extracted paramef&isr BioVogMgo.1
o}
Foocy) = Fo(2). (3) 5%
Quenched Slow cooled
Similarly for tetrahedral coordination, each M-atom is c 0.558 0.630
bonded to two O(4) non-bridging atoms and two brldg-Fgg)m) 0.88 0.630
ing O(3) atoms, i.e, ratoM: O(4) = 1:2and M gy 0.720 0.684
O(3tet)= 1:1. Therefore, O(4) : O(3tet: 2:1and, Fog 1.276 1.312
Fo) 1.440 1.368
X 0.279 0.315
Fogey = Fog)/2 @ 0.720 0.684
Zet 4.831 4911
The relationships given in Equations 1 and 2 enabled 0.076 0.040

a linear constraint to be refined in the model, tymgaFo(m) is the fractional occupancy per M atom for oxygen Bi{eXoctand

the fraCtio_naI occupanci(_es of O(?), 0(4) ar_]d 0(3) to AXx are the fractions of octahedral and tetrahedral M atom coordinations
single variable. The relative fractions of M sites that arerespectively an@ef is the effective valency of vanadium.
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w00 700 600 00 400+ oo 200 state. It is this fact that makes the BIMEVOXes almost
ST . . - unique in their conduction properties at low tempera-

. e 1% neatng tures. Interestingly, substitution of V by subvalent ions

4 1% cooling as in the BIMEVOX solid solutions, generally results
—e— 2" heating in lower conductivities, in the high temperature region,
T2 coolne than the parent compound #&,017_s [9]. Low tem-
perature conductivities are only increased with respect
to the parent compound through stabilisation of the
fully disorderedy -phase to room temperature. Gener-
ally most substituent metals studied prefer octahedral
or tetrahedral coordination in an oxide environment and
do not have the flexibility of coordination exhibited by

log(cT) [SKf/cm]

-3 T T T T

e e [11.'7}(] 20 22 24 VvV, Thi§ imp!ies that solid solution fprmation gengrally
results in an increased defect trapping effect. This argu-
00 700 600 500 400 || Choo 200 ment can be extended td%/ which being a larger alio-
i L ' ' ' valent metal, compared to'y exhibits a preference for
2_' & 1" heating octahedral coordination in an oxide environment. Thus,
—+— 1" cooling an increase in V reduction results in an increase in de-

—o— 2™ heating

fect trapping, yielding lower overall conductivities and
higher activation energies, as observed in the present
study for quenched samples. This effect is enhanced by
crystallographic ordering, which in decreasing entropy
raises enthalpy and hence activation energy and there is
some evidence for weak superlattice ordering peaks in
the neutron diffraction profile of the quenched sample
, , , , : (Fig. 3a). Quenching of BIMEVOX samples does not
M e always result in decreased conductivity. Indeed, for the
same substituent concentration in the analogous zinc-
Figure 4 Arrhenius plots of total conductivity for BV 0. sMgo 105,355 substituted system, BIZNVOX, higher conductivities
(@) quenched from 700C and (b) slow cooled from 85CC. and lower activation energies are observed in quenched
samples in comparison to slow cooled samples [12].
] _ ) _Inthis case neutron diffraction results suggest a much
with the proportion of W approximately doubled in ower extent of V reduction than is observed in the
the quenched sample. This is correlated to the differpresent study [19] and hence the increased carrier con-

ence in unit cell volumes, with that of the quenchedcentration dominates the overall conductivity.
sample larger than that of the slow cooled, which re-

flects the larger ionic radius of'V.

Fig. 4 shows the Arrhenius plots of conductivi- 4. Conclusions
ty for quenched and slow cooled samples 0f\&is A combined approach using high-resolution neutron
Mgo.10s35-5. While the slow cooled sample shows diffraction and ac impedance spectroscopy has allowed
fully reproducible behaviour on thermal cycling, the for a detailed interpretation of ionic conductivity in the
quenched sample shows a lower conductivity andBIMGVOX system. Analysis of the defect structure of
higher activation energy, in the low temperature regionquenched and slow cooled samples reveal a significant
on first heating. In subsequent heating and cooling cydifference in the extent of V reduction. This difference
cles the electrical behaviour is as for slow cooled Ssamis evident in the values d&fcalculated from the refined
ples. The observed difference can now be interpretedtructures of 0.074 and 0.040 for the quenched and slow
in the light of the differences in defect structures out-cooled samples respectively. This difference can be cor-
lined above. Two principal factors influence ionic con- related with differences in electrical behaviour between
ductivity in these systems, viz: (i) the concentration ofsamples. The arguments described here should be gen-
‘equatorial’ oxide ion vacancies which are effectively erally applicable to all BIMEVOXes. In particular tai-
the charge carriers and (ii) the extent of defect trappingloring the balance between altering charge carrier con-
These two factors have opposite effects on conductiveentration and the extent of defect trapping effects is
ity and it is the balance of the two that governs thekey to the design of BIMEVOX systems with optimum
magnitude of effective conductivity. electrical properties.

Increasing charge carrier concentration generally has
a positive effect on conductivity. Our neutron diffrac-
tion results confirm a higher charge carrier (vacancy)Acknowledgements
concentration in quenched samples. The conductiokVe wishtothankthe EPSRC for accessto the ISIS facil-
mechanism in these systems must involve hoppingty, Rutherford Appleton Laboratory and for funding a
of vacancies between M-tetrahedra and M-octahedraroject studentship to AJB. We also gratefully acknowl-
within the vanadate layer. ¥is well known for its  edge the Polish State Committee for Scientific Research
variable coordination in oxides, with four, five and six for studentship to MM and the Royal Society of Chem-
coordination geometries commonly found in the solidistry for a Journals Grant for International Authors.

= 2" cooling
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