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A single crystal of a barium vanadium oxide BaV,0; in a mixed
valence state of V(V) and V(IV) has been grown hydrothermally
from VO(OH), and BaCl,. The black crystal with a rod-like shape
exhibits the monoclinic system P2, with @ = 7.4347(11) A, b =
5.551¢7) &, ¢ = 8.2012(N) A, B = 107.1798)°, and Z = 2. The
structural analysis led to R = 0.058 and R, = 0.021 for 1579 unique
reflections. BaV,;0,; was revealed to adopt a layered structure made
up of V,0; layers stacking along the c-axis with interstitial Ba?*
ions. The V-0 framework of the V;04 layer consists of VO, tetrahe-
dra and VO, octahedra connected by sharing vertices. The valence
states of the V sites are differentiated as V(V) in the tetrahedral
sites and as V(IV) in the octabedral sites. o 995 Academic Press, Inc.

INTRODUCTION

The structures of the Ba— V-0 compounds of V(V) gen-
erally consist of V(V)O, tetrahedra which form vertex-
shared units in BaV,0, (1), Ba,V,0,; (2), Ba,V,0,; (3),
and Ba(VO,), - H,O (4) or isolated VO3* ions in Ba,V,0,
(5). Only a few Ba-V -0 compounds of V(IV}are known,
for example, BaVO; and Ba,VO,. BaVO,, actually re-
garded as nonstoichiometric BaVO;_,, exhibits complex
polytypism based on the structure of Ba,V.,0,4. Ba,VO,
has an isolated VO}* tetrahedral unit that is unusual for
V(IV)~0 coordination (6). As for mixed valence com-
pounds of V{V) and V(1V), the structures of Ba;V,0,, (7)
and BaV,04VO),, - nH,0 (8) have been determined very
recently. The structure of BagV,0,, is related to that of
BaVO, and is claimed to contain three valence states:
V{1, V(IV), and V(V) (7). BaV;04(VO), , - nH,0 consist
of a V-0 framework with a structural type intermediate
between layered and tunnel types; the V,0, framework
is stmilar to that of the 3-vanadium bronze where V** and
V' jons are distributed over the octahedral and trigonal
bipyramidal sites (8). Bouloux er af. studied the
BaO-V,(0,-V,0; system where mixed valence phases of
Ba,,, (V,0y), (0.84 = y =< 1)}, Ba,V;0 (x = 0.40), and
Ba, V0, were reported to exist (9); the crystal systems
of these phases were given but the structures remain un-
known. The structures of the mixed valence Ba-V-0O
compounds are of interest in terms of V-O framework
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structures and V-0 coerdinations. In the present work,
a single crystal of mixed valence BaV,0q, which corres-
ponds to the above-mentioned Ba,,,(V,0,), with y = 1,
has been grown by the hydrothermal method and structur-
ally characterized.

EXPERIMENTAL

Sample Preparation

VO{(H), crystalline powders with duttonite phase (10)
were prepared by the hydrothermal treatment of a mixture
of VOSO, and NaOH solutions at 150°C. The VO(OH),
powders dispersed in a 0.1 M BaCl, solution were sealed
in a Pyrex ampoule and treated hydrothermally at 270°C
for 40 hr. The precipitate was filtered out and washed
thoroughly with distilied water. The products were found
to be biphasic with a minor amount of VO.(A) (11, 12).
The X-ray diffraction pattern of the main phase was essen-
tially the same as that of BaV,0, (Ba,,,(V,04),, with
y = 1) given by Bouloux e/ al. (9). An atomic ratio of
Ba: ¥V was confirmed to be 1 : 3 for the main phase by using
a Phillips PV9900 EDAX system, vielding the formula
BaV,0y. Unfortunately an attempt to obtain a monopha-
sic product of BaV,0y; was unsuccessful. The products
contained single crystais of BaV,;0; which exhibit a black
rod-like shape as shown in Fig. 1,

Single-Crystal Structure Determination

The structure determination was performed on a crystal
0.3 X 0.05 x 0.03 mm in size by using a Rigaku AFCTR
four-circle diffractometer with monochromatized MoK«
radiation. The crystal system is monoclinic and the lattice
parameters were determined from 25 reflections with
36° = 26 = 39° and found 1o be a = 7.4347(11) A, b =
55517 A, ¢ = 8.201XT) A, and 8 = 107.179(8)°; the b-
axis is parallel to the elongated direction of the crystal
shape, shown in Fig. |. The unit cell volume of
323.38(6) A corresponds to Z = 2. The systematic extinc-
tion of 040 for & = 2r + 1 yielded possible space groups
of P2,/m and P2,. The data collection was made by the
26 — o scan technique for a 26 range of 3 to 80°;, no
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FIG. 1. Scanning electron micrograph of BaV,0; crystals.

significant intensity fractuation was observed for standard
reflections of (0, ~-2,G), (1, —1, 2),and (0, —1, —2}, which
were monitored every 150 reflections. The data processing
and structure determination were performed using the
TEXSAN crystallographic software package (13). It gave
2066 reflections with 7 > 0, of which 1579 unique reflec-
tions with £ > 3o (fj were used in the structural analysis,
The correction of absorption effect was made by the

TABLE 1

Crystal Data and Experimental Parameters
Chemical formula BaV;0y
Crystal system Monoclinic
Space group P2
a (A) 7.4347(11)
b (A) 5.5517) .
e (A) 2.2012(7)
B 107.179(8)
z 2
D, (g cm™) 4.29
Crystal size (mm) 0.3 % 0.05 x 0,03
Radiation MoKa
Linear absorption coefficient (cm™) 92.64
Scan technique 20~ w

Scan width (%)
Scan speed ("min~!)

Aw = (.78 + G.38 tan 6
4.0

Maximum 28 (%) 80
No. of reftections (f > @) 2066
No. of unigue reflections (f > 3o (In 1579
Ry 0.025
No. of parameters 109
R 0.028
R, 0.021

y-scan method around the efongated axis with a transmis-
sion factor of 0.776—1.000 (14). The statistical treatment of
the intensity data favored the noncentrosymmetric space
group of P2,. The structure was solved as follows. The
direct method using the program R-SAPI&8 (15) was suc-
cessfully applied to locate Ba and V atoms. Five O atoms
were also located simultaneously. The three remaining
O atoms were found by the differential Fourier method,
The absorption correction was made based on this struc-
ture model using the program DIFABS (16) and then the
anisotropic thermal parameters were applied. The re-
finements made by the full-matrix least-squares method
led to the final R values of R = 0.021 and R, = 0.028.

TABLE 2
Atomic Parameters and Isotropic Temperature Factors

for BaV,0y
Atom X ¥ z B (AY°
Ba 0.21996(4) \ —0.09856{4) 1.077(8)
V(b 0.07235(9) —0.0002(8) 0.36100(9) 0.64(2)
Vi) 0.29418(9) 0.5022(9) 0.21642(9) 0.60(2)
V(3}) 0.58540(9) —0.0010(8) 0.31646(8) 0.57(2)
o 0.4688(20) 0.2441(28) 0.1900¢{16) 0.7(2)
O 0.4335(5) 0.5062(33) 0.4907(4) 101}
0(3) 0.4862(19) 0.7511(26) 0.2067(16) 0.7(1)
O 0.1334(24) 0.2459(31) 0.2621(24) E1(3)
O(5) 0.1307(24) —0.2577(31) 0.2765(25) 1.3}
06 0.1757(3) 0.4787(20) 0.0144(43) 0.9)
o7 —{. 1804(4) 0.0036(39) 0.3122(4) 121
a(8) 0.1723(5) ~0.0033(44) 0.5652(5) 1.8(2)

“ By = Ba¥NI, L Usarafaia;
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FIG. 2. Crystal structure of BaV,;0y viewed along (a) the b-axis and (b) the ¢*-axis. Large, medium, and small circles denote Ba, O, and V
atoms, respectively, in {(a) and (b). Ba and V atoms at v = 0 are represented by closed circles and at v = § by open circles in {(a).

Full occupancies were confirmed for the Ba and V sites.
The crystal data and the experimental parameters are
listed in Table 1. The atomic parameters and the isotropic
temperature factors are listed in Table 2.

TABLE 3
Bond Distances (A) and Angles (°) for V-0 Polyhedra
in Bav,0y

V1), tetrahedron
V(1)-0(4) 1.7242) V(D-0(5} 1.70(2)

Y{1)-0(8) 1.61%4)

V(-0(7} 1.802(3)

O@)-v(1)-0(5) 107.3(8) O4)-v(1)-0(N 106.8(8)
O{4)-v(1)-0O(8) 113(1) OS)-V(1}-0(7) 107.1(8)
O(5)-V(1)-0(8) 109(1) O(N-V(1)-0(8) 111.1(6)

V(2)O, octahedron
V(2)-0{2) 2.181(3)
V(2)-0(5)! 1.96(2)

V(2)-0(1) 1.99(2)
V{(2)-0(4) 1.96(2)

V(2)-0(3) 2.01(2)
V(2)-0(6) 1.636(4)

0(1)-V(2)-0(2) 89.6(5) O(1)-V(2)-0(3) 89.8(2)
O(1)-V(2)-0(4) 87.3(7) O(-V()-0(5) £71.8(7)
O(1)-V(2)-0(6) 90.3(5) 0Q2)-V()-0(3) 84.7(5)
02)-V(2)-0(4) 86.6(6) O(2)~V(2)-0(5} 32.8(6)
0(2)-V(2)-0(6) 174.3(4) 0(3)-V(2)-0(4) 170.8(7)
0(3)-V(2)-0(3) 92.5(7) 0(3)-V(2)-0(6) 101.0(4)
0(4)-V(2)-0(5) 89.3(2) 0@)-V(2)-0(6) 87.7(6)
0(5)-V(2)-0(6) 96.9(6)

V(3)O, tetrahedron
V(3-0O) 1.77(2} V(3)-002) 1.629(3)

V(3)-0(D" 1.752(3)

Vi3)-003)i [.6%1)

O(N)-V(3-0)F 112400 O(H-V(H-0GB  104.6(2)
O()=-V3)-O(61*  107.1(8) 0R¥~V(3)-03)H  137.0(5)
0QR-V@E-OMY  NB.1(7) OBYI-V3)-OMY  106.3(8)

Note. Symmetry codes: (i) x, | + y, z: () i —x,y — 3, 1 — z; (i}
ny- Lol +xy,z

RESULTS

Description of the Structure

As depicted in Fig. 2, the structure of BaV,0; is a
layered type consisting of V,Q; layers and interstitial Ba**
ions. The V,0; layer is parallel to the ab plane. The V-0
framework structure of the V;0y layer comprises two
types of V-O polyhedra: VO, tetrahedra for V(1) and
V(3) and VO, octahedra for V(2). The V-0 distances and
0-V-0 angles for the V-0 polyhedra are listed in Table
3. As seen in Fig. 2, the V.0 layer may be described as
follows. The V(1)O, and V(3)O, tetrahedra share the O(7)
atom to form a V,0; unit. The V,0; units and the V(2)Oq
octahedra are linked alternately along the b-axis by shar-
ing vertices to form a V,0, sheet. Two V,0, sheets are
connected between the V(2)O, and V(3)O, units by shar-
ing the O(2) atom making up the V,0; layer. Since the
V-0 polyhedra are joined by sharing vertices, the V-V
distances show rather large values of 3.5t0 3.6 A. Assum-
ing the coordination sphere of Ba?* ion is less than 3.3 A,
the Ba atom is surrounded by 12 oxygens at the Ba-0O
distances listed in Table 4, as depicted in Fig, 3. The
Ba-0(8) distance of 2.675 A is shorter than other Ba-O
distances and hence the interaction between Ba and the
apical oxygen of the V(1)O, tetrahedron may play a domi-
nant role in setting the Ba position.

Bond Strength Analysis

The bond strength calculations were made by using the
empirical parameters given by Brown and Wu (17) and
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TABLE 4
Bond Distances (A) for Ba—0 Polyhedron
in BHV_gOg
Ba-0(1) 2.88(1) Ba-0(1) 2.99(2)
Ba—-O(3)  3.03(1) Ba-O(3)"  2.94(1)
Ba-O@)  2.93(2) Ba-O{5)"  2.912)
Ba-0(6) 2.87(1) Ba-0O{p)i 3.09¢1)
Ba-0{6)  3.216(4) Ba-O(7)"  3.27(2)
Ba-O(7)fi  3.23(2) Ba-0O(8)" 2.675(4)
Note, Symmetry codes: () 1 — x, y — &, —z; (i)
oy — iy —xy—4 -z (V) —x,y + 4 —z;
(vix.y,z - L.

the results are listed in Table 5. The values obtained for
Ba and O lie in an allowable range for divalent ions. V(1),
V(2), and V(3) show the values of 5.18, 4.09, and 5.15,
respectively, which clearly indicate that V3% ions occupy
the tetrahedral sites of V(1) and V(3) and that V** ions
occupy the octahedral site of V{2).

DISCUSSION

The structure of BaV,0y has been determined to be a
layered type consisting of V,0; layers stacking along the
c-axis with interstitial Ba®* ions. The compound was first
reported by Bouloux et al. (9) in their extensive study on
the phase relation of the BaQ-V,0,-VQ, system. They
expressed the formula as Ba,,(V;0p), after the
M, ,,(V504), phase (M = Mg, Zn, Co, and Ni) (18} with

FIG. 3.
als superscripts of the oxygens refer 1o the symmetry codes given in
Table 4,

Coordination of Ba atoms with oxygens. The Roman numer-
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TABLE 5

Bond Strength Calculations for BaV;0y
Ba ViD V2) v Total
o) 0.36 (.54 .06 1.97
02) 0.34 1.62 1.96
0(3) 0.32 0.52 1.35 2.19
O 0.18 1.23 0.59 2.00
0(5) 0.19 1.31 0.59 2.09
O(6) 0.43 i.51 1.94
o 0.18 0.97 1.12 2.27
OR8) 0.34 1.67 2.01

Total 2.00 5.18 4.09 5.15

the nonstoichiometric range of 0.84 = y = [ and hence
y = | gives BaV,0,. The lattice parameters for BaV;04
were reported as a = 8.191(3) A, b = 5.554(4) ;\, ¢ =
14.877(8) A, and 8 = 107.24(10)°; note that the a- and
¢-parameters correspond to our c- and g-parameters, re-
spectively. A difference is seen between their c-parameter
(14.877 A} and our a-parameter (7.4347 A): the former is
twice the latter. It suggests that the phase of Bouloux et
al. exhibits a double-period structure along the present
a-axis but the structural details are unknown.

BaV,;0; presents a structural type of a mixed valence
V30 layer featured by the coexistence of VO, tetrahedra
and VOy octahedra. The V-0 polyhedral framework hav-
ing both tetrahedra and octahedra is little known; an ex-
ample is found in recently characterized BagV,;0., (7). As
revealed by the bond strength calculations in Table 5, the
valence states of the V sites are clearly differentiated,
that is, two tetrahedral sites (V(1) and V(3)} for V(V)} and
one octahedral site (V(3)) for V(IV). It is interesting to
note that, although the large size of the Ba?* ion is claimed
to favor the formation of V(IV)Q, tetrahedra (9, 10), V#*
ions adopt the usual VO, octahedral formation in BaV,0y.
Taking into account the well-differentiated valence states
of the V sites and the full occupancy of the Ba site, the
formula BaV;0q is regarded as stoichiometric rather than
nonstoichiometric as Ba,, (V,O,), with y = [. A similar
mixed valence M— V-0 compound is found in the M,V,0;
phase (M = K (19), NH, (20), Rb (21)} consisting of V,04
layers and interstitial M * ions. The V,0; layer is made
up of VO, tetragonal pyramids and VO, tetrahedra which
are connected alternately by sharing vertices forming sin-
gle sheet in contrast to the double sheet of the present
V,04layer. V#* and V3* ions occupy separately the former
and the latter sites, respectively, resulting in the stoichio-
metric M,V,0; phase. Consequently, BaV,0y, as well as
M,V,04, is classified with class | mixed valence com-
pounds, which are defined as those metal ions of differing
valences in sites of different symmetry and ligand field
strength (22).
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