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The synthesis and properties of a new lithium vanadyl(IV) phosphate, LiVOPO, - 0.5H,0, are reported.
The synthesis was carried out by a lithium exchange reaction in VO(HPO,) + 0.5H,0 with LIOH at
fow temperature in a nonaqueous medium. The crystal structure of LiVOPO, - 0.5H,0 (space group
Prya. @ = T.4651(6) A, b =9.4167(8) A, c= 6.0762(6) A, Z = 4) was refined by the Rietveld methed
from laboratory X-ray powder diffraction data, giving R, = 8.0% and R¢ = 6.5%. The structure is
made up of layers made of VO, dimers which are linked by phosphate groups. The framework of the
starting material is maintained but the vanadium coordination sphere is more distorted and the lithium
position is deduced from a difference Fourier map. The structural, thermal, and spectroscopic features

are compared to those of the closely related H-derivative.

Introduction

Intercalation systems have recently be-
come of great interest due to the different
materials that can be synthesized with appli-
cability as batteries, sensors, or catalysts
{}). Among these compounds, the phos-
phates and arscnates of vanadium and nio-
bium oxocations constitute an important
series and have been the subject of consid-
erable attention due to their rich chemistry
(2—). The synthetic efforts have been di-
rected toward the exchange or insertion of
metal cations into the channels or between
the layers of these phosphates. Lithium is
one of the most used for these purposes
because of its small size, which allows it
to be accommodated easily into the host
network. The solids obtained in this way
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have been studied to determine the metal
cations’ environments and the role they play
in affecting the host framework. Several
lithium derivatives of phosphates and arse-
nates of vanadyl or niobyl have recently
been reported. Interest in these systems is
due to the changes in the electironic and
structural properties and their potential ap-
plications, for example as ionic conductors.
Thus, some of these materials exhibit high
ionic conductivity as (LIOH) NbOPO, (x =
0.25, 0.5, 1.0, 1.5) (5) and Li (V4"
Vo 'OIPOL(OH) (6). Jacobson et al. (7)
claimed that the solid LiVOPO, - 2H,0 is
a tetragonal phase derived from VOPO, -
2H,0. Lavrov et al. (8) and Lii et al. (9)
have described the structures of a-LiVOPO,
and B-LiVOPO,, showing that they
belong to the triclinic and orthorhombic
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crystallographic systems, respectively. Li,
VO(AsO,), has been synthesized by lithium
exchange of VO(H,AsQ,), at low tempera-
ture (/) and its structure has been deter-
mined using powder X-ray diffraction data
(/1). The frameworks of these solids remain
unaltered, this case being a clear example
of topotactic transformation.

A great attention has been paid to the
vanadyl(1V) hydrogen phosphates during
recent years and especially to VO(HPO,) -
0.5H,0 (12-14), which is the precursor of
the active catalytic phase in the production
of maleic anhydride from butane and air
(13). In a structural study from single crystal
X-ray diffraction data, VO(HPO,) - 0.5H,0
was shown to have a layer structure (14).
The accessibility of its interlamellar space
for cations by ‘‘chimie douce’ and the ef-
fects of this incorporation are two very in-
teresting topics for rescarch. In this paper
we describe the lithium exchange reaction
in VO(HPQ,) - 0.5H,0, the crystal struc-
ture, and the thermal and spectroscopic
characterization of a new Li-derivative,
LiVOPO, - 0.5H,0.

Experimental

" VO(HPO,) - 0.5H,0 was synthesized fol-
lowing the method proposed by Johnson e¢
al. (13), who made the reduction of V,0;
with i-ButOH in the presence of H,PO,. Li-
VOPO, - 0.5H,0 was prepared by stirring a
suspension of 0.5 g of VO(HPO,) - 0.5H,0
and 0.24 g of LiIOH - H,0 (Aldrich, 99.95%)
in 20 ml of methanol for 3 weeks at room
temperature. The mixture was put into a
sealed tube to avoid contamination with CO,
from the air. The blue-greenish suspension
was filtered off, and the solid was washed
twice with 20 ml of methanol which con-
tained two drops of concentrated hydro-
chloric acid, and finally with another 20 ml
of methano}. It was stored in a dry atmo-
sphere.

The lithium exchange cannot be carried

LOZANO-CALERO ET AL.

out in an aqueous medium because
VO(HPO,) - 0.5H,0 and LiVOPO, - 0.5H,0
are soluble in water, Therefore, less polar
media such as acetone, ethanol, or methanol
must be used.

We tried to obtain the lithium derivative
from direct synthesis, following the same
method that leads to the H-derivative
{VO(HPO,) - 0.5H,0]. Thus, V,0s/H,PO,/
L.iOH were mixed and refluxed for 72 hr in
isobutanol, but a very complex mixture of
nonidentified phases was obtained.

The chemical analysis were carried out
by dissolving the solids in dilute H,S0,. The
vanadium content was measured by atomic
absorption spectrophotometry and the lith-
ium content by flame emission spectro-
photometry, whereas phosphorus was
determined by colorimetry as the blue mo-
lybdophosphate complex. Water content
was determined thermogravimetrically. The
stoichiometry has been proposed on the ba-
sis of analytical results. Calculated for Li-
VOPO, - 0.5H,0: Li, 3.9%; V, 28.7%; P,
17.4%; H,0, 5.2%. Found: Li, 3.8%; V,
28.9%; P, 17.5%; H,0, 5.0%. Calculated for
VO(HPO,) + 0.5H.,0: V, 29.7%; P, 18.0%;
H,0, 10.4%. Found: V, 29.6%:; P, 17.9%;
H,0, 9.1%.

Thermal analysis (TGA and DTA) was
carried out in air on a Rigaku Termoflex
apparatus at a heating rate of 10°C min™!
with calcinated Al,O, as the reference. In-
frared spectra were recorded on a Per-
kin—-Elmer 883 spectrometer using a dry
KBr pellet containing 2% of the sample. The
diffuse reflectance spectra (UV-vis—near
IR) were obtained on a Shimadzu UV-3100
spectrophotometer equipped with an inte-
grating sphere and using BaSQ, as the refer-
ence blank. X-ray powder diffraction pat-
terns were obtained with a Siemens D-501
automated diffractometer using graphite-
monochromated CuKe radiation. The pow-
der pattern for LiVOPO, - 0.5H-0O was re-
corded in 0.03° [26] steps between 13° and
75° 120] counting for 13 sec per point, and
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was transferred to a VAX 8330 computer
for analysis. Rietveld refinements (/5) were
performed with GSAS program {/6) using a
pseudo-Voigt peak shape function, cor-
rected for asymmetry at low angles. The
scanning electron micrographs were made
using a JEOL S.M. 840 device to observe
the morphology and particle size of the
solids.

Results and Discussion

The scanning electron photomicrographs
(see Fig. 1) show that the original plate-like
morphology is retained but the size of indi-
vidual microparticles is smaller (less than
1 um), the distribution of size is not homo-
geneous, and finally, the edge of the micro-
particles presents an irregular profile, which
may be associated to a minor amorphous or
low-crystalline phase.

The powder pattern of the lithium vana-
dyl{IV) phosphate hemihydrate was in-
dexed with the TREOR program (/7) on an
orthorhombic unit cell with ¢ = 7.444(2) A,
b =9.394(0) A and c= 6.057(3) A, and fig-
ures of merit M,, = 39 (18) and Fy, = 46
{0.009, 52) (/9). This unit cell is similar to
that of the parent compound, VO(HPO,) -
0.5H,0,a =7.420(1) A, b=9.609(2) A, and
¢ = 5.693(1) A. The ¢ and b parameters do
not change greatly, but the ¢ parameter in-
creases about 0.4 A to accommodate the
metal cations.

The systematic absences of odd A00 and
odd 040 reflections and the presence of
hk0 reflections with odd 2 + & in the pow-
der pattern reveal that the symmetry has
fallen from Pmmm (space group of the
VO(HPO,) - 0.5H,0) to its maximal noniso-
morphic subgroup P, , ,. Hence, the crystal
structure of LiVOPO, - 0.5H,0 was refined
by the Rietveld method using the coordi-
nates of VO(HPO,) - 0.5H,0 (/4) as starting
model, but lowering the space group sym-
metry. Lithium atom position was assigned
constructing a Fourier difference map. In
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the final refinement, all the atomic coordi-
nates were refined independently; only an
isotropic temperature factor was varied due
to the limited data range used and converged
to Biso = 0.71(6), giving R,, = 8.0% and
R = 6.5%. On the other hand, as result of
the presence of an amorphous phase and
impurities {(we estimate < 5% from the X-ray
diffracton data), the background had an ir-
regular variation, being fitted manually. Re-
sults are given in Table 1, and the final ob-
served, calculated and difference profiles
are displayed in Fig. 2. The impurities cause
very weak peaks near 22°, 34°, and 37°(26)
whose intensities depend on the time reac-
tion. Final bond distances and angles are
given in Table 11. A polyhedral Struplo (20)
representation of the framework of Li-
VOPO, - 0.5H,0 and VO(HPO,) - 0.5H,0
is shown in Figs. 3 and 4.

The crystal structure of LiVOPO,
0.5H,0 (Fig. 3) consists of vanadyl phos-
phate layers stacked along the ¢ axis and
held together by interlayer lithium ions. The
layers contain dimers of face-sharing VO
units and are linked among them by phos-
phate groups. The VO, units are distorted
octahedra which contain four unequal equa-
torial distances V-0 and one short apical
distance corresponding to V=0(4) and a
larger distance corresponding to V-OH,
(O(w), in Table II). The water molecule is
located at the apical vertex bridging two
¥ O units. Three oxygens of PO, are shared
with three different vanadium atoms, and
the fourth (O(1), see Table 1) is charged
negatively and is directed towards the inter-
lamellar space, which allows it to hold the
layers together electrostatically by interac-
tion with the lithium atoms. As one could
expect, the lithium cations are situated near
these oxygens attracted by their negative
charge (see Fig. 3} and are located in an
irregular, five-coordinate site, with Li-O
distances varying between 1.91 and 2.67 A.

The framework of LiVOPO, - 0.5H,0 is
basically equal to the VO(HPOQ,) - 0.5H,0
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FiG. 1. SEM micrographs of (a}y VO(HPQ,) - 0.5H.0, (h) LiVOPQ, - 0.5H,0.

(Fig. 4). The more prominent differences
between them are that the lithium derivative
presents a larger distortion in the VO, units
and PO, groups and the disappearance of
the P-OH.

Thermogravimetric analysis of the two
solids, starting VO(HPQ,j - 0.5H,0 and lith-
ium derivative LiVOPO, - 0.5H,0O, shows
substantial differences between them. The
TGA-DTA curves for these compounds are
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TABLE I

CRYSTALLOGRAPHIC AND STRUCTURAL PARAME-
TERS FOorR LiVOPQ, - 0.5H,O (Space Grour PZIZG
(No. 18))

TABLE II

SELECTED BOND DISTANCES (f\) AND ANGLES (°)
FOrR LiVOPOQ, - 0.5H,0
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1.91{6)
2.24(5)
2.10¢5}
2.67(5)
2.48(4)

103.1(2)
117.7¢2)
111.8¢8)

98.1{1)
112.2(2)
{11.8(8)
154.7(2}
145.5(2}

92.8(4)
133.8(2)
18.8(2)

V-0i2a) 1.96(2) Li-0(1)
Unit cell parameters V-0(2b) L9372 Li-0(1}
a= 7.4651(6) A b= 941678 A c=607626) A V-00) 2.0402) Li-0(2a)
V = 427.14(5) A} Z=4 V-003) 2.15(2) Li-0{4)
V-O(d) 1.64(1) Li-O(w)
No. of allowed reflections = 312 No. of variables = 36 :_8((:;) ?g;ﬁi:ﬂ
ints i =2 - .
No. of points in refinement = 2067 P-0(2a) 1353718
P-0(2b) 1.558(8)
R Factors (%) P-003) 1.536(7
Rp = 6.5 Rup =80 R,= 6.0
] 0O(2a)-V-0{2b} 89.8(5) O(1}-P-Oi2a)
Atomic Parameters O(2a)-V-0(3) 158.3(8) 0(1}-P-042b)
Sym. 0O(22)-V-0(3) 91.1(1) O(1}-P-003)
Atom pos. X ¥ < 00a)-V-0d) 110.81) Q(3)-P-0(2a)
0(2b)-V-0(3) 83.7(1) O(2b)-P-043)
Vv 4c —0.2031(5) —-0.002(1) —0.0056(T) 0(2b)-V-0O(3) 150, 148) O(2a)-P-012b}
P 4c 0.009(2) 0.2672(7) 0.21911(9) O02bI-V-0) 99.0¢1) V-0(2a)-P
o 4c —0.028(3) 0.212(1) 0.457(i) 0(3)-V-0(3) 84.6(5) v-0(2b)-P
O(2a) dc —0.159(3) 0.353(2) 0.164(4) 0(3)-v-014) 90.7(8} V-03)-V
O(2h) 4¢ 0.184(3) 0.355¢2) 0.181(4) Qi3)-V-01i4) 108.5(6) V-003)-P
o) 4ac —-0.013(4) 0.1494(9; 0.046(2) V-O(h-P
04 4c —0.296(}) 0.033(2) 0.233(2)
O(w) 2a 0 0 ~0.292(3)
Li 4c 0.2147) 0.166(4) 0.529(9)
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FiG. 2. Final (observed) points, calculated (full line), and difference X-ray profiles for LiVOPO, -

0.5H,0.
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Fi1G. 3. Polyhedral views of LiVOPO, - 0.5H,0: (a)
along the ¢ axis and (b) along the ¢ axis.

shown in Fig. 5. LiVOPO, - 0.5H,0 shows
curves completely distinct from its parent
compound. The TG curve decreases contin-
uously and loss of water begins at 60°C and
ends near 250°C, having two diffuse endo-
therms near 65 and 130°C. This lower tem-
perature required to dehydrate can be ex-
plained because the water is not so strongly
bonded as in the precursor, VO(HPO,) -
0.5H,0, and because the structure is more
open after the lithium exchange. The substi-
tution of the protons by Li* has been very
efficient and does not remain HPO3™ groups
after insertion because no sort of hydrogen-
phosphate to pyrophosphate condensation
can be observed when LiVOPO, - 0.5H,O
is heated. The exothermic and endothermic

LOZANO-CALERO ET AL.

effects without loss weight centered at 330,
392, and 407°C and 560 and 600°C respec-
tively can be observed. A thermodiffracto-
metric study was carried out to detect the
transformations which take place at 250,
400, and 600°C. The X-ray powder patterns
of the heating products can be seen in Fig.
6. This study reveals the existence of a de-
structive transformation when the water is
lost, but a new phase starts forming at 400°C
and becomes a crystalline single phase at
600°C, which can be indexed in the ortho-
rhombic system (a= 10.303(3), b = 8.545(2),
c= 4.625(1), M,, = 34). This phase was
found by Pozas et al.(6) in a system
Li-V-P-0O.

These kinds of phase transformations are
typical in lithium derivatives of these phos-

=
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[

d
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W

FiG. 4, Polyhedral views of VO(HPO,) - 0.5H,0: (a)
along the ¢ axis and (b) along the « axis.
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Fic. 5. Thermal analysis (TGA and DTA) of (a)
VO(HPO,) - 0.5H,0, (b) LiVOPO, - 0.5H,0.

INTENSITY

28 (DG

FiG. 6. X-ray powder patterns of resulting products
when LiVOPO, - 0.5H,0 is heated at (a) 250°C, (b)
400°C, and {c) 600°C {orthorhombic phase, see text).
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F1G, 7, Infrared spectra of (a) VO(HPQ,) - 0.5H,0,
(b) LiVOPO, - 0.5H,0.

phates (5), probably due to the migration of
the Li* cations to more thermodynamically
stable sites.

The IR spectrum of the LiVOPO,
0.5H,0, together with that of the parent
compound VO(HPO,) - 0.5H,0, can be seen
in Fig. 7. The comparison of the two spectra
reveals, as main feature, that the bands at
2322 c¢cm™! (stretching POH), 1194 c¢m™’
(bending POH), and 637 cm™' (out-of-plane
bending POH) (27/-23) disappear in Li-
VOPO, - 0.5H,0. Strong absorption bands
are observed in the 900-1200 cm™' range
which are characteristic of orthophosphate
solids. More vibration modes become active
because the PO, local symmetry is distorted
and falls to C,, and therefore a splitting of
the v, vibration appears. Thus the bands
appearing at 1141 cm™! and 1074 cm™! can
be assigned as v, and v,,, stretching,
respectively, in the lithium vanadyl(IV)
phosphate and to ones at 1098 cm™' and 1046
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Fi16. 8. Diffuse reflectance spectra of (a) VO(HPO,) -
0.5H,0, (b) LiVOPQ, - 0.5H,0.

cm™!, respectively, in the vanadyl hydro-

genphosphate. The band centered at 530
cm~!lin VO(HPO,) - 0.5H,0, which is as-
signed to the asymmetric deformation
B.s0p0y» 18 affected and shifts to a higher
frequency (580 cm™') in LiVOPO, - 0.5H,0
due to the PO, unit being more distorted.
The presence of VO?* moieties is seen by
the characteristic absorption at 971 c¢m™!
that corresponds to the V!Y=0 stretching
vibration and it agrees with other reports
for related compounds ({7, 25, 26). The po-
sition of this band does not change in the
lithium exchange reaction, showing that the
oxidation state of the vanadium atom has
remained (VY==0 stretching vibration ab-
sorbs at higher frequency, 1000 cm™"). Fi-
nally the bands associated with the water are
clearly distinguished (3382 cm™!, stretching,
and 1630 cm ™!, bending).

The diffuse reflectance spectra of
VO(HPO,) - 0.5H,0 and LiVOPO, - 0.5H,0
are shown in Fig. 8. The profile of both spec-
tra are the same jn the UV-Vis region and
consists of a set of three bands and a shoul-
der. Similar spectra have been reported in
the literature for related systems (//, 23),

The higher symmetry that could be ex-
pected for an oxovanadium(IV) would be
C,, and in this case there would be three
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potential intra-d-shell electronic transitions
(I: e* « by, II: b, « b,, III: 1a, « b,).
Probably the first two transitions overlap,
and lie under a unique band but when the
symmetry decreases, the degenerancy of
the e level will be lifted so that all the transi-
tions would be potentially observable (27).
Taking into account these features and
knowing that the vanadium atoms in Li-
VOPO, - 0.5H,0 and VO(HPO,) - 0.5H,0
have a pseudo-C,, and pseudo-C,, symme-
try respectively, the bands have been as-
signed as seen in Table III. The two absorp-
tion bands near to 260 nm are too strong
and e¢nergetic to be d-d transition, and fall
into the ultraviolet region. They are as-
signed as oxygen to vanadium charge trans-
fer bands. Furthermore, they overlap the
A, < B, electronic transit that appears like
a shoulder.

There are more differences in the near-
infrared region, which comprises four bands
for VO(HPO,} - 0.5H,0, whereas no such
bands as those can be observed in
LiVOPO, - 0.5H,0. The wide band cen-
tered at 1550 nm can be assigned to a vygy
overtone and a combination one of vygy and
8on appears at 2220 nm.

TABLE 111

Di1FFUSE REFLECTANCE DaTa FOR YO(HPO,) -
0.5H,0 anp LiVOPO, - 0.5H,0

Value (nm) Value (cm™! Assignment
absorption
VO(HPO,) - 0.5H.O
265 37730 charge transfer
=325 =30770 A, <18,
656 15240 B, « B,
829 12120 ’E «'8,
1550 6450 2u0(OH)
2220 4500 v{OH) + §(HOH)
absorption
LiVOPO, - 0.5H;0
264 37730 charge transfer
— — A, <8,
643 15500 B, « B,
901 11100 ’E « B,
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Conclusions

A novel lithium vanadyl(IV) phosphate
has been synthesized by H*/Li* exchange
at low temperature. The substitution of the
protons causes only a slight effect on the
original lattice of the VO(HPO,} - 0.5H,0;
therefore this exchange reaction can be re-
garded as topotactic because no bonds have
been broken in the framework. The new
compound is metastable and structurally
sensitive to the dehydration and the heating.
The environment of Li* cations is irregular
and its geometry is inadequate for fast ion
transport. At temperatures higher than
600°C the LiVOPQ, - 0.5H,0 forms a single
orthorhombic phase.

The coordination geometry around both
vanadium and phosphorus atoms is similar
in VO(HPO,) - 0.5H,0 and LiVOPO, -
0.5H,0 compounds, although the vanadium
coordination sphere in the lithium derivative
is more distorted. The diffuse reflectance
spectrum of this compound agrees well to
this less regular environment.

We have shown that the Rietveld method,
using X-ray laboratory powder diffraction
data, is a very useful and cheap tool for
deriving structural information, especially
after an iontc exchange reaction, when sin-
gle crystals cannot be synthesized and the
final compound is sufficiently crystalline.
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