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The use of mild hydrothermal methods to synthesize vanadium oxides is reviewed, with
particular emphasis on those with layer and 3-dimensional structures. A wide range of
studies has been performed predominantly in the past decade to grow new materials that
might have interesting electrochemical and magnetic properties. Most emphasis has been
placed on vanadium oxides that contain organic species or simple cations such as the alkali
metals, alkaline earths, zinc and copper. The key parameters determining the structures
formed are reviewed, including pH and the organic structure-directing ion. Some initial

electrochemical studies are described.
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Introduction

Hydrothermal synthesis has been extensively used
over many decades for the synthesis of zeolites and has
been documented by Barrer.! In the last 10 years there
has been increased activity due to the discovery of the
MCM-41 wide-pore compounds at Mobil,2 and the subse-
guent effort to synthesize transition metal analogues.3—8
In 1989, Gunter et al.® reported that tungsten trioxide
could be formed hydrothermally, and subsequently Reis
et al. showed© that either the hexagonal or the pyro-
chlore form of tungsten trioxide could be formed by
varying the pH of the reaction medium. A range of
tungsten oxides was reported,’*~14 including cluster
compounds formed when the tetramethylammonium
(TMA) ion was present.> In addition, the hydrothermal
formation of thin films on conducting substrates was
found to be feasible.’® A number of molybdenum oxides
have also been formed by hydrothermal reactions, and
this soft chemistry approach allowed for the formation’
of hexagonal tunnel structure MoOj3 with vacant tun-
nels.

Although organic cations have been extensively used
as templating or structure-directing ions in hydrother-
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mal reactions, little work has been reported on their use
in the synthesis of new transition metal oxides. How-
ever, an organic molybdenum oxide, N(CH3)aHMo04015,
with a new layer structure was reported in 1994,18 and
in the last 3 years there has been much interest in
related compounds of the vanadium oxides. Oka and
his group have made extensive studies, in the past
decade, of the hydrothermal formation of vanadium
oxides containing small metal cations. This review
discusses this hydrothermal approach to the synthesis
of vanadium oxides, and covers both organic- and
inorganic-containing vanadium oxides. Emphasis is
placed on 2- and 3-dimensional solids and on small
cations; 1-dimensional solids are excluded, as are sur-
factant vanadium oxides and those containing a second
nonmetallic element such as vanadium phosphates. The
discussion of the mechanism of the growth of these
solids from solution has been reviewed by Livage et
al.1®=22 and will not be repeated here.

Part of the driving force for the study of new com-
pounds is a constant search for new oxides, which could
be used as cathodic materials for advanced lithium
batteries. Much of that effort has been focused on new
metastable vanadium oxides, as well as on manganese
oxides.?® The structure of the oxide lattice and the
possible addition of a second metal might be critical in
obtaining reversible lithium intercalation. Indeed, a
previous study on a Feg 11V»0s5.16 cOmpound obtained by
sol—gel process has shown that the presence of ferric
ions in the orthorhombic host lattice induced a real
improvement of its electrochemical properties compared
with V,05.2425 The use of “chimie douce” methods, like
hydrothermal,?8 allows new materials, often with open
structures, to be obtained that are often not able to be
synthesized by using solid-state reactions at high tem-
perature.

Experimental Section

All the materials described here were synthesized by
mild hydrothermal synthesis from aqueous solution at
temperatures 100—250 °C, and most commonly from
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Figure 1. pH dependence of the phases formed when V;0s, TMAOH, and LiOH in the molar ratio 1:2:1 are reacted at 185 °C.

pH controlled by addition of acetic acid.

Table 1. Crystallographic Data for Hydrothermal Compounds

compound space group a(A) b (A) c(A) a (°) B v () ref
[N(CH3)4]V307 P2i/n 18.48 6.55 8.43 90 91.1 90 27,38
LioeV2-504-5"H20 14/mmm 3.71 3.71 15.80 90 90 90 33,41
LipeV2-504-s P4/nmm 3.69 3.69 6.80 90 90 90 42
[N(CH3)4]V4O10 Cme2; 17.12 6.64 11.74 90 90 90 33,54
[N(CH32)4]VgO20 C2/m 23.66 3.59 6.32 90 103.06 90 28
[N(CH3)4]5V18046 P1 12.66 15.39 16.96 78.68 74.44 83.46 56
[N(CH3)4Jo.17H0.1V205 ~ gel 12.97 29
(CH3NH3)V307 P2i/c 11.83 6.66 15.19 90 138.11 90 31
(CH3NH3)0.75V4010 C2/m 11.67 3.67 11.10 90 99.87 90 31
[N(CH3)4lo.17[Felo.17V205+0.17H,0 monacli 11.63 3.66 13.70 90 107.18 90 64
ZNnp.4V205:0.3H,0 C2/m 11.74 3.61 10.50 90 96.69 90 63,64
Zn3(OH),V,07:2H,0 P3m1l 6.051 6.051 7.195 90 90 120 66
(CeH14N2)V6014-H20] Cc2 19.30 6.66 7.57 90 11.29 90 36,37
(H2NCH2CH2NH3)2Zn[V014] P2i/n 9.01 6.53 15.70 90 99.70 90 39
(H2NCH,CH2NH3),Cu[V014] P2i/n 8.93 6.56 15.70 90 99.73 90 39
[(H2NCH2CH>NH2)2Ni]2[V507] P24/c 8.93 17.13 6.63 90 111.61 90 40
[(bpy)2Zn]2V4O1o P2i/a 10.57 14.73 15.50 90 92.47 90 39
H3N(CH32)sNH3V4019 P2i/n 7.999 10.01 15.70 90 100.49 90 60,61
a-(H3N(C2H1)2NHz3)2V4010 P1 6.39 6.42 8.2 9451 10593  104.0 57
B-(HaN(C2H1)2NH3)2V4010 P2:/n 9.36 6.43 10.39 90 105.83 90 58
a-(HsNCH2CH;NH3)V4010 P1 6.60 7.64 5.98 109.55 104.75 82.31 57
B-(HsNCH2CH2NH3)V4019 P1 6.25 6.40 7.47 78.67 80.16 77.20 58
[(H2NCH2CHzNH2)2Cu]2V10025 P1 8.93 15.93 6.73 9112  106.32  105.0 39
VO,(B) C2/m 12.03 3.69 6.42 90 106.6 90 47
VO,(A) P4,/ncm 8.48 8.48 7.62 90 90 90 48
0-ZNg 25V205-H20 P1 10.61 8.03 10.77 90.65 91.14 90.09 62
Cs,V4011 Cmm2 5.57 9.64 5.22 90 90 90 98
V307:H20 Pnam 16.93 9.36 3.64 90 90 90 68
BaV30g P2, 7.44 5.55 8.20 90 107.2 90 76
BaV;046-H20 P4,/m 6.160 6.160 21.52 90 90 90 80
Mo.4V305(VO)o.4-nH20 P2:/m 10.15 3.63 9.43 90 102.1 90 78

150 °C to 200 °C. Several parameters are important in
the synthesis, in particular the pH of the reaction
medium, the ratio of the reactants, the ions present in
solution, including shape-directing/templating ions, and
the temperature of the reaction. Figure 1 shows the
impact of pH for one example,2”-28 that for the reaction
of V,0s5, TMAOH, and LiOH in the molar ratio 1:2:1 at
185 °C for 72 h; the pH was controlled by the addition
of acetic acid, which forms an effective buffer with the
TMA ions. The organic acid can also act as a reducing
agent, and so must be chosen to optimize buffer control
vs reduction; thus, for example, propionic acid, CH3CH,-
COOH, is a more effective reducing agent than acetic
acid in leading to the formation of VO(B) under the
most acidic conditions.?® Temperature is also critical,
so that at 200 °C acetic acid also reduces V,0s to VO,.30
The structures of the compounds are discussed in the
following pages. When methylamine was substituted
for the TMA ion, a different series of compounds was
formed.-32 The crystallographic data for most of the
compounds described in this review are given in Table
1; the specific reaction conditions can be found in the
cited references.

Results and Discussion

We will discuss the organic compounds first, and start
that discussion with the TMA compounds, as they are

the most numerous and were the first hydrothermally
prepared compounds3? with an extended vanadium
oxide lattice containing organic species. Figure 1 shows
the different compounds formed as a function of the pH
of the reaction medium, and Figure 2 shows how the
morphology of the compounds formed changes drama-
tically from plates to fibers, and to large crystallites
for cluster compounds {e.g., TMA4[V2,054(CH3COO)]-
4H,0},3* which will not be discussed here but which can
be prevalent under normal reaction conditions. At the
highest pH values the well-known Li3VO, phase is
formed; the vanadium is in tetrahedral coordination. As
the pH is reduced the compound Lig 1 TMAV30y is found,
lithium is not required in the reaction medium, but
gives more crystalline material. On heating gently in
oxygen, the material takes up one oxygen, giving
TMAV;0g, as shown in Figure 3,3 before losing the
organic and converting to V,0s. The V307 structure is
the most prevalent of those found. First described by
Nazar et al.%¢ for the compound DABCOVO14-H,0,
which is formed by the hydrothermal reaction of DAB-
CO (1,4-Diazabicyclo[2.2.2]octane) with either NaVO336
or V;0s5,%" the structure contains both VOs square
pyramids (SPs) and VO, tetrahedra. The SPs share
edges to form zigzag chains in the [010] direction, so
that two adjacent SPs have the apices up and the next
two down. These zigzag chains are connected by corner-
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Figure 2. Morphology of the compounds formed at different pH levels: (a) TMAV307, (b) TMA4[V2:054(CH;C0O0)]-4H,0, (c)
LixV204'H20, (d) TMAV4010, (e) TMAVsOlo, and (f) TMA0,17H0,1V205.
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Figure 3. Thermal gravimetric analysis of TMAV30; in
oxygen.

sharing tetrahedra. Each tetrahedron shares two cor-
ners with one square pyramidal chain, and one of the
other two with the neighboring chain; the fourth oxygen
is nonbonding and forms a vanadyl group. Which of
these two oxygens is bonding has a significant impact
on the planarity of the VO14 sheet. Thus, in TMAV;30-,
the bonding leads to almost planar sheets,?”% as
indicated in Figure 4. Similar planar sheets are found3°
in the two compounds Zn(en),VO14 and Cu(en),VOia,
where the zinc and copper are six coordinate with two
ethylenediamine molecules forming a square and two
vanadyl oxygens providing the apical bonds. However,
when the organic molecule can form hydrogen bonds,
such as in MAV30731:32 and (DABCO)VO14°H,0,36:37 the
other oxygen in the VO, tetrahedron bonds to the

adjoining chain, leading to a significant puckering of the
vanadium sheets. This results in a reduction of the
interchain distance from 8.427 A in TMAV;0; to 7.597
A in MAV;07; this tilting allows the vanadyl oxygens
to come closer together, allowing hydrogen bonding to
the MA or DABCO ions. A second distinguishing
feature between the layers is the relative orientation
of the neighboring chains. In the case of DABCOVgO14
and TMAV;305, the chains are transformed into each
other by a simple translation in the direction perpen-
dicular to the chain, so that the repeat distance is simply
equal to the distance between the chains. The trans-
formation between the chains is more complex for
MAV307 and Zn(en),;VsO14 Where the chains interact by
a glide plane perpendicular to the chain. The relation
between the structures formed by these four compounds
is given in Table 2 (from Chen et al.?%). A more complex
situation is found® for Ni(en),VeO14, Where there is
marked order—disorder stacking of the vanadium oxide
layers. This compound was made by the reaction of
nickel sulfate, V,0s, and ethylenediamine in H,O; the
pH changed from 7.49 to 10 during the reaction.
Interestingly, the magnetic behavior of the two planar
compounds, TMAV30,2° and Zn(en);Ve014,%° although
complex and not yet understood, is the same but differs
from that of the puckered (DABCO)VO14°H,0.%7

The electrochemical reduction of this structure type
has been investigated in lithium cells. TMAV;30; reacts
with only 0.1 Li per formula unit; however, after
oxidation to TMAV30g the lithium uptake increases
substantially to a cutoff voltage of 2 V as shown in
Figure 5. The DABCO V014 phase reacted®® with just
0.9 Li per formula unit, that is 0.15 Li/V to a cutoff of
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Figure 4. Structures of (a) TMAV30y, (b) CH3sNH3V307, () en2ZnVeO14, Or enzCuVeO1s, and (d) (DABCO)VO14-H20.

Table 2. Relation between the Four V307 Structures

corner of tetrahedron
shared between chains

symmetry relations
between SP,T chains top (—tilted layer) bottom (—flat layer)

gllde plane (CH3NH3)V307 (engM)V6014
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Figure 5. Electrochemical discharge of TMAV;0; and
TMAV;30g normalized to TMAV;0;.

1.9 V. However, when the DABCO was removed by
calcination at 400 °C, leading to a reduced vanadium
oxide, V,0s_;, the reactivity increased to over 1Li/V and
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Figure 6. Electrochemical removal of lithium from Li,V204,
and subsequent reinsertion.

showed the stepwise discharge behavior typical of V,0s.
When discharged to 1.9 V, the steps disappear and a
single continuous discharge curve is obtained, similar
to that of w-V20s.

Vanadium Dioxide. When the pH of the reaction
medium is reduced to around 5, a layered compound of
formula LixV;-504-5-H20 is formed*! that contains no
TMA ions. The water is reversibly lost on heating,
leading to LixV2-504-4,%2 and the lithium can be readily
and quantitatively removed in an electrochemical cell
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as shown in Figure 6, giving a new form of vanadium
dioxide. The layer structure of this dioxide is closely
related to that of vanadium pentoxide. The layer is
constructed by corner sharing of VOs SPs, where the
vanadyl apices alternate up and down as shown in
Figure 7; water molecules and lithium ions reside
between the layers. In V.05 itself one-third of these SPs
are missing in an ordered manner, leading to rows of

£

Figure 7. Structures of (a) LixVZ—d02_a'nH20, (b) LixV2_d02_a, (C) VOQ(B), (d) TMAV,019, (e) TMAVOy, and (f) TMA5V18046.

vanadyl groups in the sequence -up-down-vacant-down-
up-vacant-up-, whereas in VO it is -up-down-up-down-.
In LixV204-H20 the vanadyl groups are directly above
one another; when the water is removed the layers
translate by half the unit cell along [110] to give the
stacking sequence - - -V=0- - -V=0- - - with alternating
long and short bonds as in V,0s. A neutron diffraction
study showed that some of the lithium was located at
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Figure 8. Intercalation of alkylamines into LixVO,.

the vanadium vacancies, which is consistent with the
known Li—0O distances found in vanadium oxides such
as LiyV013* or Mg—O distances in MgVO3z.#* A similar
VO,-nH20 without any lithium has been recently re-
ported*® by the reaction of hydrolyzed VCls and 2.5 M
NaOH at 200 °C for 92 h. The structure is the same as
that of LiXV204'H20.33

This vanadium oxide readily undergoes a variety of
intercalation and ion-exchange reactions. Thus, a sec-
ond layer of water can be intercalated, expanding the
lattice to 10.9 A. Alkylamines may also be intercalated,
much as in the layered disulfides and oxides, leading
to both single and double organic configurations as
shown in Figure 8.

Figure 6 shows the electrochemical deintercalation of
the dehydrated LixV,04 and its subsequent reinsertion.
This cycling of lithium appears to be totally reversible.
When in the electrochemical cell the lithium content is
first increased by discharging a Li/LixV,04 cathode, an
additional 1.4 lithium may be incorporated above 2 V.
Extended cycling leads to single-phase behavior typical
of a)-V205.46

Two other vanadium dioxides have been synthesized
hydrothermally, VO,(A) and VO,(B). VO,(B) is formed*’
by reacting a mixture of V,0s, V,03, and water at 200
°C. On heating VO2(B) hydrothermally above 220 °C,
it converts to VO,(A), and on further heating, ~350 °C,
the stable rutile form of VO, is obtained. VO,(B) has a
shear-type structure that is related topotaxially*” to that
of VO13; the latter’s structure is built from alternating
single and double sheets of vanadium oxide, —S-D—S-
D—-S, whereas VO,(B) has only double layers. Oka et
al.“® made VO,(A) by the hydrothermal treatment of an
aqueous suspension of VO(OH), at 250 °C for 48 h, and
found that its structure differs from that of VO,(B) only
in the stacking of the VOg sheets. Thus both of these
dioxides have a three-dimensional (3D) structure that
consists of VOg octahedra. VO,(A) appears to undergo
a phase transition at 162 °C similar to that of the rutile
form,*® indicating vanadium—vanadium pairing.

The B form has been studied® in electrochemical cells
and found to readily intercalate lithium with a limiting
stoichiometry of LigsVO,, that is, slightly less than for
LixV2-504-5.42 In contrast, the rutile form is essentially
inactive, with <0.1 Li incorporated.>1=5 This might be
related to the relative openness of the structures; the
rutile form has a density of 4.657 g/cm3, the A and B
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Figure 9. X-ray diffraction pattern of TMAg17H0.1V20s com-

pared with that of xerogel V,0s reacted with TMA.

forms 4.035 and 4.031 g/cm3, respectively, and LiyV,04
3.11 g/cmd.

Other TMA Compounds

TMAV,010 was the first organic layered compound of
vanadium oxide to be formed hydrothermally;3® the
structure, shown in Figure 7, contains only VOs SPs.30:54
These pyramids have the same chain arrangement as
in V,0s and NaV;0s; however, whereas in V,05 the
adjoining edge-sharing pyramids alternate their apices
up and down, in TMAV40;0 they are arranged in pairs
two up and then two down along the edge-sharing chain.

The fettucini-like morphology of the TMAVO, phase
is an indication of the strong bonding in one dimension,
and the structure bears this out. This compound?8 is
built from a common building block in the vanadium
oxides—a quadruple unit of edge-sharing vanadium
octahedra. These form chains down the b axis, and they
join together forming the V3O, sheets by sharing two
corners, as indicated in Figure 7. The large TMA
cations, of diameter ca. 7 A, are arranged in a disordered
manner around the 0,0,0 site, thus explaining the small
b axis of 3.59 A. Removal of the TMA ions results in
destruction of the lattice.

The TMAp.17H0.1V205 phase, formed under the most
acidic conditions, has an interlayer spacing of 12.97 A,
and appears to be very similar to the xerogel V,0s
formed by acidification of vanadates at room tempera-
ture. Figure 9 compares?® the X-ray diffraction of the
hydrothermally formed phase with a xerogel, HyV,0s-
nH,0, that has been reacted with the base TMAOH. The
two phases are clearly similar, with the hydrothermal
phase being the more crystalline; we are hoping to be
able to get a better understanding of the structure of
this phase by studying this more crystalline phase. Oka
et al.5% have proposed that the structure of V,0s xerogel
is based on that of 6-V,0s. The layers of 6-V,0s5 are
built from a quadruple unit of edge-sharing vanadium
octahedra. The quadruple unit forms the chain by
sharing an edge with the neighboring units. The
cations, water, or both reside between the vanadium
layers.

The layered TMAsV 1504 is found®® as a minor com-
ponent when V,0s, V,03, TMACI, and TMAOH in the
molar ratio 1:0.33:1:5 are heated at 170 °C for 2 days
after adjustment of the pH to 5.0 with nitric acid. The
major components were TMAV,0;0 (40%) and the
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Figure 10. The 0-V,0s structure of (CH3N H3)0,75V4010‘H20.

cluster compound TMAgV15036ClI-4H20 (40%). It has a
unique intergrowth structure, shown in Figure 7, whose
unit cell is comprised of two distinct slabs ~12 A wide
and 7 A thick. The slabs have very different vanadium
coordination environments; this results in the slabs
being either slightly curved and neutrally charged or
puckered with negative charges (counterions are TMA).

Methylamine Compounds

When methylamine is substituted for the TMA ion,
the opportunity for hydrogen bonding is made available
and indeed some differences in reactivity and crystalline
structure are found. However, pH is still important in
determining the structure formed, with three com-
pounds formed to date. When a mixture of V,0s and
CH3NH5, with the pH adjusted to 7 with acetic acid, is
reacted at 200 °C for 4—5 days, large, dark-brown
platelike crystals of (CH3NHz3)V307 are formed;3! the pH
of the reaction remained constant during the reaction.
The structure of (CH3NH3)V307 was shown in Figure
4. The MA cations reside between the layers and are
bonded to the oxygens of the vanadium layers, which
are puckered as in (DABCO)VgO14:H,0. The methyl-
amine was lost on heating in oxygen between 200 °C
and 280 °C with the formation of vanadium pentoxide.

Lowering the pH of the V,0s5-methylamine system to
4 with acetic acid resulted in the formation of dark-
green claylike (CH3NH3)0.75V4010°H20.31 The inorganic
framework of this compound is built from double V,0s5
layers, shown in Figure 10, like those in 6-V,0s and
xerogel V,0s. The MA cation resides between the
vanadium oxide layers. The TGA showed the loss of
organic between 200 °C and 300 °C and formation of
V70s.

Changing the pH of the V,0s5-methylamine system to
3.5 with a mineral acid, HNOs, resulted in the formation
of (CH3NH;),Vg017.32 The pH jumps to 9 after the
reaction and shiny black crystals were the product of
the reaction; the same product is formed in the absence
of acid addition. The composition of this compound was
determined by chemical analysis. The compound loses
the organic at 300 °C, followed by the gain of oxygen to
form V,0s. The structure of this compound has not yet
been solved.

Bidentate Organic Complexes

A number of bidentate organic molecules such as
ethylenediamine, H,NCH,;CH>NH, = en, diaminopro-
prane, NH,CH,CH,CH,;NH>, and piperazine, HN(C,H,),-
NH, have been shown to form layered vanadium oxide

Figure 11. Structure of vanadium oxide layer in a-and 5-(Hs-
NCH,CH;NH3)V4O1,.

compounds. The pH of most of the reaction media is
neutral to basic after reaction, consistent with the
structures found that contain both SPs and tetrahedra;
the vanadium oxidation state is between +4 and +5.
Riou and Férey®” made green crystals of (enH;)V4010
by the hydrothermal treatment of the reaction mixture,
V205, SiO,, HF, en and H,O at 180 °C for 24 h. The
pH of the reaction medium changed from 5 to 7 during
the reaction. Zhang et al. reported®® black and rod-
shaped a- and f forms of this compound when V,0s, en
and H,O were reacted at 180 °C for 121 h, and they
were always found together. The unit cell of the a-(Hs-
NCH,CH;NH3)05V205 is different from the f form
because of the orientation of the ethylenediamine
between the vanadium layers. In the o form, the enH,
cations lie parallel to the layers, whereas in the g form
these cations are oriented with a small tilt angle, which
results in slight puckering of the vanadium oxide sheets
for the 5 form. This leads to a larger interlayer spacing
of 7.246 A for the B form, compared with 7.187 A for
the a form. The inorganic framework is the same for
both forms, as shown in Figure 11, and is composed of
vanadium oxide layers with the formula V05~ and
consists of both VVO, tetrahedra and V'VOs square
pyramids. Two SPs share edges and their terminal
oxygens are oriented in opposite directions. The pair
of SPs are linked to 6 VO4 units. This type of building
unit has been previously observed in the structure of
CsV;,0s.5% The major difference is the orientation of the
tetrahedra in both compounds. In CsV,0s, the terminal
oxygen of the tetrahedron points up and down alterna-
tively from row to row. The VO, units in (enH2)V4010
alternatively point up and down in each row toward the
organic layer.

Riou and Férey® synthesized a diaminopropane
analogue under slightly more acidic conditions, initial
pH 4 and final 5; [H3N(CH3)3NH3]V4010 was formed as
dark-green hexagonal plates. Zhang et al.5! reported
finding black platelike crystals. The inorganic frame-
work of this compound is the same as that of (enH,)-
V4010, except that it differs in the way the layers are
packed. Every other layer of SPs is shifted by a/2
differing with the structure of (enH)V4010. The shift
in the SP layers results in a larger unit cell (Table 1).
The diprotonated diaminopropane resides between the
vanadium sheets and lies parallel to the layers and
hydrogen bonds to oxygens in the vanadium layers.

Piperazine behaves similarly to ethylenediamine, and
Riou and Férey>” made green crystals of a-(pip)V4O010
under the same reaction conditions, with the pH again



2636 Chem. Mater., Vol. 10, No. 10, 1998

changing from 5 to 7 upon completion of the reaction.
The structure of this compound is the same as that of
(en)V40;0 except that the interlayer spacing is larger
in (pip)V4010 because of the presence of the larger
piperazine cations between the vanadium layers, 8.20
Avs. 7.47 A

Zhang et al.%® synthesized a- and -(pip)V4O10 com-
pounds as thin black plates from the hydrothermal
treatment of the reaction mixture NaVO3;, H,O3PCHjs,
piperazine, and H,O at a pH of 7. The structure of
B-(pip)V40qp is different from that of a-(pip)V4010 and
enV4010. The vanadium layers are made from both SPs
and tetrahedra. The SPs exist in pairs sharing their
edges, similar to the stacking seen in (enH3)V4010. The
difference in the structure is due to the arrangement of
the SPs. Two different orientations are observed from
one SP row to the next. The piperazinium cations
residing between the layers are hydrogen bonded to the
layer oxygens in both a- and S-[H2N(C2H4)2NH2]V4O10.

Zinc Vanadium Oxides

So far we have predominantly discussed reactions
where only one metal, vanadium, or lithium and vana-
dium were present. The impact of a second metal, in
particular zinc, in the reaction medium has been
extensively studied both with organics such as TMA,
en and bypyridine present and absent.

The hydrothermal treatment of the reaction mixture
V205, Zn0O, H,0, and bpy in the molar ratios of 1:0.35:
323:1.2 at 170 °C for 44 h followed by 200 °C for 90 h
resulted in black rods of [(bpy)2Zn]>V4010.%° In contrast
to the compounds described so far, the inorganic frame-
work of the layers is built only from tetrahedra. The
oxidation state of vanadium is thus in the +5 state.
Each tetrahedra shares three of its corners and has a
terminal oxygen. Fourteen VO, tetrahedra make up
large circular rings in each layer. The Zn(bpy), complex
is on either side of the center of the ring bonded to the
oxygens of the vanadium layers.

When VO(OH),; and a 0.1 M ZnCl; solution are heated
at 280 °C for 40 h, a black powder of composition
0-ZNng 25V205°-H,0 with a new type of V,0s5 layer was
formed.%2 Its layered structure contains vanadium oxide
tetrahedra, SPs, and octahedra. This structure when
projected in the ab plane is similar to that of 6-V20s.
The Zn and the water molecules are located between
the layers. This phase can be dehydrated by heating
the sample to 200 °C. The layer spacing decreases from
10.76 A to 8.92 A upon removal of the water.

A systematic study® of the reaction of ZnCl,, V,0s,
and TMAOH with varying molar ratios of 1:1:1, 1:1:2,
1:1:3, and 1:1:4 resulted in the formation of four new
phases, Zn0_4V205'0.3H20, Zno_4V205'O.5TMA, ZI”I3(OH)2-
(V207)-H20, and Zn,(OH)3(VOs3), respectively. When
Zno4V205:0.5TMA was synthesized, the pH was ad-
justed to 3.67—4.00 by acetic acid. The colors of these
four compounds are greenish black, black, white, and
white, respectively. Two of these compounds, Zng 4V,0s-
0.3H,0 and Zng 4V>05:0.5TMA, as well as a similar iron
compound TMAg 17Feq1V205:0.17H,0,% contain vana-
dium oxide in double sheets as in 5-V,05% (see Figure
10). Znp4V205°0.3H,0 has a repeat distance of 10.43
A, consistent with a double layer sheet of V,0s with zinc
ions and water molecules between the layers. On
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Figure 12. Electrochemical insertion of lithium into (a)
ZnNo4V205:0.3H,0 and (b) ZNo.4V205°0.5TMA.

2.0

heating to 150 °C, the lattice contracted from 10.43 to
9.23 A; on exposure to atmospheric air, the lattice
expanded again to 10.48 A and 10.59 A, indicating a
variable water content. This 6 phase has also been
formed by the hydrothermal treatment of the VOSO4—
ZnS0O, system or the VO(OH,)—2ZnCl; system at 250—
280 °C,%2 but the higher temperature leads to a lower
zinc content, 6-Zng16V205-nH,0. It is also formed by
the ion exchange of (VO)o1V205-nH20 or Kg3V20s in
ZnCl; solution. The ion-exchange activity is higher for
the §-phase than that of the o-phase, 0-Zng 25V205-H>0.
The water content is variable and the interlayer spacing
ranges from 13.15 A at room temperature to 9.31 A at
180 °C.

The electrochemical behavior of the 06-V20s zinc
vanadium oxides is shown in Figure 12.8384 The lithium
insertion proceeds in several stages, reminiscent of that
of V,0s. These steps are maintained during the sub-
sequent charge and discharge cycles, showing that the
structure of this material did not change during the
redox reactions, unlike V,0s itself. The lattice repeat
distance of dehydrated Zng4V205-0.3H,0 decreases to
8.62 A when reacted with n-butyllithium in hexane. The
compound Zng 4V,05-0.5TMA incorporates 1.1 lithium
into the structure on discharge, consistent with the
vanadium being reduced to the +4 oxidation state. In
this case the discharge curve does not show the steps
observed in the TMA free compound.

The third compound formed, Zn3(OH),V,07-2H,0, is
a pillar compound reminiscent of g-alumina. The
structure is sandwich-like (Figure 13),%¢ with the layers
comprising zinc oxide/hydroxide octahedra, with V,07
groups making V—0O-V pillars and water molecules
between the layers. The water is readily and reversibly
removed on heating; less than half the volume between
the layers is occupied in the dehydrated compound. This
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Figure 13. The structure of Zn3z(OH),V,07-2H,0, open circles
are water molecules.

void space should lead to high diffusivity of ions or
molecules that can fit between the layers. The challenge
is now to duplicate the structure with a more interesting
and redox-active ion than zinc in the layers.

The fourth compound formed, Zny(OH)3(VO3), was
indexed in space group R-3m with hexagonal lattice
parameters: a = 3.0721(1) A, ¢ = 14.313(3) A8 This
compound has layers of edge-shared zinc oxide/hydrox-
ide octahedra, with vanadium between the layers in
tetrahedral configuration. The layers can be thought
of as having the composition H3(Zn,O)Os, where Zn
occupies two of the three available octahedral sites, and
is the vacancy. This compound is essentially inactive
to lithium in electrochemical cells, probably because of
its close-packed structure.

The en,ZnVe014 and en,CuVeO14 compounds with the
V307 type structure were described above. When the
reaction molar ratios were changed, a new compound,
[(en)2Cul2[V10025],%° resulted, with copper chelated to
en between the layers. The layers contain vanadium
SPs and tetrahedra. The SPs share edges and form a
trimeric unit. In the trimeric unit, two SPs face up and
one faces down. The trimeric unit shares it corners
along the [001] direction to form chains. Two of the
chains join together by the tetrahedra to form a double
strand. These double strands are joined by a V,07 pair
of tetrahedra and create some ordered voids in the
layers.

Structures with V30g Layers

H,V30g or V307,-H,0 was originally synthesized by
Theobald and Cabala®” and its structure solved by Oka
et al.%8 Green flat fibers of H,V30g were prepared by
the hydrothermal treatment of VOSO, aqueous solution
at 0.1-0.2 M. It can also be synthesized®®7° by the
hydrothermal reaction at 200 °C of V,0s in glacial acetic
acid to which a little water has been added. The
structure of this compound is shown in Figure 14, and
contains vanadium SPs and octahedra in +4 and +5
oxidation states, respectively. Four vanadium octahe-
dra shares edges, forming a quadruple unit. The two
SPs with terminal oxygens facing in the opposite direc-
tion are joined by sharing an edge at the base. The SP
units bridge the quadruple units to form the layers. The
water is bound to the vanadium in place of one of the
oxygens in the VOg octahedron and makes hydrogen
bonds with the octahedra in the next layer, giving the
3D structure.
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Figure 14. Structure of H,V30s.
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The magnetic susceptibility of H,V30g exhibits Curie—
Weiss behavior and is consistent with one isolated V!V
per formula unit.5® This compound also exhibits inter-
esting electrochemical behavior in lithium cells, as
shown in Figure 15.”Y The plateaus indicate that the
lithium is residing in several different sites, and that
the reactions are reversible.

Oka et al.” synthesized the known compounds AV30g
(A = K, Rb, and Cs) by the hydrothermal treatment of
V205 and ANOg solutions at 250 °C for 48 h, and showed
that RbV30g has the known structure of the KV3;0g and
CsV30g compounds.”® The V30g layer is made of VOg
octahedra and V,;0g units of edge-sharing SPs. The
alkali ions are situated between the layers. NH;V30g
was also synthesized and had the structure described
by Range et al.”* Attempts to make LiV30g and NaV30s
hydrothermally were unsuccessful. The reactants and
synthesis conditions were critical in forming, with
nitrate maintaining the highest vanadium oxidation
state. The V,05—A,S0, system produced A,VsO16-NH0
compounds related to the hewettite mineral, CaV¢Oi6°
nH20.75

Barium Vanadium Oxides

Several barium vanadium oxides have been formed
hydrothermally.”6=78 The hydrothermal reaction of VO-
(OH), dispersed in a 0.1 M BaCl; solution at 270 °C for
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(b

Figure 16. The structure of barium vanadium oxides: (a)
BaV30g, (b) Bao,4V3Os(VO)o,4’0.4H20, and (C) BaV;016-nH,0.

40 h resulted in the formation of black rodlike crystals
of BaV30g’® together with VO,(A). This compound was
first reported by Bouloux et al.”® to be Bay1y(V3Os)2, but
the structural details were unknown. The layered
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structure of BaV30g, shown in Figure 16a, is of V303
layers stacked along the c-axis. The V30g framework
is made of vanadium tetrahedra and octahedra. Two
vanadium tetrahedra share a corner to form a V,0O7 unit.
This V207 units shares its vertices with VOg octahedra
to form a V309 sheet. The two V309 sheets are con-
nected at octahedra of one sheet to the tetrahedra of
the other sheet making up the V3Og layer. The barium
ions are found between the V3Og layers.

Bay 4V30g(V0O)o.4°0.4H,0 was synthesized by the hy-
drothermal reaction of VOCI; and BaCl, at 240 °C for
24 h.”® The vanadium is present in both +4 and +5
oxidation states. The V30Og layer is the same as that of
H,V30g, with the vanadium in square pyramidal and
octahedral coordination, but instead of the hydrogen
bonds that connect the layer, the V3;Og layers are
bridged by vanadyl groups forming VOs SPs (Figure
16b). The bridging, however, is imperfect, as 60% of
the VOs units are absent and thus the structure of
Bap 4V305(V0).4:0.4H50 is intermediate between a tun-
nel and layer structure. The barium ions and the water
molecules are located in the tunnels; potassium and
rubidium form analogous compounds.

Jacobson and colleagues®® synthesized a new barium
vanadium oxide, BaV;O14-nH0, using the electrochemi-
cal—hydrothermal method of Yoshimura et al.8l Its
structure, which has tetragonal symmetry, bears some
similarities to the VsO14 Structure type discussed earlier,
as it contains zigzag chains of edge-sharing polyhedra,
as shown in Figure 16¢;8° in this case VOg-distorted
octahedra, where the former contains VOs SPs. These
chains are joined by corner-sharing to give sheets with
all the vanadyl groups on one side; two such sheets are
then joined back to back to make the vanadium oxide
layer. Tetrahedra are located between the 1 x 2
windows of both structures, and all four oxygens are
shared with the layers. It thus has similarities to both
6-Zn0.40V205‘nH2064 and 0-Zn0,25V205-H20.62

0-V,0s5-Type Structures

Oka et al.82 made a systematic study of the hydro-
thermal reaction of VOSO, solutions in an attempt to
synthesize layered compounds similar to the V,0s gels,
and identified five phases as a function of VOSO,
concentration and reaction temperature. The major
phase, designated as I, has a temperature-dependent
interlayer spacing: 14.3 A at 240 °C and 17.3 A at 170
°C. Heating or evacuation gives a series of com-
pounds: I' (17.3 A)—1 (14.2 A)—la’ (12.6 A)— lo (11.5
A)—18 (10.0 A)—1ly (8.3 A); phases I through 18 transi-
tions are reversible. Phase | has the composition®
(VO)0.1V205:2.3H,0. The vanadyl ions (VO?") and water
molecules are intercalated between the V.05 layers,
which are similar to the double sheets of 9-V,0s. This
phase is similar to the V,0s5 gel product, reported by
Babonneau et al.8* and Khairy et al.,8% which has an
interlayer spacing of 14.2 A, as does the hydrothermally
formed compound V,045:0.5H,0 reported by Theobald
and Cabala.?8” Phase | is very similar to the mineral
bariandite,? V100,4:12H,0, which has the same lattice
parameters and is likely isostructural.

Phase Il was formed at higher temperatures, > 250
°C, has an interlayer spacing of 8.3 A, and was founds®
to be an aluminum-containing oxide, (Vi—xAly)20s5_4x-
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(OH)4x, with x = 0.18. The aluminum was believed to
come from the reaction vessel. The layers of phase Il
are also analogous to the 6-V,0s structure. Phases Il
and IV were formed at still higher temperatures and
have interlayer spacings of 19.0 A and 7.1 A. Phase V
was formed at higher VOSO, concentrations along with
phase I and V30;,-H,0 at temperatures >250 °C with
an interlayer spacing of 13.2 A.

The addition of alkali ions and NH, ions to the VOSO4
reaction solutions results in hydrated layered structures
with the general composition A.3V205-nH>0 (A = Na,
K, Rb, Cs, NH; and n = 0.6—1.2).9991 The interlayer
spacing for these compounds is ~11 A, which is reduced
on dehydration to values dependent on the size of the
alkali ions; reversion to the hydrated form occurs upon
exposure to air. When the alkali content is increased,
as in Kgs5V205% and Rbp25V20s,% the compounds re-
main anhydrous and have the §-V,0s-type structure.
When the potassium content is between 0.29 and 0.33
the hydrated form results, and when it is between 0.46
and 0.50, the dehydrated form is observed. A biphasic
state is observed when the potassium content is between
0.33 and 0.46. The layer spacing of the hydrated form
is 10.88 A, which decreases to 9.5 A upon the removal
of water. The increased potassium content binds the
V,0s layers together strongly enough so the layers
cannot expand and allow the water molecules to inter-
calate between the layers. The Ky5V205 phase can be
hydrated by oxidative removal of potassium in 3%
hydrogen peroxide solution; addition of K from a KI
solution adds potassium and removes the water. The
Rbos5V20s5 phase can also be oxidized and hydrated to
Rbp3V205:0.8H,0 by soaking in hydrogen peroxide
solution; however, subsequent reduction of the hydrated
phase in Rbl solution only results in a less hydrated
phase, Rbo_4V205'0.5H20.

Oka et al.®* were also successful in the hydrothermal
synthesis, from VO,(A) and MCI, solutions, of single
crystals of Mg 25V205-H,0, where M = Ca or Ni. They
showed that these compounds have the 6-V,0s structure
with Ca or Ni and the water molecules residing between
the layers.

Aluminum Vanadium Oxide

Pequenard et al.®> showed that reaction of aluminum
and vanadium oxides under hydrothermal conditions,
using TMA ion as a template, gives rise to a new
aluminum vanadium oxide hydroxide Al,(OH)3(VO,),
which has the structure of the mineral augelite Al,-
(PO4)(OH)3.%8 This new compound, as well as augelite,
is one of the few compounds to contain aluminum in a
trigonal pyramidal environment.

Cesium Vanadium Oxide

Yellow crystals of Cs,V40;;, first reported by Per-
raud,®” were synthesized by the hydrothermal reaction
of VO(OH); and CsVO3; in water at 280 °C for 30 h.°8
The structure is made of V4,01, layers with the cesium
ions residing between the layers, which contain VO,
tetrahedra and VOs SPs in a random distribution.
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