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Hydrothermal synthesis at relatively low tempera-
tures (120—250 °C) and pressure using organic cations
as templating agents has proved to be an extremely
prolific method for the preparation of novel 2D and 3D
“open-framework” main-group oxides and phosphates.!
Recently, the technique has also been extended to the
synthesis of an impressive range of transition-metal
phosphates.?2 The number of transition-metal oxides
prepared by this route, however, is extremely small. The
use of inorganic cations as templates has resulted in
open-framework structures in a few cases for W2 and
Mn oxides.* The only reported example of the use of
an organic cation as a template, however, is layered
(NMe4)Mo,-5012,%> whose structure was deduced from
Rietveld refinement of powder XRD data. To our
knowledge, similar chemistry has not been reported for
vanadates, perhaps owing to the propensity of this
system to form oxyvanadium clusters. In some cases,
the use of an organic molecule as an intended template
in hydrothermal syntheses of vanadium oxides has
resulted in the formation of an infinite-lattice structure,
but exclusion of the organic component from the lattice.®
This has led some to speculate that the organic compo-
nent, though necessary, may sometimes act simply as
a reducing agent.®®

Vanadium oxides are of particular interest as candi-
dates for active cathode materials in reversible lithium
ion batteries or electrochromic devices. This results
from their favorable electrochemical characteristics,
including mixed ionic and electronic conduction proper-
ties.”8 Traditional high-temperature solid-state syn-
thesis has provided a wealth of binary and ternary
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phases,®10 most of which possess a large capacity for
reversible lithium insertion but have somewhat re-
stricted pathways for lithium diffusion due to their fairly
dense structure. There is considerable desire for new
synthetic approaches!! and new structural types, espe-
cially those with more “open-framework” structures that
have the potential for less-hindered Li ion mobility.
Here, we report the first single-crystal structure of
an organic cation-templated infinite-lattice transition-
metal oxide resulting from hydrothermal synthesis. It
possesses a unique structure composed of a new ar-
rangement of edge-shared VOs square pyramids that are
corner-shared with VO, tetrahedra to form highly
puckered layers, between which the DABCO cations are
sandwiched. We have also examined electrochemical
Li insertion into this host material. The results show
that although Li insertion is hindered in the DABCO-
filled host, after removal of the DABCO the lattice can
reversibly intercalate up to at least 8 Li/mol of V¢O14.
The title material was synthesized under hydrother-
mal conditions using 1,4-diazabicyclo[2.2.2]octane (DAB-
CO, or CgHi12Np) as the templating agent and NaVvOg;
as the source of vanadium. Typically, the reaction
mixture of molar composition 2:1 DABCO:V (0.06 M in
V) was stirred to homogeneity, and the pH of the
mixture was adjusted to about 2 by the dropwise
addition of 6 M nitric acid. The slurry was then sealed
in a Teflon-lined stainless steel autoclave and heated
to 180 °C for 3 days under autogenous pressure. The
resulting monophasic product, consisting of small black
prismatic single crystals with a metallic luster was
filtered, washed with water, and dried in air at ambient
temperature. The yield was at least 85% based on V.
Suitable plate-shaped crystals were obtained for X-ray
analysis. The monoclinic unit cell (Figure 1) shows the
protonated DABCO cations located between the VeO142~
layers. The inorganic framework sheets are composed
of edge-sharing square pyramids (SP) that form pairs
of alternating “up” and “down” orientations joined to
form zigzag ribbons (Figure 2). This unique character-
istic of the polyhedral arrangement has not been
reported for any other single-layer vanadium oxide, and
it has even been suggested that this arrangement of two
edge-shared vanadium SPs oriented in the same direc-
tion is not possible.’2 We have also observed this
structural feature in one other organically templated
vanadium oxide to date, although the framework struc-
ture is not the same as the title compound.’®* The
repulsion of the adjacent square-pyramidal vanadium
cations (in both cases) is partially compensated by a
substantial tilt of the polyhedra. In this case it yields
layers that are highly puckered along the [010] direc-
tion. The bases of the square pyramids are not perfectly
flat but have a substantial dihedral angle com-
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Figure 1. Unit cell of (CsH14N2)Ve014:H20, showing inequiva-
lent vanadium sites and DABCO interlayer cations.
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Figure 2. (a) Portion of the crystal structure of (C¢H14N»)-
V6014°H20 (along [100] that depicts four square-pyramidal VOs
units linked to form a single layer: Note the pairs of edge-
sharing square pyramids that have the same relative orienta-
tion. (b) the structure shown along [010].

pared to other known vanadates.!* The structure is
furthermore unique and unusual, since double-layered
structures with six coordinate vanadium are generally
formed for cations with either a large diameter
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Figure 3. (a) TGA-DTA curves for (CsH14N2)VeO14+(dehydrated)
obtained in flowing air. (b) powder XRD pattern of (C¢H14N>)-
Vs014°H0 calcined in air at 400 °C.

(NH4T,K*) or high charge (Ca?").° Single layers of
mixed four- and five-coordinate vanadium have not been
previously reported for vanadium oxide bronzes and
appear to be the result of DABCO cations in the
synthesis. Galy theorized that the formation of the
double layers was a result of distortions at the edge of
the lattice occurring during the intercalation of large
or highly charged ions into every other layer of V,0s.°
The templating route that we employ results in a
different host lattice since the framework is constructed
in the presence of the organic cations.

The fact that (DABCO)VeO14 contains one four-
coordinate and two five-coordinate V sites in the unit
cell implies that the electron density is localized in this
structure, giving rise to isolated V4* and V°" sites,
respectively, and an average oxidation state of V433,
This is the first example of a mixed coordination
geometry in such a material. Many other vanadium
oxide bronzes, such as y-LiV,05 or o/-NayV,0s,15 also
appear to contain discrete V> and V' ions, although
both sites maintain square-pyramidal geometry in these
cases. Not surprisingly, the V—0 bond lengths in the
5-coordinate sites are comparable to those found for
V,0s and common vanadium oxide bronzes.®12 The
shortest bond, an average of 1.583 A, corresponds to the
axial V=0 or vanadyl bond in either the square-
pyramidal (SP) (V.—0O; or V3—03) or tetrahedral site
(V1—03). The remaining bond lengths in the tetrahedral
site are similar, on average 1.76 A. The two SP sites
both possess, on average, equatorial V—0 bond lengths
of 1.945 A, although the SP site that is corner-shared
with three tetrahedral sites is more highly distorted,
with bond lengths ranging from 1.859 to 2.010 A.

The electrochemical properties of this material as a
host for reversible lithium insertion were examined
using a cell comprised of a lithium counter electrode,
1.0 M LiClO4/propylene carbonate as the electrolyte, and
glass-fiber mesh as the separator. The working elec-
trode consisted of approximately 2 mg of (DABCO)V¢O14
mixed with 90 wt % carbon black and 2% EPDM binder.
This mixture was pressed onto a 1 cm? fine stainless
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Figure 4. Discharge—charge curves for lithium insertion in the calcined vanadium oxide (CsH14N2)VsO14 at 0.1 mA/cm? oxide for

(a) cycles 1 — 3 and (b) cycles 7 — 10.

steel mesh, and the cell assembly was then compressed
in a battery casing using a screw-thread fitting. The
cell was cycled under galvanostatic conditions at current
densities ranging from 0.05 to 0.2 mA/cm? between
preset voltage (or charge) limits using a MACPILE system.
The results for the pristine (DABCO)VsO14 showed that
only 0.9 mol of Li could be intercalated per
(DABCO)Vg014 (equivalent to 0.3 mol of Li/V;0467)
when the reduction potential was limited to 1.9 V. We
ascribe this low lithium capacity to the presence of the
DABCO dication between the layers, which appears to
hinder the Li insertion process by a combination of steric
and electrostatic effects. The DABCO could be readily
removed from the lattice, however, by calcination. TGA/
DTA carried out in flowing air (Figure 3) showed that
the DABCO is combusted from the lattice at 405 °C,
corresponding to a sharply defined weight loss of 16%.
This is followed by a gradual weight gain of ap-
proximately 3% between 405 and 500 °C, consistent
with oxidation of the V0142~ framework from V433t to
V50t The loss of DABCO from the material was
therefore monitored in the thermal balance during
isothermal treatment at 400 °C, and care was taken not
to attain the temperature at which complete oxidation
occurred. The black appearance of the resultant mate-
rial suggested that this was successful; however, the
XRD pattern showed that the product was very poorly
crystalline, as only two diffraction peaks at high angle
(d=23.20 A, d = 2.43 A) were evident. This is suggestive
of remanent short-range order in the material, typical
of many vanadium oxides, including VO..

Li insertion in the material after removal of the
DABCO was more facile and showed interesting behav-
ior (Figure 4a). The moles of Li inserted are expressed
per mole of V,0s5_, (0.33 > z > 0) to facilitate compari-
son. During the first discharge under a constant
current of 100 uAlcm?, despite the relatively amorphous
nature of the material, several well-defined plateaus are
evident which are recovered on the subsequent charge
cycle when the limiting voltage is 2.25 V. The overall
curve and features are unlike those of “semicrystalline”
V,0s5 xerogels® but bear remarkable similarity to that
observed for lithium insertion in polycrystalline V,0s.17

In the latter, each plateau corresponds to formation of
an ordered LiyxV,0s phase (a series of bronzes, LixV20s5
(0 < x < 1.0) can also be formed by treatment of V.05
with Lil in acetonitrile!®). We conclude that similar
sites are available for insertion in the heat-treated
V0142~ (“V,0s5-;") although no long-range order is
evident by XRD. Upon deeper discharge to 1.9 V (cycle
2), the plateaus are lost on reoxidation, and the follow-
ing cycle (3) shows a featureless curve suggesting a
different disordered phase has been formed by this
process. Lithium insertion in this phase is completely
reversible, as illustrated by cycling curves 7 — 10
(Figure 4b). This behavior has also been noted for deep
discharge of crystalline V.05 for which the disordered
phase w-Li3V;0s is formed at x = 3, although this
results in a material with a different XRD pattern
(reflections with d spacings at 2.04 and 1.45 A).1® The
latter process also corresponds to a transition from
crystalline to amorphous on deep discharge; here, the
reduction process corresponds to a transition between
two different amorphous phases with short-range order.

Work is currently in progress to remove and/or replace
the interlayer cation by ion exchange and to examine
methods of “pinning” the layers together to form tunnel
structures.
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