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V205 xerogels can be synthesized by hydrolyzing
vanadyl alkoxides or self-condensation of vanadic acid.1-2
Sol—gel chemistry affords the possibility of making new
V205 composites with materials that cannot withstand
the temperatures used in traditional synthesis of oxides
(e.g., organic polymers). In this process mixing occurs
at the molecular level, producing a nanocomposite.
Nanocomposites are of special interest because they
often exhibit properties that differ from those expected
from the average of their individual components.3—>
Sol—gel chemistry also may provide free-standing thin
films or spin-coating substrates. Smyrl and co-workers
prepared spin-coated V,Os xerogels as cathode materials
that reversibly intercalate more than 3 equiv of
lithium.5-8 Kanatzidis and co-workers synthesized
layered V,0s5 xerogel polymer composite bronzes with
poly(pyrrole) and poly(thiophene) by the interaction of
aqueous V05 gels with the pyrrole or thiophene mono-
mer.%1% They also prepared composites with poly-
(ethylene oxide) and studied the materials structure,
electronic properties, and redox reactions with lithium
iodide.’112 Ruiz-Hitzky and co-workers studied the
structure and mixed protonic—electronic conductivity of
the V,0s—crown ether composites they synthesized.'®

The principle focus of the present research was to
synthesize V,0s—polymer electrolyte mixed conducting
xerogel nanocomposites and to characterize their charge
transport properties. The polymer electrolyte (a-
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PEOQO)2oLiOTf (a-PEO = (CH20)0.1(CH2CH20)09, OTf =
CF3SO03) displays a room-temperature ionic conductivity
of approximately 10=> S/cm, and it is an electronic
insulator. The nanocomposites of V,0s and (a-PEO),-
LiOTf should exhibit mixed ionic—electronic conductiv-
ity with electronic conduction in the V,0s phase and
ionic conduction in the polymer electrolyte. Vanadium
oxide xerogels are also proton conductors. Previous
research shows that hydrated vanadium oxide xerogels
are proton conductors, but when the water content is
reduced to V,05-0.5H,0 the protonic conductivity is
negligible relative to the electronic conductivity (10™4—
1075 S/cm).214-16 Intercalated compounds such as pyr-
idine and crown ethers also dramatically reduce protonic
conductivity in V,0s xerogels.13.16

Many unresolved issues still surround mixed conduct-
ing systems, although general features have been
identified.17=22 Several theoretical treatments predict
enhanced ionic or electronic charge transport in mixed
conductors when long-range Coulomb screening domi-
nates,1723-26 put diminished electronic conductivity may
result from ion gating or Coulomb trapping.27-28

The V,0s[(a-PEO),LiOTf]y (n = 10—24, x = 0.01—0.05,
[VI/[EO] = 4.0—10.0) composites were prepared by
passing an aqueous solution of NH4VO3; through a
proton-exchange resin (Dowex 50-W, 50X-100) and then
adding aqueous solutions of (a-PEO) and LiOTf in
appropriate concentrations. Approximately 90% of the
water was boiled away, and the resulting deep red
material was poured into a Teflon dish. The remaining
solvent was allowed to evaporate slowly, leaving a thin
flexible dark red film about 100 um thick. X-ray
diffraction reveals an increase in the interlayer spacing
from 8.8 A for the parent V,0s gel to 13.4 A for the
composite (Figure 1), which is comparable to the spacing
for the V,0s—poly(ethylene oxide) composites.!!

Infrared spectra of V;Os[(a-PEO)10LiOTf]o05:nH20
(IVV/[EO] = 10.0) show bands at 519, 760, 914, and 1002
cm~! that are associated with the V,0s part of the
composite. The band at 1002 cm™! is diagnostic of the
V=0 stretch.12%30 Bands associated with (a-PEO);o-
LiOTf are observed at 1048, 1108, 1174, 1233, 1256, and
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Figure 1. X-ray diffraction of a V,0s[(a-PEQ)10LiOTf]o.0s thin

film.

100 |-~

98 \
96
94
92
90
88
86
84
82
80
78 -
Gl N S S T S R
100 200 300 400 500 600 700 800

Temperature (°C)

T T
2

% Weight Remaining

Figure 2. Thermogravometric analysis of V,Os[(a-PEO)z0-
LiOTf]o01. (@) Decomposition of (a-PEQO),cLiOTf and loss of
water. (b) Reaction with excess oxygen to form crystalline
orthorhombic V,0s.

1348 cm~1, and water is observed at 1640 and 3400
cm~1. This infrared spectrum overlaps the spectra of
the components. When the xerogels are heated at 120
°C in air for 24 h to remove weakly bound water, a band
at 1734 cm~! appears, which indicates a ketonic oxygen
and suggests partial oxidation of the polymer at this
relatively low temperature.

It has been demonstrated that V,0s xerogels normally
contain water in the ratio of 1.8 H>O molecules to 1 V,0s5
unit and a small amount (~1%) of reduced vanadium,
presumably due to a reaction with the proton-exchange
resin.2 The water may be reversibly removed down to
a ratio of V,05-0.5H,0 by heating the xerogel above 100
°C under N3 or in air. The remaining 0.5 mol of water
is irreversibly removed by heating the V,0s5 xerogels
above 200 °C, at which point crystalline V,Os is formed.?

The thermogram for V,0s[(a-PEO)2oLiOTf]o0: in air
contains two main features (Figure 2). Between 180
and 280 °C part of the weight loss (a) corresponds to
the evolution of water as indicated by the behavior of
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Figure 3. Variable-temperature electronic conductivity mea-
sured by the four point probe method. (%) Polymer-free V,0s
Xerogel, (.) V205[a—PEO]05, (D) V205[(a—PEO)1OLiOTf]0,05, (O)
V205[(a-PEO)11L_iOTf]0_045, (A) V205[(a-PEO)_lzLioTﬂo_mz, (V)
V205[(a-PEO)13L|_OTf]o,038, ® Vzos[(a-PEO)14L|OTf]04036, and (0)
V205[(a-PEO)19L|OTf]0_026.

polymer-free V205 gels. Independent measurements on
the pure polymer, the polymer electrolyte and the
polymer-free V,Os xerogel indicate some polymer de-
composition concomitant with the water loss in this
temperature range. The high temperature, 180 °C, of
the water evolution indicates that water is tightly bound
in the composite. A small weight decrease before the
water evolution at 180 °C suggests that some loosely
bound intercalated water still exists in the composite.
Between 375 and 425 °C the weight uptake (b) is
interpreted as the reoxidation of V4* produced at lower
temperatures. This interpretation follows from the
observation that feature (b) is absent when the process
is performed in an inert atmosphere.

The electronic conductivity of the composites was
measured parallel to the V,0s layers by the standard
four-point probe method in a dry helium atmosphere,
with gold electrodes attached across the top of each film.
Polymer-free V,0s xerogels displayed room-temperature
conductivities of 3.6 x 1072 S/cm, and the temperature
dependence indicates semiconductor behavior (Figure
3). A reproducible shoulder at 240 K is seen in the
variable-temperature electronic conductivity data for
the polymer-free V2,05 xerogels in an inert atmosphere.
This may be due to either a change in the interaction
of the xerogel with the weakly bound water and/or a
phase change. All of the V,0s5[(a-PEO),LiOTf]x com-
posites display lower conductivities than the polymer-
free V,0s5 xerogel, and their conductivities decrease
monotonically as temperature decreases. Room-tem-
perature electronic conductivities range from 1.1 x 1073
to 4.6 x 1073 S/cm for composites with varying lithium
triflate concentrations. No clear trend was evident for
the variation in electronic conductivity with lithium
triflate concentration.

The electronic conductivity data fit a variable-range
hopping model, which has the general functional form
o = oo exp[—(T/To) Yz, where z represents the
dimensionality of the hopping mechanism (z =1, 2, 3).
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The data fit one-, two-, or three-dimensional hopping
mechanisms equally well. The accessible temperature
range is presumably too narrow to distinguish between
these models. As previously noted by Roth, it is difficult
to determine the dimensionality of hopping mechanisms
when conductivity data extend over a narrow temper-
ature range.3® A wider temperature range was not
achievable because the material decomposes at high
temperatures and exhibits very low conductivities at low
temperatures.

The thermopower is negative for all composites,
indicating that electrons are the majority charge car-
riers. This observation is consistent with thermopower
measurements of previously studied V.05 xerogels and
V,0s xerogel composites.’! The magnitude of the ther-
mopower is several hundred uV/K, which is typical for
semiconductors. The thermopower data can be fit by a
function characteristic of a variable-range hopping
model, S = C, T¥(=+1) 4+ C, where C, is a variable-range
hopping coefficient, C is an offset constant, and z is the
dimensionality of the mechanism (z = 1, 2, 3).32 The
data fit equally well to one-, two-, and three-dimensional
models, as was observed for the electronic conductivity.

The transference numbers for electronic conductivity
in the xerogels were measured parallel to the V,0s
layers with gold electrodes by a two-probe method. The
films were placed in a gastight cell where the relative
humidity was controlled by varying the flow rates of dry
and wet nitrogen through the cell. A 500 mV potential
was placed across the films, and the current was
monitored until it reached a steady state. The transfer-
ence number was calculated as the ratio of the final
current to the initial current. For V,0s[(a-PEO)10-
LiOTf]o.05 in 0% relative humidity the electrons are the
dominant charge carriers and the electronic transfer-
ence number is 0.97. When the relative humidity is
increased to 60% the electronic transference number
decreases to 0.85, indicating that a smaller proportion
of the charge is carried by the electrons.

Ac impedance measurements were performed on thin
films of the nanocomposites placed between tantalum
electrodes in a dry nitrogen atmosphere. Owing to the
electrode geometry, the ac impedance measures total
conductivity perpendicular to the film. By contrast the
four-point probe method measures the electronic con-
ductivity parallel to the film. A Nyquist plot of the ac
impedance data at room temperature was fit by an
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equivalent circuit containing a resistor in parallel with
a capacitor and the dc conductivity was extracted. The
total conductivity (electronic, ionic, and protonic) at
room temperature perpendicular to the film of V,0s[(a-
PEO)2oLiOTf]o01 is 2.6 x 1078 S/cm, 6 orders of mag-
nitude less than the electronic conductivity parallel to
the film, indicating that electronic charge-transport
perpendicular to the film is virtually closed. However,
the V,0s—polymer electrolyte composites do exhibit an
order of magnitude greater total conductivity perpen-
dicular to the film than the polymer and electrolyte-
free V,05 xerogels. In contrast, the parallel electronic
conductivity of the composites is less than the parallel
electronic conductivity of the polymer and electrolyte-
free V,0s5 xerogels. The greater total conductivity
perpendicular to the films in the composite material
indicates that the ionic conductivity of the (a-PEO),-
LiOTf plays a role in the perpendicular conductivity.
Presumably the (a-PEO),LiOTf forms ionic conduction
pathways between the edges of the V,0s layers, as seen
for polymer electrolytes intercalated in clays where
electronic conductivity is not an issue.3334

In summary, the new V,0s[(a-PEO),LiOTf], xerogel
nanocomposites are mixed ionic—electronic conductors.
The polymer electrolyte displaces much of the weakly
bound water, but tightly bound water remains. The
nanocomposites exhibit high electronic conductivity
parallel to the films while conduction pathways per-
pendicular to the films appear to be virtually closed. The
mechanism of in-plane electronic conduction best fits a
variable-range hopping model, but the dimensionality
of the model is difficult to determine. Variation of the
lithium triflate concentration alters the electronic con-
ductivity in a minor and currently unpredictable man-
ner. Around 120 °C infrared spectra demonstrate
partial oxidation of intercalated PEO by the V,0s.
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