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A set of two-component guest-host nanocomposites composed of conducting polymers and vanadium
oxide are prepared via a single-step, solvent-free synthesis. The composition, structure, physical and
electrochemical properties of these materials are studied. The nanocomposites have a guest-host struc-
ture, with the conducting polymer located in the interlayer space of the inorganic nanoparticles. The
nanocomposites are capable of reversible cycling as the positive electrode in a lithium ion cell, and retain

their capacity over one hundred full charge-discharge cycles. After cycling at a current of ~0.2 Ag~!, their
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capacity is restored when cycling at lower current, demonstrating the stability of their structure.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nanocomposite materials, with structure controlled at the
nanoscale, have recently become a high priority field of scien-
tific research and technical development [1]. The interest in these
materials is high because very often they possess functional char-
acteristics unattainable in macroscale analogues. As batteries are
used in a wide range of devices in addition to the growing use
in vehicles, the development of efficient nanostructured electrode
materials and electrolytes for them is a world-wide research focus
[2-5].

Lithium batteries attract special attention due to their excep-
tional functionality [5-7]. Transition metal oxides are the most
studied cathode materials for lithium batteries at present [2,7-9].
Thatisdictated by their ability to form structures which allow inser-
tion of lithium ions at high potential. But the specific capacity of the
cobalt, nickel and manganese oxides most often used at present
does not generally exceed ~150mAhg~!; this stimulates active
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research aimed at the development of more efficient, alternative,
cathode materials.

Vanadium oxide, V,0s5, possesses such important characteris-
tics as high specific capacity, simplicity of synthesis and relatively
low cost, so it has attracted close attention for a long time
[8,10-16]. But along with high capacity crystalline V5,05 also
has an essential drawback, bad cyclability [8]. More promising
results are obtained for hydrated vanadium oxide xerogels -
V,05-nH,0 [15,17-19]. Xerogels, being nanostructured materials,
possess important advantages due to their morphology: large elec-
trochemically active external surface, small size particles and low
density could promote high diffusion rate as well as small vol-
ume expansion during intercalation of lithium ions. The presence of
water molecules between the layers increases the interlayer space
and increases the capacity of V,05-nH,0 in comparison to crys-
talline V,05 [20,21]. Unfortunately, the stability of the structure
towards intercalation/de-intercalation of lithium ions is insuffi-
cient and the initial high capacity of the xerogel quickly decreases
upon cycling.

Conducting conjugated polymers (CCPs), which possess high
inherent conductivity and are able to undergo practically fully
reversible redox processes, present another perspective class of
cathode material for lithium batteries [22,23]. The main drawbacks
of CCP based cathodes are relatively low specific capacity and high
self-discharge [22].
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Based on the facts presented above, it is natural to suppose that
creation of hybrid nanocomposites from nanosized oxides and CCP,
which might combine the attractive features of both materials -
high capacity and ability to intercalate lithium ions of the oxides,
and the high cyclability, conductivity, and other properties of the
CCP - could be one of the promising routes for further progress
in cathode materials. Several approaches are used for preparation
of such hybrid nanocomposites. One of them is based on embed-
ding inorganic nanoparticles in a CCP matrix [24-26]. Another
method is insertion of CCP macromolecules inside interlayer gal-
leries or channels of inorganic nanoparticles; this preparation of
guest-host compounds can have new, attractive, functional prop-
erties [24,27-55]. Guest-host nanocomposites might be developed
for layered inorganic matrixes such as vanadium and molybde-
num oxides, in which CCP can stabilize the inorganic matrix during
intercalation/deintercalation of lithium ions, increase the overall
conductivity of the materials and the efficiency of its cycling while
retaining the high discharge capacity of the inorganic component
of the nanocomposite.

Synthesis of CCP/oxide based guest-host nanocomposites was
first shown by Kanatzidis and co-workers [56-58]. Several meth-
ods for preparation of such nanocomposites are known now [59]:
intercalative polymerization of monomers in situ; intercalation
of monomers with subsequent polymerization under the effect
of oxidant, application of heat, or microwave irradiation; direct
intercalation of polymers inside the inorganic matrix; exfolia-
tion of inorganic nanoparticles with their subsequent re-assembly
with CCP incorporation. These methods for preparation of hybrid
nanocomposites require, as a rule, use of liquid media and organic
solvents since the monomers are often insoluble in water. Some
preparation methods demand application of elevated temperature
or hydrothermal conditions [59-62]. In addition, the materials pre-
pared via these methods need thorough purification requiring the
use of additional solvents.

Recently the possibility of solid state synthesis of guest-host
hybrid nanocomposites as a result of mechanochemical reaction
was shown [63-69]. Mechanochemical methods possess several
advantages: they are ecologically clean, sufficiently cheap and sim-
ple, and have fairly high productivity [70,71].

Systematic research on guest-host hybrid nanocomposites
prepared by the sol-gel method, which was carried out in
recent years, has shown that such nanocomposites can possess
excellent electrochemical characteristics [35,43,45,50], but the
technological effectiveness of that method and the reproducibil-
ity of those characteristics were insufficient. In the present paper,
guest-host hybrid nanocomposites based on CCP (polyaniline,
polypyrrole, polythiophene) and vanadium oxide are prepared
by mechanochemical methods, and their structure, spectral and
electrochemical characteristics are studied with the aim of devel-
oping a method for preparation of nanocomposites with superior
characteristics. Prolonged charge-discharge cycling is conducted,
because in the literature it is uncommon to find data for hybrid
nanocomposites tested over more than 20-30 cycles, complicating
determination of their long term efficiency and their prospects for
practical application.

2. Experimental
2.1. Reagents

Aniline (99%, Aldrich), pyrrole (98+%, Alfa Aesar), 2,2'-
bithiophene (97%, Aldrich) and crystalline vanadium oxide V,05
(99.99%, Aldrich) were used for preparation of hybrid nanocom-
posites. The aniline and pyrrole were distilled in vacuum before
use.

The V,05 xerogel was prepared by evaporation of an aqueous sol
of V5,05, which was preliminarily synthesized by reaction of crys-
talline V5,05 with hydrogen peroxide [36], in a rotary evaporator
followed by drying of the solid residue in vacuum at 100°C.

Lithium metal (99.9%), anhydrous lithium perchlorate (bat-
tery grade, 99.99%), organic solvents, ethylene carbonate (99%),
dimethyl carbonate (99+%) and poly(vinylidenefluoride-co-
hexafluoropropylene) as a binder from Aldrich were used for
fabrication of lithium battery prototypes; organic solvents were
additionally purified by distillation directly before use.

2.2. Preparation of hybrid nanocomposites

The two-component hybrid composite samples of (CCP)y V205
were prepared by mechanochemical treatment of the mixture of
V,05 xerogel and the proper monomer in an agate 80 mL grinding
bowl containing thirty grinding balls with a diameter of 10 mm
and nominal weight of 40g. Samples were milled in a planetary
Pulverisette 6 (Fritsch) for 9 h at 300 rpm. After mechanochemical
treatment the product was separated by dry sieving.

Aliquots consisting of 2g of V,05-1.5H,0 xerogel and cor-
respondingly 87 wL of aniline, 66 uL of pyrrole and 0.08g of
bithiophene were used for preparation of the composites based
on polyaniline (PAn), polypyrrole (PPy) and polythiophene (PTh)
respectively.

For characterization of the organic component of the composites
by IR and NMR spectroscopies, it was isolated by filtration after
dissolution of the inorganic component of the composites in 10%
aqueous NaOH, thoroughly washed with water and ethanol and
then it was dried in vacuum at 60 °C.

2.3. Characterization

Application of a C,H,N analyzer for determination of the compo-
sition of the prepared hybrid guest-host nanocomposite materials
often led to incorrect results due to incomplete combustion of the
polymer macromolecules located inside the interlayer galleries of
the oxide matrix. Therefore the content of the inorganic component
was confirmed spectrophotometrically using the ability of V°* ions
to form complexes with hydrogen peroxide in acid medium with a
characteristic absorption at 405 nm [72]. The rest of the composite
was considered as the organic part.

The powder X-ray diffraction of the prepared nanocomposites
were conducted on a D8 ADVANCE (Bruker) diffractometer using
filtered Cu Ka radiation in the range 20 = 1-70° with an increment
of 0.05°. Electron micrographs of the nanoparticles of the synthe-
sized materials were obtained on a TEM125K (SELMI) microscope
working at 100 kV. Amorphous carbon film which covered the cop-
per grid was used as a carrier for the nanocomposite samples. SAED
(selected area electron diffraction) patterns were also obtained on
this facility.

Specific conductivity was measured using the standard four-
probe method with an accuracy of 10%. The proper resistance of the
contacts with tablets of the samples was achieved by gold plating
the probe tips.

FTIR (Fourier transform infrared) spectra of the samples in KBr
tablets were obtained using a SPECTRUM ONE (Perkin Elmer) spec-
trometer with a resolution of 2 cm~1. ESR (electron spin resonance)
spectra were obtained on E-9 spectrometer (Varian) using the sig-
nal of Mn2* ions isomorphically substituted in the lattice of MgO as
a standard. Solid-state CP MAS 13C NMR spectra were registered
on Bruker 400 spectrometer with TMS as a standard.

Electrochemical studies were carried out in Swagelok cells,
assembly of which was performed in a dry glove box filled with
argon. A butt disk electrode served as the working electrode. The
counter electrode, which was also used as the reference electrode,
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was fabricated by press-fitting lithium foil to stainless steel mesh
welded to the current collector. The cathode mass - composed of
hybrid nanocomposite/conducting carbon additive/polymer binder
in the ratio 75:15:10 — was formed under a pressure of 300 atm.
The cathode tablet was pressed on stainless steel mesh and dried
in vacuum at 80 °C during 12 h. The electrodes were separated by a
polypropylene membrane impregnated with electrolyte. 1 M solu-
tion of LiClO4 in an ethylene carbonate/dimethyl carbonate mixture
(1:1, vol.%) served as the electrolyte. The content of water was not
higher than 0.007%. Charge-discharge cycling was conducted using
a computerized 32-channel facility in the range 2.0-4.0V vs. Li/Li*
at a constant current density in charge and discharge of 20mAg-1.

Impedance, galvanostatic quasiequilibrium discharge and cyclic
voltammograms of the nanocomposites were taken using a
WAUTOLAB III/FRA2 electrochemical analyzer (ECO CHEMIE) in a
three-electrode cell, where the lithium plate was a counter elec-
trode and lithium wire served as the reference electrode. The
frequency dependence of impedance was measured in the range
from 100kHz to 0.75mHz at different potentials after two full
cycles of charge-discharge. The electrochemically active surface
of the materials was estimated using the electrical double layer
capacity measured using a smooth platinum electrode with known
area. Modeling of the impedance spectra by equivalent circuits was
performed using ZView?2 software (Scribner).

Diffusion coefficients of lithium ions, D+, in the hybrid
nanocomposites based on PAn and PPy were calculated by the equa-
tion [73,74]:

Vu (dE\ 112
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where Vj, is the molar volume of the studied material (cm3 mole—1),
Sis the active area of the electrode, (dE/dx) is the slope of the equi-
librium potential on the quantity of the inserted lithium ions (x) at
the fixed value of x during discharge or charge, Ais the Warburg con-
stant determined from impedance spectra, F is Faraday’s constant.
The value of V), for the nanocomposites was determined based on

the geometry of the composite assuming the volume expansion is
confined to the interlayer spacing:

c
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where c (cg) is the interlayer distance in the nanocomposite (xero-
gel V,05), VMVzOs = 67.64cm3 mole™! or the molar volume of the
xerogel V,0s. The value of dE/dx was measured using the curves of
galvanostatic quasiequilibrium discharge at the currentof 1 pAg—1.
For PTh based nanocomposites, the part of the spectra with 45°
phase angle corresponding to the Warburgh impedance was absent
on Nyquist diagrams; therefore the diffusion coefficient of lithium
ions was calculated using the following formula [74]:

l
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where [ is the characteristic length considered to be equal to the
radius of the nanocomposite nanoparticles, Ry is the diffusion
resistance, Cj,; is the charge capacity determined on the basis of
the quasiequilibrium discharge curve.

3. Results and discussion
3.1. Structure of hybrid nanocomposites

Intercalative polymerization of such monomers as aniline, pyr-
role and bithiophene as a result of mechanochemical treatment
of the parent reagent mixture was confirmed by powder X-ray
diffraction. From Fig. 1 one can see that there was an expansion

(001) of V0, xerogel

Intensity / arb. units
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Fig. 1. X-ray diffractograms of the mechanochemically prepared nanocomposites.

of the interlayer space for PAng1V,0s5, PPyg 1V205 and PThg 1V,05
in comparison with the initial xerogel V,05 as demonstrated by
the shift of the (00 1) reflection in the lower angle region, whereas
after mechanochemical treatment of the pure xerogel in analogous
conditions the expansion of the interlayer space was not observed.

The observed changes in the XRD of the nanocomposites were
due to insertion of CCP - PAn, PPy and PTh - inside the inorganic
matrix consistent with formation of the guest-host nanocompos-
ites [24,27-59]. The height of the interlayer galleries calculated
on the basis of the XRD spectra was 0.48, 0.50 and 0.56 nm for
PAng,V,0s5, PPy V205 and PThy V505 respectively. The stated
differences in the values of the gallery heights correlate with the
features of the inserted polymers. It has been shown earlier [75,76]
that PAn and PPy form in a doped state in mechanochemical syn-
thesis, while PTh forms in the weakly doped or even undoped state.
The charge state of PAn and PPy macromolecules, caused by doping,
could lead to relative decrease of the interlayer galleries’ height in
the nanocomposites with V,05 due to electrostatic interaction in
the guest-host system, which in the case of PTh would be consid-
erably weaker or totally absent. Also the influence of the geometric
factor - the size of the inserted polymer chains - must not be
excluded [77,78].

It should be noted that PThgV,0s5, in comparison with the
other mechanochemically prepared nanocomposites, was char-
acterized by the greatest ratio of the intensity of (001) peak
height to its halfwidth (Fig. 1). It has been established [75] that
the polymerization degree of PTh is rather low, about 10 in
mechanochemical synthesis, which could promote greater order-
ing in separate nanoparticles of PThg 1V,05 as compared with PAn
and PPy based nanocomposites. The decrease of the polymerization
degree probably led to the presence of PTh macromolecules inside
only one particle of the hybrid nanocomposite, while in the case of
PAn and PPy possessing a degree of higher polymerization, single
macromolecules could extend to the inside of two or more parti-
cles, as well as outside of the inorganic matrix. This is consistent
with the differences in the XRDs of the nanocomposites.

To trace the process of the mechanochemical initiation of the
guest-host structure formation, on the example of PThgV,0s,
we studied the effect of milling time of the initial xerogel
V,05/bithiophene mixture on the structure of the hybrid material
(Fig. 2). As follows from the diffractograms presented in Fig. 2, par-
tial insertion took place after 3 min, confirmed by the appearance
of the nanocomposite peak (00 1) at about 6.5 and a decrease of
the corresponding xerogel reflection intensity. After a 15 min treat-
ment the reflection of the initial xerogel practically disappeared and
there was only the nanocomposite (00 1) reflection. The decrease
of the integral intensity of that reflection in comparison with anal-
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Fig. 2. Dependence of (00 1) reflex of PThg;V,0s nanocomposite on duration of
the mechanochemical treatment: 1 — 3 min; 2 - 6 min; 3 - 9min; 4 - 15 min. Inset:
deconvolution of the reflex as a sum of the nanocomposite and xerogel signals.

ogous reflection of the xerogel results from the effect of electron
density of the inserted macromolecules of CCP [79], decrease of the
particle size, and disordering of PThg 19V,0s.

Micrographs and SAED patterns (Figs. 3-5) of the prepared
hybrid nanocomposites showed that the synthesized materi-
als consist of the aggregates of nanosized particles. In accord
with Fig. 3a, the mechanochemically prepared nanocomposite
PPy .1V,05 was composed of polycrystalline particles with a size
of 20-50nm, consisting of separate crystallites which revealed
themselves in the electronogram in the form of spot reflections
superimposed on the ring diffraction pattern (Fig. 3b).

Unlike PPyg1V,05, nanocomposite PAng;V,0s5, as seen in
Fig. 4a, was composed of smaller nanoparticles forming textured
structures which reveal themselves in the electronogram in the
form of arcs (Fig. 4b). As the radial angle of these arcs is small, we
suppose that the nanocomposite possessed high degree of texture
due to an ordering effect of the polymer on the nanocomposite
morphology as a result of the higher degree of polymerization of
PAn as compared with PPy in the conditions of the mechanochem-
ical synthesis [75]. Polymer chains of PAn could be situated in the
adjacent nanocomposite particles, thereby ordering their relative
position and demonstrating the texture of the material as a whole.

It follows from Figs. 3-5 that nanocomposite PThg1V,0s, in
comparison with the other two nanocomposites, was composed
of smaller nanoparticles in the size range 5-10nm (Fig. 5a). That
was also confirmed by electronograms of PThg1V,05 character-
ized by increased width of the rings (Fig. 5b). That feature of the
nanocomposite structure could be connected with the specificity of
the mechanochemical synthesis of PTh which, as mentioned above,
differed from PAn and PPy in lower degree of polymerization and
a weakly doped state that obviously did not favor the aggregation
of separate particles of the nanocomposite based thereon due to
joint polymer chains as in the case of PAn and formation of the
agglomerates of the nanosized particles as in the case of PPy.

It should be noted that in comparison with V,05 xerogel
and hybrid guest-host nanocomposites prepared by the sol-gel
method, for which ribbon-like particles with the length of up
to 1 wm are characteristic [20,80,81], as well as mechanochemi-
cally treated xerogel V5,05, which consisted of the particles with
200-400 nm characteristic size (Fig. 6), all three nanocomposites
were formed of nanoparticles of considerably smaller size.

Fig. 3. TEM micrograph (a) and electronogram (b) of PPyq;V,05 nanocomposite.

3.2. Conductivity of hybrid nanocomposites

Conductivities of the prepared nanocomposites are included in
Table 1. The data show that conductivity of each hybrid material
exceeded the conductivity of the initial xerogel. It was known [82]
that the conductivity of the xerogel V,05 depends on the aver-
age degree of oxidation, i.e. on the number of V#* ions, because
macroscopic electron transfer is realized by small polarons hop-
ping between V>* and V*4* centers. Taking that into account and
also the fact that conductivity of the xerogel did not change as a
result of the mechanochemical treatment (1.4 x 10~>Scm™1), the
observed conductivity increases in the nanocomposites as com-
pared with that of the xerogel is connected with the process of
nanocomposite synthesis, specifically the oxidative polymerization

Table 1
Conductivity of the initial xerogel and the mechanochemically prepared
nanocomposites.

Material o4c (Sem™1)
Xerogel V,05 1.0x 1073
PPyo.1V,05 1.2x 104
PAng V05 9.6x 105
PTho.1V205 8.3 %1075
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Fig. 4. TEM micrograph (a) and electronogram (b) of PAng; V.05 nanocomposite.

of the monomer by V,0s, during which partial reduction of V>* to
V4* takes place increasing the content of V4* centers in the inorganic
component.

3.3. Spectral characteristics of hybrid nanocomposites

FTIR spectra of the prepared hybrid nanocomposites are pre-
sented in Fig. 7. The spectra contain bands characteristic of both
inorganic (1000, 765, 527 cm~!) [35,43,45] and CCP: PTh (1330,
1200, 1120cm~! and also a shoulder about 1030 cm~1') [75], PPy
(1560, 1480, 1300, 1200, 1050cm~1) [75] and PAn (1580, 1500,
1300, 1240, 1120cm™1) [76]. It should be mentioned here that
the bands characteristic of PPy and PAn corresponded to their
doped, conductive state: for PPy 1V,05 nanocomposite, the pres-
ence of the bands about 1560 and 1480 cm~! showed the existence
of benzoid and quinoid heterostructures in the polymer chains,
while for the PAngV,05 nanocomposite, the conducting state of
the polymer was established by the presence of the band about
1120 cm~!. The FTIR spectra confirmed a redox mechanism of the
mechanochemical intercalative polymerization, during which the
inorganic host, V5,05, possessing sufficiently high oxidative poten-
tial, initiated polymerization of the correspondent monomers as
well as the doping of the guest polymer.

Fig. 5. TEM micrograph (a) and electronogram (b) of PThg 10V20s nanocomposite.

FTIR (Fig. Al12a, Appendix) and solid-state CP MAS 13C
NMR (Fig. A12b, Appendix) spectra of the isolated organic
components of the studied nanocomposites showed that poly-
merization degree of the corresponding polymers is in accord

Fig. 6. TEM micrograph of mechanochemically treated V,0s5 xerogel.



3336 0.Yu. Posudievsky et al. / Journal of Power Sources 196 (2011) 3331-3341

Intensity / arb. units

T T - T 1
1600 1200 800 400
Wavenumber / cm-1

Fig. 7. FTIR spectra of V,05 xerogel (1), mechanochemically treated V,05 xerogel
(2) and hybrid nanocomposites PThg 1V,0s5 (3), PPyg1V20s5 (4) and PAng;V20s (5).

with the data obtained earlier for solvent-free preparation of
CCP [75,76].

Comparison of FTIR spectra of PThg;V,0s5, PPyg1V,05 and
PAng,V,05 nanocomposites with the spectra of xerogel showed
the presence of a blue shift of ~30cm~! in vsy_o_y band of the
inorganic matrix about 530cm~! (Fig. 7). Such a shift was absent
in the spectra of both mechanochemically treated xerogel (Fig. 7)
and analogous nanocomposites prepared by the sol-gel method
[28,34,36,37,43,45,73]. In our opinion, the observed shift of vsy_o-v
was the consequence of disordering in the V,05 lattice induced
by the simultaneous effect of both mechanical forces and partial
reduction of V,05 (in comparison with the xerogel) during prepa-
ration of the nanocomposites.

ESR spectra of the hybrid nanocomposites are presented in Fig. 8.
There is obvious hyperfine structure in the spectrum of the ini-
tial xerogel V,0s indicating the existence of V4* ions. In contrast
to that, in the spectra of the nanocomposites, there was only one
intense singlet with g=1.972 4 0.002 and there was no signal from
the paramagnetic centers of CCP which are cation-radicals in the
doped state. The absence of the hyperfine interaction due to V4*
ions was connected with an increasing degree of reduction in the
inorganic matrix during mechanochemical polymerization and for-
mation of paramagnetic V4* ions [43] while the absence of the
signal from the organic radicals was due to quick antiferromagnetic
exchange of the unpaired electrons between V4* and the polymer

4
3
2
i
2500 3000 3500 4000
Magnetic field / G

Fig. 8. ESR spectra of V,0s xerogel (1), PAng;V,05 (2), PPyp1V20s (3) and
PTho1V20s5 (4) (the sextet signal of the standard is seen on the spectra, which are
vertically shifted for convenience).
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Fig. 9. Cycling of V,05 xerogel (1) and mechanochemically prepared nanocompos-
ites at specific current [y =20 mA g~ ': PAng 1 V205 (2), PThg 1 V205 (3) and PPy 1 V205
(4).

chains [56,57], one more piece of evidence in favor of the formation
of the guest-host hybrid nanocomposites.

3.4. Charge-discharge cycling of hybrid nanocomposites

Results of prolonged charge-discharge cycling of the guest-host
hybrid nanocomposites PAng 1V,0s5, PThg 1V,05 and PPy 1V, 05 as
well as V,05 xerogel are presented in Fig. 9. This figure indicates
that the specific capacity of the hybrid nanocomposites consider-
ably exceeds analogous characteristics of both the initial xerogel
and the inserted CCP (120, 80 and 40 mAhg~! for PAn, PPy and
PTh respectively [22]). Among the synthesized nanocomposites,
PPy 1V,05 possessed the greatest capacity. Along with high spe-
cific capacity the mechanochemically prepared nanocomposites
were capable to prolonged cycling during which the capacity stabi-
lized and practically did not change during last 70 charge-discharge
cycles.

We attribute this degree of stability to the stabilizing effect of
CCP on the inorganic matrix and improved access to Li* intercala-
tion center ions due to expansion of the interlayer galleries in the
xerogel. To the best of our knowledge, the specific capacity and
cyclability of the mechanochemically prepared hybrid nanocom-
posites exceed those of analogous materials prepared by other
methods [28,32-34,36,37,40-43,45,73].

When creating new cathode materials for lithium batteries,
great attention is devoted to their capability for cycling at high
charge-discharge currents. In this connection, we studied cycling of
the three nanocomposites at currents equal to 5Ip and 10l (where
Iy is the C rate). Results are shown in Fig. 10. It follows from that
data that the specific capacity of the nanocomposites decreased
with increasing rate of discharge but stabilized at some value, and
for high current tests up to Ip=20mAg~! upon returning to the
initial discharge current the capacity returned to its initial value.
The capacity retention of the three nanocomposites at high cur-
rent fell in the order PPyq1V,05>PThg V505 >PAng1V,0s5, thus
the nanocomposite with the highest capacity possessing the best
stability towards increased discharge currents. It is important to
note that all nanocomposites regained their capacity when the dis-
charge current returned to Iy, which indicates their stability to
degradation. Itis also interesting that the data show PPy 1V, 05 was
composed of the largest nanoparticles, according to the TEM data
(Figs.3-5).Taking thatinto account, it can be concluded that includ-
ing the effect of the polymer guest, the size of the nanocomposite
particles was not determining in the charge-discharge cycling in
the size range produced in these experiments.
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Fig. 10. Cycling of mechanochemically prepared nanocomposites at specific cur-
rents Iy (20 mAg*‘)_ 5l and 1010: PAl’lg.]V205 (l), PTh0.1V205 (2) and PPyOV1VZO5
(3).

To elucidate this effect in detail we conducted comparative stud-
ies of the prepared hybrid nanocomposites by cyclic voltammetry.
Cyclic voltammograms (CVA) of the considered materials are pre-
sented in Fig. 11, from which it follows that two main reversible
electrochemical processes took place in the xerogel as well as in the
hybrid nanocomposites, revealed in the form of wide peaks about
2.9 and 2.4V. According to Imamura and Miyayama [83], the noted
peaks corresponded to interaction of Li* ions with a- and b-centers,
the first being located in the center of the square formed by oxy-
gen atoms in the base of VO5 pyramid and the second - near the
vanadyl oxygen. The redox activity of the polymers inserted in the
V,05 was not manifested explicitly due to their small proportion
of the nanocomposite’s composition.

To clarify the features of intercalation of Li* ions inside the
structure of the nanocomposites we measured quasiequilibrium
discharge curves and differential capacity plots calculated on
their basis, which are presented in Fig. 12 for initial xerogel,
mechanochemically treated xerogel and PAngV,0s5, PPyg1V,05
and PThg1V,05 nanocomposites. The character of the obtained
quasiequilibrium discharge curves corresponds to the form of the
CVA: the potential monotonically decreased and was formed of
smoothed, weakly expressed plateaus. Such plateaus could be due
to the presence of a variety of intercalation centers for Li* ions
with different energy, a manifestation of the rather disordered state
of the structure of the materials [84]. Thus it is more convenient
to consider the intercalation process using differential capacity

Current density / mA g™
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Fig. 11. Cyclic voltammograms (CVA) of the initial xerogel (1) and PAng;V,0s (2),
PPy0.1V20s5 (3) and PThg1V20s5 (4) nanocomposites. CVA were registered in 1M
solution of LiClO,4 in EC/DMC (1:1, vol.%) at potential scan rate 0.1 mVs~'.
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Fig. 12. Quasiequilibrium discharge (a) and differential capacity (b) curves of the
initial xerogel (1) and PAng V05 (2), PPyo.1V20s5 (3) and PThg V205 (4) nanocom-
posites. Chronoamperograms were registered in 1M solution of LiClO4 in EC/DMC
(1:1, vol.%) at specific current 1 pAg1.

curves: as can be seen from Fig. 12b, two main peaks about 2.85
and 2.50V, which are identical to those on CVA of the xerogel
(Fig. 11), were clearly defined on the differential capacity curves
of the xerogel.

Differential capacity curves of the nanocomposites were signif-
icantly different from those of the xerogel V,0s. For instance, the
process corresponding to intercalation of Li* ions in b-centers of
the hybrid nanocomposites proceeded at nearly the same potential
as in the xerogel. That observation agrees with the invariant posi-
tion of the FTIR band at about 1000 cm~! determined by vibration
of the V=0 bonds in the xerogel and in the hybrid nanocomposites
(Fig. 7). Meanwhile, the potential corresponding to intercalation of
Li* ions in a-centers shifted up by 60, 80 and 250 mV respectively
for PAng1V,0s5, PPyg1V,05 and PThg1V,0s5. The observed shifts
correspond to easier intercalation of Li* ions, their values ordering
similarly to the changing heights of the interlayer galleries in the
nanocomposites (correspondingly 0.48, 0.50 and 0.56 nm).

It should be noted that in all three nanocomposites there was
a process that proceeds at a potential of 2.25-2.30V (Fig. 12b) and
the nature of which is not so evident at present. The presence of that
process was confirmed by CVA (Fig. 11) where there was a bend at
a potential of 2.3V for the prepared nanocomposites. The poten-
tial suggests that there could be an amount of crystalline V,05 in
the nanocomposites where a phase transition takes place at 2.2V
during intercalation of Li* ions [8]. The appearance of the crys-
talline V,05 phase is connected with the synthesis conditions of
the nanocomposites. During mechanochemical treatment a rather
high amount of local heat was generated as a result of the numerous
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potential (f=0.75 mHz) for the initial xerogel (1) and PAng1V,0s (2), PPyo.1V20s (3)
and PThg;V,05 (4) nanocomposites.

collisions between the grinding balls and the grinding bowl walls.
That heat could induce formation of crystalline V,05 after removal
of the remaining water from the interlayer space of the xerogel.

On the other hand, as it is known [8], the irreversible phase
transformations in crystalline V5,05 at 2.2V is accompanied by a
decrease of the specific capacity in cycling up to 2.0 V. This decrease
in capacity is associated [8] with a loss of material integrity due to a
sharp increase of the crystal lattice parameter a. However, as shown
above for the three hybrid nanocomposites, there was no significant
decrease in the specific capacity even at prolonged cycling. That fact
provides support for the presence of CCP macromolecules inside
the interlayer space of the prepared nanocomposites together with
some changes in the structure of the inorganic matrix (expansion of
the interlayer space, shift of vsy_o_v band, redistribution of inten-
sity between the v,sy-o-v and vsy_o-v bands) prevented major
changes of the a parameter and, as a consequence, improved the
cyclability of the prepared hybrid nanomaterials.

3.5. Impedance of hybrid nanocomposites

Impedance spectroscopy, which reveals electrochemical pro-
cesses proceeding at different characteristic rates, was used for
more detailed study of the electrochemical behavior of the syn-
thesized nanomaterials.

Dependence of the total impedance (Z;) at 0.75mHz, on the
potential (V) of the hybrid nanocomposites and V,05 xerogel, is
presented in Fig. 13a. The use of a low value of frequency allowed
us to assume the changes in Z; were determined by the real com-
ponent of the impedance (Z'), because at frequency tending to zero

the total impedance Z; is mainly determined by active resistance
as seen in Fig. 13b. In Fig. 13a it is clear that the value of Z; of the
xerogel decreased significantly at the beginning of discharge and
reached its minimum at a potential of 3.0V, corresponding to the
potential of Li* ions intercalation in the a-centers. Thereafter the
value increased, until at a potential of 2.5V - the potential of Li* ions
intercalation in b-centers - it rose abruptly. Such a dependence of
Z: on the potential correlated with the data from Huguenin and Tor-
resi [85], where the change of the xerogel resistance was measured
in situ during discharge.

Dependence of Z; as well as Z’ on potential for mechanochem-
ically prepared nanocomposites differed appreciably from that of
xerogel V,05 (Fig. 13). The difference in the value of Z;, which was
up to one order of magnitude, was obvious. The lowest value of
Z: was observed for PPyg 1V,05 while the greatest was seen with
PThg.1V,0s5, which is consistent with the values of conductivity
04c of the nanocomposites presented in Table 1. Additionally, for
each nanocomposite there was an interval of potential in which the
value of Z; changed insignificantly and was nearly constant. The
beginning and end of the interval corresponded to the potential for
Li* ions intercalation in the a-centers and b-centers respectively
(Fig. 12). This feature of Z; for the nanocomposites can be linked
with the presence of the polymer macromolecules inside the inter-
layer space of the inorganic matrix, because that is the principal
difference between the structures of the nanocomposites and xero-
gel. One of the causes of the observed dependence Z; (V) could be
the influence of the inserted polymers on ionic conductivity of the
nanocomposites; this is an area that could benefit from additional
study.

Nyquist plots of the xerogel V,05 and PPyq 1V,05 nanocompos-
ite, which had the best specific capacity (Fig. 8), are presented in
Fig. 14. At a potential of 3.6 V the impedance spectrum of the xero-
gel consisted of a high frequency semicircle, a slant line with phase
angle of 45° at middle frequencies, and low frequency response
of a slant line with a phase angle greater than 45°. The form of
the impedance spectrum of the PPyq 1V,05 nanocomposite differed
substantially from that of the xerogel as a low frequency semicircle
began to appear. That low frequency response in consistency with
results of the analysis performed in the Appendix using equivalent
circuits from Ref. [86], was interpreted as being due to the presence
of the CCP in the nanocomposite in the doped, conducting state.

Another significant difference in the impedance spectra of
the initial xerogel V,05 and the PPyq1V,05 nanocomposite is
the change of the high frequency semicircle at different poten-
tials. Changing the potential from 3.6V to 2.8V causes the high
frequency semicircle corresponding to charge transfer through
the electrolyte/cathode interface to broaden appreciably in case
of the xerogel (Fig. 14). This broadening is due to a consider-
able increase in the charge transfer resistance R.;, whereas for
PPyg 1V,05 the value of R¢t changed insignificantly (Table 2). Also,
there was no obvious low frequency semicircle in the spectra of the
nanocomposite below 2.8 V that could be connected with reduction
(un-doping) of the inserted polymer guest (see Appendix).

It is important that the values of characteristic frequencies of
key electrochemical processes such as charge transfer through the
electrolyte/cathode interface, and solid state diffusion of lithium
ions were higher in the nanocomposite than in the xerogel. In the
case of the nanocomposite, the fet frequency, which is connected
with interface charge transfer, was significantly higher (Fig. 14) and
indicates more efficient intercalation of Li* ions. No less remark-
able is the frequency fy, being the characteristic of the rate of the
solid state diffusion of Li* ions, which appeared to be consider-
ably higher in the nanocomposite than in the xerogel. Its value in
the nanocomposite may be determined up to potential of 2.6V,
while in the xerogel only up to 3.0V. Quicker diffusion of Li*
ions in the hybrid nanocomposite is obviously the effect of the



0.Yu. Posudievsky et al. / Journal of Power Sources 196 (2011) 3331-3341

25003
36V °
2000 o
(o]
"g 15004 -
G f=7.3 mHz °
= e}
N 1000 o
f =38Hz o
/O/
0
500 %
0 , 7 \45 ° . ‘ . .
0 500 1000 1500 2000 2500
2500 b
28V
2000
“E 1500
o
G
= o
N /
¥ 1000 o’
f=10 Hz o
/d
1%
500 / 0%
OOOOOOW?’/
0 ,/{45°
0 500 1000 1500 2000 2500
5000 ¢
24V
4000
5
& 3000 .
N o
o
2000 o
o
(/}/
o ?’/
1000 o
oooooooooooooooo/
0 N45°
0 1000 2000 3000 4000 5000
Z'/Qcm?

Fig. 14. Nyquist plots of the initial xerogel (a, b, ¢) and PPyq;V,05 nanocomposite (d, e, f) at potentials 3.6, 2.8 and 2.4V respectively.

Table 2

1800+

1500+ °

1200+

900+

600

3004

3.6V °

900 1200

350
3004
2504
200+ o
150 o
100 2 ’

50+

0 Btk

1500 1800

0 50
1200 f
24V
1000 ]
8001
6004

400 @

200 o

<45

100 150 200 250 300 350 400

400 600 800

Z /ocm?

0 T
0 200

1000 1200

3339

Diffusion coefficient D;;+ and charge transfer resistance R calculated based on the impedance spectra of the initial xerogel and the mechanochemically prepared

nanocomposites.

\% (V) Xerogel V205 PPy0_1V205 PAHO_1 Vz 05 PTI]0_1V205
Dy;+ (cm?s~1) Rt (2cm?) Dy;+ (cm?s) Ret (©2cm?) D+ (cm?s71) Ret (2cm?) Dy;+ (cm?s71) Rt (2cm?)

3.6 1.2E-10 540 1.1E-9 114 7.0E-10 77 2.2E-9 270
33 9.2E-11 486 7.7E-10 88 3.5E-10 73 44E-10 277
3.15 6.3E-11 471 6.4E-10 91 3.4E-10 71 2.5E-10 280
3.0 6.2E-11 540 5.8E-10 92 3.3E-10 72 1.7E-10 293
2.8 2.9E-11 946 5.1E-10 103 3.2E-10 80 1.4E-10 300
2.6 - 1.7E3 1.2E-10 111 8.3E-11 104 - 346
2.5 - 2.0E3 5.2E-11 198 4.1E-11 267 - 344
24 - 2.6E3 2.2E-11 319 3.3E-11 381 - 356
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polymer inserted inside the interlayer galleries of the inorganic
host.

It should be noted that, in comparison with the V,05 xerogel,
higher values of the diffusion coefficient D;+, and lower values
of the charge transfer resistance R were also observed at lower
potentials for mechanochemically prepared hybrid nanocompos-
ites (Table 2). The impedance spectroscopy data and modeled
results using equivalent electric circuits are presented in the
Appendix. Practically complete absence of a passivation layer on
the surface of the nanocomposite cathodes due to their interaction
with the electrolyte should be particularly noted. This interpreta-
tion follows from the equivalent circuits A2 to A4, as well as the
electrochemical activity of PAn and PPy inserted inside xerogel,
which appeared in A2 and A3 as the presence of the element Ry,
and the absence of that element in the equivalent circuit of the PTh
based nanocomposite.

4. Conclusions

We have developed a method for mechanochemical prepa-
ration of two-component guest-host nanocomposites composed
of conducting polymers (polyaniline, polypyrrole and polythio-
phene) and vanadium oxide. The method allows preparation via a
single-step, solvent-free synthesis without need for post-synthesis
purification.

The composition, structure, spectral, magnetic-resonance, elec-
trical and electrochemical properties of these materials were
studied by means of mutually complementary methods. It was
established that the nanocomposites had a guest-host structure,
with the conducting polymer located in the interlayer space of
the inorganic nanoparticles. The nanoparticles were considerably
smaller than those of the initial xerogel, a mechanochemically
treated xerogel, as well as analogous nanocomposites prepared by
the sol-gel method.

The nanocomposites showed that they were capable
of reversible cycling, and possessed a discharge capacity
~200-250mAhg-! over at least one hundred cycles of full
charge-discharge as the cathode of a lithium ion cell. The polypyr-
role based nanocomposite had the greatest capacity. After cycling
atacurrent of ~0.2 Ag~1, their capacity was restored when cycling
at lower current, demonstrating the stability of their structure.

It was established that intercalation of lithium ions in the
nanocomposites was more efficient than in the initial xerogel
V505 due to higher diffusion rate of Li* ions and the absence of
a detectible passivation film on the surface of the nanoparticles.
We believe the higher discharge capacity, stability in prolonged
charge-discharge cycling, and improved diffusion of lithium ions
in the nanocomposites, are the consequences of pillaring by the
conducting polymer macromolecules in the layers of the inorganic
matrix.
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