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The high discharge capacity (ca. 380 mAh g~! in the first cycle) and diffusion coefficients of Li* ranging from ~10-10 to ~10- cm? s~!
were estimated from electrochemical experiments for the new composite material based on vanadium pentoxide xerogel and carbon
nanotubes synthesized using freeze-drying technology demonstrating that it can be used in cathodes for advanced lithium-ion batteries.

The development of Li-ion rechargeable batteries ushered in the
wireless revolution and spreading of the portable electronic
devices; it has also stimulated a quest for batteries to power
hybrid electric and all-electric vehicles. The future use of electrical
energy depends on the development of the next generation of
high-power, high-capacity and high-energy batteries. In particular,
search for new cathode materials is essentially needed. Vana-
dium oxides are among the best positive electrode materials for
rechargeable lithium-ion batteries, due to their high intercalation
voltage and large specific capacity. Different forms of vanadium
pentoxide have been obtained, i.e., crystalline V,0s, xerogels,!-
aerogels,*> nanocomposites with conductive polymers®8 and
nanostructured materials (nanotubes, nanorods and nanopar-
ticles).” 10 Note that a discharge capacity of V,05-nH,0 aerogel
(~600 mAh g!) is several times higher than the capacity of a
commercially used LiCoO, cathode.!! Another family of vana-
dium pentoxide-based materials are nanocomposites with con-
ductive polymers® and carbon nanotubes (CNT).!%!13 Inter-
estingly, the V,0s/single-wall carbon nanotubes (SWCNT) com-
posite has shown much better performance than that obtained
with polyaniline (PANI), in terms of both specific capacity and
capacity retention.!? The comparison between nanocomposites
of V,05 with carbon black (CB) and SWCNT showed that the
traditional composite with CB particles forms aggregates,
which may occlude the vanadium oxide surface.!? In the case of
V,05/SWCNT nanocomposites, vanadium oxide ribbons inter-
weave with nanotubes and in spite of intimate contact between
two components an electrolyte can freely access vanadium oxide
surface that leads to enhanced properties.

Semenenko e al.'* demonstrated that the electrochemical
properties of V,0s freeze-dried xerogel are much better in
comparison with the xerogel dried in conventional way. Water
evaporation is much faster during a vacuum freeze-drying
process than for thermal evaporation, resulting in the formation
of an amorphous distorted structure with high specific surface
area. Thermal analysis data indicated that freeze-dried xerogel
contained 14.4-17.2 wt% water corresponding to the formula
V,05-nH,0 (n=1.7-2.1). Discharge capacity of the material at
the first cycle was 240 mAh g-! and irreversible capacity loss
did not exceed 5 mAh g-!. This value corresponds to intercala-
tion of 1.6 lithium atoms per formula unit, while vanadium
mean oxidation number changes from +5.0 to +4.2.14

© 2010 Mendeleev Communications. All rights reserved.

One of the major problems limiting the manufacture of
vanadium oxide-based rechargeable lithium batteries is fast
degradation of the active cathode material during lithium cycling.
As a result, even after a few intercalation/deintercalation cycles,
a significant capacity fading is often observed. Diffusion of
lithium ions in a solid material is one of the processes stipu-
lating the mechanism of charge accumulation. Thus, the estima-
tion of diffusion parameters can help to elucidate the nature of
material degradation and give ideas on the material stabilization
for a long-term use.

Here, we report for the first time on the impedance spectro-
scopy study of lithium diffusion in the freeze-dried V,05 xerogel/
CNT composite.”

Figure 1(a) shows the microstructure of a freeze-dried V,05
xerogel/CNT composite material. Pure freeze-dried xerogel appears
as a yellow-green soft fibrous substance;!* while a composite
material has a typical black colour. As it was demonstrated
previously,'>!13 in the case of V,0s/CNT composites, the intimate
contact between two components and high electric conductivity
due to the homogeneous distribution of a conductive component
(CNT), which has the similar to the V505 nanoribbons mor-

 The V,05 gel was synthesized using the ion-exchange technique described
elsewhere.! The gel was frozen in liquid nitrogen and dried in
FREEZONE 6 lyophilizer (Labconco) for two days. Thus obtained
material was kept in a vacuum at 240 °C (higher temperatures lead to
crystallization of water-free V,05).!3

The V,05/CNT composite was prepared by mixing a water-ethanol
suspension of carbon nanotubes (Aldrich, technical grade) with isopoly-
vanadic acid solution that contained growing polymeric chains (the solu-
tion used was aged after ion exchange for 2 min only to stop oxolation
process). The mixture was sonicated for 15 min in an ultrasonic bath,
freeze-dried and then kept under vacuum and high temperature using the
conditions described above.

Micromorphology study was performed using a Supra 50 VP scanning
electron microscope (LEO).

Experimental details on galvanostatic lithium intercalation/extraction
and cycling voltammetry are given in the Online Supplementary Materials.

Impedance spectroscopy measurements were performed using a 1255B
frequency response analyzer (Solartron analytical) in a frequency range
from 107! to 10° Hz and an amplitude of 10 mV. The equilibrium state
was achieved by keeping a positive electrode (~10 mg) for 1000 s at each
potential. Raw data were analyzed using the ZView-Impedance Software
(Scribner Associates).
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Figure 1 V,05-nH,0 xerogel/carbon nanotubes composite material syn-
thesized using cryochemical technology: (¢) SEM image, (b) scheme of
formation.

phology and dimensional scale, results in the improved electro-
chemical performance of the cell. During the composite synthesis
V,05 ribbons grow and interweave with CNT [Figure 1(b)]
forming a porous material with high specific surface area and
facilitated access to the electrolyte.

Figure 2(a) displays a typical Nyquist plot of the ac-impedance
measured at different lithium intercalation levels and after the
complete discharge at certain cycles (1 and 100) for V,05/CNT
composite. In general, each impedance spectrum consists of a
depressed arc in the high-frequency region and a straight line
inclined at a constant angle at low frequencies. Experimental
ac-impedance spectra were fitted according to the model proposed
elsewhere.!> This model suggests that the cathode material is
composed as follows [see Figure 2(b)]: particles of an active
material (V,05nH,0 xerogel) are covered with a passive film
and an interfacial electrical double layer (EDL). The particles
of active material are randomly connected with the particles of
conductive additive, which in our case is CNT shown however
as globules in Figure 2(b) for visual simplicity. The model!’
describes a depressed semicircle as a combination of two semi-
circles with diameters corresponding to the dynamic resistivity
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Figure 2 (a) Typical view of the impedance spectra measured for the
three-electrode cell containing V,Os/carbon nanotubes composite material
and (b) a schematic view of the cathode material. Areas corresponding to
the different processes at the active part of the electrode and constituting
the equivalent circuit (shown in the inset) are indicated: R, is the non-active
component of the resistivity (including resistivity of electrolyte, resistivity
of secondary charge carriers transfer, efc.), R ; is the resistivity of the passive
film bypassed by the diffusion (W), R, is the resistivity of the lithium
intercalation reaction into the active electrode material bypassed by the
double layer capacity (Cy), R and W, are the resistive and Warburg
impedance elements corresponding to the diffusion deep into the bulk of
the material.

of passive film (R, in parallel with Warburg diffusion corre-
sponding to the diffusion through passive film (W) and a
resistivity of lithium electrochemical intercalation into an active
material (R,) and associative EDL capacity (C.4) [Figure 2(a)].
Solid state diffusion of lithium ions into the bulk of the active
cathode material is represented by Warburg impedance element
(W) with a resistive part (Ry). In this study, the possible
equivalent circuit was proposed in the inset of Figure 2(a).

Resistivity of the intercalation reaction (R,) and resistivity of
the passive film (Rpf) were estimated for electrodes with different
discharge states (different levels of intercalated lithium ions).
Figure 3 shows the cyclic voltammogram (CV) of the V,05-nH,0
xerogel cathode. The cathodic part of CV displays four peaks of
lithium intercalation at 3.36, 3.16, 2.51 and 2.26 V, while in the
anodic part of CV three lithium extraction peaks are observed at
3.46, 3.24 and 2.65 V, while a broad maximum at 2.65 V most
probably consists of two superimposed peaks at 2.79 and 2.60 V.
Experimental ac-impedance spectra were measured at potentials
that were chosen as the mean values between corresponding
cathodic and anodic peaks (3.42, 3.20, 2.65 and 2.43 V). The dif-
ference between potential values of cathodic and corresponding
anodic peaks (~100-300 mV) is typical of intercalation materials
and caused by delayed (not instant) lithium ions diffusion into
the material. The slight material degradation is related to the
incomplete lithium ions extraction from the positions corre-
sponding to the CV peaks at low potentials, which can be due
to the severe structure distortions upon lithium intercalation.
However, the use of ultra-fine materials results in improved
cyclic performance because of shorter diffusion distances and
reduced internal tension emerging in the material during lithium
intercalation.

The evolution of diffusion parameters was monitored by
measuring the ac-impedance spectra after 100 lithium intercala-
tion/deintercalation cycles at the same polarization potentials.
The efficiency of lithium intercalation in different positions after
long-term cycling of the cathode was estimated by calculation
of R, values after 100 charge/discharge cycles.

The Nyquist plots of ac-impedance for V,05/CNT composite
electrode measured at different potentials in the first discharge
cycle are shown in Figure 4(a), while Figure 4(b) demonstrates
impedance spectra at 3.20 V polarization potential after 1% and
100™ cycles of lithium intercalation/deintercalation. The summary
of equivalent circuit parameters estimated by fitting of experi-
mental impedance spectra using least square method is presented
in Table 1 (see Online Supplementary Materials). Following the
data reported, ' we suggested that the double layer is ~0.5-0.7 nm
thick and its thickness does not change significantly with the
lithium intercalation degree. Thus, the capacity of the double
layer (C4) has to be ~10#F (Table 1, Online Supplementary
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Figure 3 Cyclic voltammogram of V,05nH,0 xerogel electrode cycled
between 2.0 and 3.8 V at a scan rate of 0.13 mV s~! (1% cycle). Electrolyte
is 1 M LiClO, in PC:DME (7:3). Lithium insertion/extraction potentials are
indicated.
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Figure 4 Experimental impedance spectra measured for the tree-electrode
cell containing (a) original V,0s/carbon nanotubes composite material
discharged to different potential values, (b) (/) original composite material
and (2) the same material after 100 cycles discharged to the potential of
3.20 V. The frequencies of the semicircle maxima are ~150-175 Hz for all
impedance spectra.

Materials). On the other hand, the capacity of the passive film is
about ten times higher,'® which was also taken into account
during fitting (Table 1, Online Supplementary Materials).

The intercalation reaction resistivity increases with the poten-
tial becoming more negative which corresponds to a larger
amount of lithium intercalated in the active material. After a
long cycling the dependence of reaction resistivity (R1%°) on the
amount of intercalated lithium is less pronounced than after
the first cycle (R!). Deep lithium intercalation, as well as long
cycling (Figure 4), results in the growth of passive film and
consequently in the increase of R resistivity (Figure 2).

Effective lithium diffusion coefficient was calculated as
follows:

Dy = (dE/Q)2pw?: )
w? = 21f (-Im 2)2, ®

where D is the effective diffusion coefficient, dE/dQ is the
derivative of potential in respect to a charge passed, p is the
X-ray density of the active material (4-5 g cm™3 for vanadium
oxides), w is the Warburg function, Im z is the reactance at a
linear part of line corresponding to Warburg impedance [see
Figure 2(a)], fis the frequency at the same point. The Warburg
function in equation (1) assumes semi-infinite diffusion model
implying that the particles size should be of the order of
50-100 um. However, here we consider effective diffusion, while
the term ‘effective’ means that the ions transfer under the experi-
mental conditions not only occurs due to diffusion, but is also
generated by electrical force. It corresponds to the charge transfer
in the solid material, as a whole, between points of potential
application, rather than in a single particle. Thus, the particles
size of the order of <100 nm shown in the SEM micrograph
[Figure 1(a)] is in agreement with the proposed model.

The value of dE/dQ was estimated from quasi-equilibrium
discharge experiments performed with V,05/CNT composite
electrodes (Figure 5). At the first dicharging, the composite
electrodes showed a capacity of ~380 mAh g-! which is 1.5 times
higher than the capacity of the similarly obtained V,05 xerogel
(however, without vacuum drying and with AB conductive addi-
tive instead of CNT).14 After ten lithium intercalation/deinter-
calation cycles discharge capacity of V,0s/CNT composite elec-
trode was about 330 mAh g-! that is ~87% of the initial value
(Figure 5).

The estimated effective diffusion coeffcients for V,05/CNT
composite electrode material at the first cycle are 2x10710—
5%1072 and 3x10-10-3x10- cm? s~! after long cycling. The lithium
diffusion coefficients in V,05 xerogels have been reported!” to
be in the range of 108-10-17 cm? s~!. In addition, it was shown
that the mobility ot Li* ions decreases with the growth of the
amount of intercalated lithium ions as a result of Li*—Li* inter-
action.? Thus, the lithium diffusion coefficients characteristic of
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Figure 5 Discharge curve of V,05-nH,0 xerogel/carbon nanotubes com-
posite electrode (1% cycle) and capacity retention for the first ten cycles.
Electrolyte is 1 M LiClO, in PC:DME (7:3).

V,05/CNT composite electrode prepared in this work are similar
to the best values for the same class of materials.!” Therefore,
V,05/CNT composites are considered as promising cathode
materials for a new generation of rechargeable lithium cells.

In conslusion, the synthetic approach based on polymeriza-
tion of vanadia around carbon nanotubes and freeze-drying of
the thus obtained gels is considered as an effective way to prepare
composite electrode materials with enhanced electrochemical
characteristics. The discharge capacity of V,05/CNT composite
electrode at the first cycle is ~380 mAh g~!, and it remains at a
relatively high level during further lithium cycling. The lithium
diffusion coefficients estimated from impedance spectroscopy data
are rather high and could be compared to the highest lithium
diffusion coefficients typical of the same class of materials.

This work was supported by the Russian Foundation for Basic
Research (grant no. 07-03-00749) and the Russian Federal Agency
of Science and Innovations (contract no. 02.513.12.3016).

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.mencom.2010.01.005.
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