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The Organic-lInorganic Polyaniline/VV,0¢ System
Application as a High-Capacity Hybrid Cathode for Rechargeable Lithium Batteries
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Institut de Ciencia de Materials de Barcelona (CSC), Campus UAB, E-08193 Bellaterra, Barcelona, Spain

The application of ahybrid polyaniline/V ,05 cathode material in reversible lithium electrochemical cellsisreported. We have stud-
ied the influence of synthesis conditions and subsequent treatments of this hybrid electrode under oxygen in order to optimize its
performance as a lithium-insertion cathode. The temperature and duration of this treatment are key parameters in determining the
final specific charge of the cathode. The optimal material yielded a specific charge as high as 302 Ah/kg measured at a low dis-
charge rate (C/48) corresponding to the insertion of 2.72 lithium ions per formulaunit (CgH,4N)q ¢V 205:0.3H,0). Higher scan rates
of C/12 lead to specific capacities of 200 Ah/kg. The thermal and electrochemical stability of the hybrid electrode, especialy in
relation to the decomposition of the organic polymer and its effect on battery performance and cyclability, are also discussed.
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Transition-metal oxides are the most common candidates for cath-
odes in the development of lithium and lithium-ion battery technolo-
gies. Thus, in the latter, the oxide LiCoO, is used in rechargesble
lithium batteries from Sony,* whereas LiMn,O, represents its major
contender in secondary lithium batteries.? These materials address
the need for high-voltage cathodes (positive electrodes) required for
lithium-ion batteries but can only cycle half a lithium ion per metal
atom. Other crystalline oxides such asV,Og or MnO, have also been
used as cathodes in rechargeable lithium batteries.34 They present
lower voltages but are also limited in the amount of charge that can
pass reversibly during cycling. Certain amorphous derivatives of
these oxides appear to avoid this problem but have a limited cycla-
hility.>® Thus, V,Og xerogels can accumulate reversibly upto 0.9 Li™
ions per V atom, substantially more than the 0.5 Li per V that the par-
ent crystalline V,Og oxide. The cyclability of the gel is also some-
what improved but still falls steadily with the number of cycles.”-13

Conducting organic polymers (COPs) constitute a different cate-
gory of materials which were recognized as potential insertion elec-
trodes after showing a suitable reversible redox chemistry. In this
case the conductivity and plastic nature of these materials are among
the most important factors in favor of their application, and light
plastic batteries were envisioned. COPs have nevertheless suffered
from other drawbacks such as high self-discharge rates and an incon-
venient insertion-deinsertion mechanism involving anions. 1416 At-
tempts at solving this latter problem have included the synthesis of
COPs with large or even polymeric organic anions as doping species
in order to fix them in the structure.1”-1° Examples of this approach
include derivatives of COPs with propane sulfonic acid,2° o-amino-
benzenesulfonic acid,?-22 camphorsulfonic acid,?® and aso self-
doped derivatives.?%-22 |n all these cases, however, the counterions
are electrochemically inactive.

We have recently undertaken a study of organic-inorganic hybrid
materials based on COPs and electroactive inorganic species as
insertion electrodes for rechargeable lithium batteries. 243! These
hybrids are formed by COPs such as polyaniline (PAni), polypyrrole
(Ppy), or polythiophene (PT), and redox-active inorganic clusters
such as [PM0;,0,0]%~, 2430 molecules such as [Fe(CN)g] ~, 3133 or
oxides including MnO,, 4 LiMn,0,, or V,05.283+%6 The intercala-
tion of anilineinto V,O5 and the corresponding polymerization were
the subject of earlier studies 3’8 whereas the use of polyaniline-
intercalated V,Os5 in lithium cells has also been recently report-
ed.34354548 Until now the synthesis of the hybrid material has been
carried out with preformed films of V,05 oxide.34404549 |n a previ-
ous paper we have reported a modified synthetic procedure based on
the “in situ” polymerization of aniline by direct reaction with V,05
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hydrogel s and the optimization of that synthesis. We al so established
the existence of two distinct phases in the PANi/V,Og system. Here
we report the application of an optimized material asalithium-inser-
tion cathode, either as prepared or after mild thermal treatments
under oxygen atmosphere. We analyze the thermal and el ectrochem-
ical stability of these hybrid materials and finally their performance
in lithium reversible cells, including preliminary cycling behavior.

Experimental

Reagents—KBr Fourier transform infrared (FTIR) grade 99+ %
and aniline 99.5% were purchased from Aldrich, H;PO, 85% and
H»,SO, 96% from Panreac, and (NH,),Fe(SO,),-6H,0 99.9% from
Carlo Erba. NaVO3 99.5% and the ion-exchange resin DOWEX
50 2-100 were purchased from Sigma. Aniline was distilled under
vacuum before use; all other reagents were used as received. Ethyl-
ene carbonate (EC) and anhydrous dimethoxyethane (DME) were
purchased from Aldrich. EC:DME €lectrolyte solvents were handled
under argon. A battery electrolyte mixture was made by mixing EC
(ethylene carbonate, no further purification) and anhydrous DME
(dimethoxy ethane) in a 1:1 ratio. LiCIO, electrolyte salt was dried
at 155°C under dynamic vacuum for 12 h. Once made, battery elec-
trolyte solutions were purged with argon before use.

Measurements—A Carlo Erba CHN EA 1108 system was used
for elemental analyses. Vanadium(V) in the gel was analyzed by a
potentiometric titration method described elsewhere®® with a CRI-
SON potentiometer. The vanadium content in the final hybrid mate-
rial was analyzed after complete calcination of the organic part by
atomic absorption spectroscopy in a Perkin Elmer 2100 apparatus.
The resistivities of pelletized samples were measured by the van der
Pauw technique® with a Hewlett Packard 2432 multimeter. Samples
of the materials were dried under dynamic vacuum until a constant
weight was reached and pressed into pellets onto which four copper
leads were attached with silver paint. Infrared spectra were recorded
as KBr pellets with aNicolet 710 FTIR spectrophotometer. Thermal
treatments under oxygen were performed in a Perkin EImer TGA7
thermogravimetric balance with a heating rate of 1°C/min. Powder
X-ray diffraction analyses were performed in a Rigaku Ru-200B
apparatus from 3 to 60° with Cu K radiation. Electrochemical stud-
ies were carried out with a computer-controlled EG&G Princeton
Applied Research 270A potentiostat/gal vanostat in a three-electrode
cell with an Ag/AgCI reference electrode and a Pt counter electrode
for characterization in aqueous media, whereas Li metal as reference
and counter electrode was used for characterization in organic
media As electrolytes we used HCIO, and LiCIO4 1 M for agueous
and organic media, respectively. Compact reversible electrochemical
cells were set up in Swagelok test cells? using a Labconco 50700
glove box that alows for water and oxygen removal to less than
1 ppm. Li foil (16-13 mm diam and 0.1 mm thick) was used as the
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negative electrode, an intimate mixture of the hybrid material and
carbon Super P (20%) as the positive electrode, and a solution of
LiCIO4 1 M in a1:1 mixture of EC/DME was used as €electrolyte.
The cells were tested with charge/discharge cycles at constant cur-
rent performed with an ARBIN model BT2042 potentiostat.

Synthesis of the hybrid (CgH4N)qg VoO5-0.3H,0.—Vanadium
pentoxide gels were prepared by an ion-exchange method reported
elsewhere.>%53 Vanadium(V) is responsible for aniline polymeriza-
tion; thus, before synthesis of the PAni/V ,05 hybrid, a potentiomet-
ric titration of the V,0g gel with (NH4),Fe(SO,),-6H,0 was carried
out® in order to determine the exact amount of V(V) present in the
gel. The hybrid PAni/V ,05-nH,O material was prepared by slow and
direct addition of an aniline solution over the V,05-nH,O gel. Thus,
50 mL of an aniline solution (1.8 mL in water) were added dropwise
to 43 mL of V,05-nH,0 gel [0.16 M in V(V) gel previously aged
during 1 month]. The reaction mixture was kept at 0°C with rapid
and constant stirring for 120 h. The fine powder obtained was
washed with water until the yellow color of the filtrate disappeared.

Results and Discussion

Synthesis and basic characterization of the hybrid
(CeHaN)g 6 XH,0.—The synthesis of PAni/V,O5 takes place with the
oxidative polymerization of aniline at the expense of V,05 reduction
which could subsequently reoxidize in air.3% The polymerization
process has been reported to continue for long times after the initial
intercalation of aniline monomersinto the oxide. In principle we con-
sidered a —0.2 negative charges per V inV,05 gels™ and a +0.5 pos-
itive charge per ring for PAni in its conductive emeral dine salt form.%®
Thus, a ratio of 0.8 aniline rings per V,05 could be expected.
Notwithstanding, we tried the reaction with different nomina ani-
line/V ,05 ratios and found that it is possible to obtain hybrid adducts
with different stoichiometries®®56 and thus different propertiesfor the
final hybrid materials. For our main product, prepared as described in
the Experimental section, we used a 3:1 anilineV,0Og ratio. This
product (vacuum dried at room temperature) showed the following
chemical analyses. experimental:17.87%C, 1.15%H, 3.48%N,
41.72%V; calculated for (CgH4N)gg V205 0.3H,0:17.916%C,
1.253%H, 3.482%N, 42.21%V.

Electrical conductivity values as high as 0.09 S/cm were
achieved by our hybrid materials and maintained their original val-
ues after 15 days. We have reported these relatively high values in
comparison with other related materials.3641 Optimization of the
conductivities of the hybrids is obviously not intended as a way of
optimizing their electrochemical properties but rather as a way of
obtaining the polymer in the proper conducting form.

The FTIR spectrum of this PANi/V,Og hybrid (see Fig. 18) presents
a series of bands in the low-frequency region which have been previ-
ously assigned to V,05* bands at 512, 760 cm™* for the V-O-V
stretching modes and at 1038 cm™? for the V=0 stretching. Bands
corresponding to the organic part appear in the 1000-2000 cm™ ! range
and are typical of polyaniline in its emeraldine form.5”

In principle both the organic polyaniline and the inorganic V,05
gel are essentialy amorphous polymers, athough V,Og xerogels
present in fact some crystallinity, especially when obtained in the
form of films (with preferential orientation).>® Powder X-ray dif-
fraction patterns of our hybrid materials present very broad peaks
derived from the V,O5 network overlapped with diffuse scattering
features associated to the presence of polyaniline. Overal, the crys-
tallinity of the hybrids is substantialy lower than that of a V,0g
xerogel prepared from the same parent V,Og hydrogel. Figure 2
shows the powder X-ray diffraction pattern of the optimized hybrid
PANIi/V,05 before oxygen treatment. The strong peak at low angles
corresponds to the 001 from the V,0O5 structure. In the hybrid it
appears at 20 = 6.25° (c = 14.14 A), whereas in the corresponding
V,05 xerogel this pesk showed up at 7.78° (¢ = 11.36 A). This
expansion of 2.78 A is in good agreement with the results reported
earlier3436:384041.44.49 anq corresponds to the replacement of water
between the VV,05 layers (2.8 A) and the insertion of one monolayer
of polyaniline. Thus, the net dimension associated to the insertion of

PAnNi is approximately 5.58 A, which according to previous reports
would imply an orientation of polyaniline chains with the rings
approximately perpendicular to the V,05 dlabs 4049

Treatment under oxygen.—Earlier results by Nazar et al 34354548
showed the benefits of O, treatments on the specific charge of the
hybrid PAni/V,Og used as a cathode in lithium cells. The reason why
oxidative thermal treatment improves the electrochemical perfor-
mance of the hybrid is to be found in the chemical modification suf-
fered by their components. During synthesis of the PAni/V,0g
hybrid material, V (V) is reduced to V(1V) and aniline is oxidized to
polyaniling; thus, V(IV) is present in the hybrid material after syn-
thesis. Oxygen treatments help V(1V) to be reoxidized to V(V). A
higher oxidation state of V results in higher initial cell voltage and
higher specific capacity. Based on these results, we have analyzed
the influence of time and temperature of a mild thermal treatment
under oxygen of the materials obtained. We have carried out treat-
ments at 80, 110, and 145°C for 5, 15, and 24 h, respectively.
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Figure 1. FTIR spectra for the hybrid PAni/V,05 (CgH4N)q V205 0.3H,0
treated in O, atmosphere: (a) as prepared, (b) 80°C/15 h, (c) 110°C/15 h, and
(d) 145°C/15 h. Triangles mark the peaks assigned to V ,Og vibrational modes
(see text).
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We must be aware of a possible degradation of the organic part of
the hybrids PAni/V ,0g as the temperature increases. To check for that
we carried out FTIR analyses of materials treated at different tem-
peratures. Figure 2 shows the FTIR spectra of the sample (a) before
treatment and after treatments of 15 h at (b) 80, (c), 110, and (d)
145°C. These spectra show the degradation of the hybrid at the high-
er temperatures. In particular, the bands assigned to the organic poly-
mer suffer increasingly important changes at temperatures above
110°C. This degradation corresponds to the organic part of the hybrid,
because only bands between 1000 and 2500 cm ™! are affected. We
could not include all the spectra recorded in this study, but we could
detect increasing degradation as treatment times were increased for
each temperature. Slow degradation processes taking place during
heating treatments were thus detected in al experiments, except for
the sampletreated at 80°C (the lowest temperature), which showed no
signs of degradation even after 24 h treatments.

Studies as cathode for lithium batteries—Water in V,05 xero-
gels plays an important detrimental role in their performance as
cathodes for rechargeable lithium batteries. West et al.? showed the
relationship between thermal treatments of V ,0O5 xerogels related in
turn to their water contents and their fina performance. Thus, they
showed how V ,Og xerogels treated at 300°C (which eliminates coor-
dinated water) were able to intercal ate larger amounts of lithiumions
than the corresponding gels treated at 100°C (which removes only
weakly bound water).?
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Figure 2. Powder X-ray diffraction patterns of the optimized hybrid

(CH4N)g,6V205-0.3H,0 and for the V05 xerogel. The broad features at 12
and 25° are associated to the growth of the PAni network.

Polyaniline intercalation into V,0s5 not only represents the pillar-
ing of oxide slabs with electroactive conducting chains, it also con-
tributes to the elimination of strongly bound coordinated water from
the gel. Figure 3 shows the influence of thermal treatments on the
lithium intercal ation capacity of our V,Og xerogel and the hybrid pre-
pared from the same hydrogel. All the cycles shown were recorded at
low current, approaching near-equilibrium conditions (C/48 rate).
The hybrid as-prepared PAni/V,05 presents a specific charge compa-
rable to that of the V,Og xerogel treated at 250°C, even though that
sample of hybrid had not been subject to any thermal treatment. The
specific charge of 161 Ah/kg for as-prepared PANi/V,05 (Fig. 3a) is
higher than that measured for the V,05-H,O xerogel, dried at 100°C
(124 Ah/kg) and is close to that of the V,Og xerogel dried at 250°C
(183 Ah/kg). After amild thermal treatment of 5 h at 80°C under O,
the PANI/V,05 hybrid materials produced a substantially improved
result with a specific charge of 302 Ah/kg (Fig. 3b), corresponding to
2.72 electrons per formula unit [(CgH4N)g 6V 205-0.3H,0].

These results have several implications. First, they show the great
importance of mild thermal treatment under oxygen in optimizing
the specific charge of our hybrid material's. Second, we can conclude
that our hybrid material shows a specific capacity much higher than
that of the corresponding V,O5 xerogel treated at the same tempera-
ture. Polyaniline must play a central role in the improved specific
charge asit isitself an electrochemically active component (see the
following discussion).

We have also screened different conditions for the thermal treat-
ment of the hybrids in order to determine the effect in their initial
capacity. We treated the samples under oxygen, during different peri-
ods of time (5, 15, and 24 h), and at different temperatures (80, 110,
and 145°C). The results obtained are summarized in Fig. 4 by plot-
ting the specific charge obtained for the first discharge of each
hybrid material as afunction of their treatment time. In al cases we
used a dow discharge rate (C/48) to analyze the materials under
close-to-equilibrium conditions. Figure 4 shows a drastic change in
the specific charge of the different samples. Higher values are ob-
tained for sample treated at 80°C for short periods of time, with a
treatment of 5 h leading to the highest values of 302 Ah/kg.

In order to determine why these treatments so drastically affect
the capacity of the hybrid materials, we have analyzed plots of incre-
mental capacity (dQ/dV) for the discharge curves of each of the dif-
ferently treated materials. Figure 5 shows incremental capacity plots
calculated from the first discharge curve of each sample. Included
are the as-prepared hybrids PANi/V,05 without treatment (Fig. 5a)
and hybrids after different treatments (Fig. 5b-d), aswell astheV,05
xerogel aone for comparison (Fig. 5€).

Let usfirst compare the incremental capacity curve of the hybrid
as prepared (Fig. 58) with that of V,0g (Fig. 5€). The former pre-
sents a sharp peak at 2.55V with a shoulder at about 2.3V (Fig. 5a),

4,01 c a) V205 100°C
b) PAniV:0s NO treated
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= 3,59 c) V:05-250°C
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Figure 3. First discharge (C/48) obtained for (a) V,O5 xerogel dried a 100°C,
(b) hybrid PAni/V,05 as prepared, without treatment, (c) V,O5 xerogel dried at
250°C, and (d) hybrid PAni/V ,Og treated at 80°C for 5 h. The indicated values
of x were calculated for the formula Li,(CgH4N)q 6V 205:0.3H,0 for curves (b)
and (d) and for Li,V,05yH,O for curve a(y = 1) and for curvec (y = 0.5).
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Figure 4. Specific charge vs. oxygen treatment for the hybrid PAni/V,O5
during the first discharge at C/48. Treatments at (@) 30, (H) 50, (A) 80, (V)
110, and (®) 145°C, (%) hybrid without treatment.

which is absent in the case of theV ,05 xerogel and can therefore be
assigned to the electrochemical activity of polyanilinein the hybrids.
A broader pesk at 2.9V is common to al samples; it is present for
all the hybrids and also for V,05 at the same voltage and should be
assigned to the inorganic polymer. In fact, the incremental capacity
curve of V,05 xerogel presents aso a second broad peak at 2.6 V
which in the hybrids is obscured by the sharp feature associated to
PAnNi activity.

A second important conclusion can be reached from the incre-
mental capacity curves in Fig. 5 and their evolution with the tem-
perature and length of thermal treatments. Comparing the series in
Fig. 5b, ¢, and d we can see the collapse of the sharp PAni peak at
255 V as temperature increases. The electrochemical activity of
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Figure 5. Incremental capacity curves (dQ/dV) calculated from the corre-
sponding first discharge curves of a series of PAni/V,05 samples subject to
different thermal treatments: (a) hybrid PAni/V,Og after synthesis, (b) (c),
and (d) hybrid PAni/V,05 with oxygen trestment as indicated, and (€)
V,05-H,0 xerogel.

PANi but not that of V,0O5 appears to decrease in going from treat-
ments at 80-110°C and finally to 145°C. After treatments at that tem-
perature the electroactivity of the hybrid appears to be reduced to
just that of V,Os. Although these temperatures are too low for the
complete decomposition of PAni, we must assign this decrease in
activity to a degradation of polyaniline affecting its redox chemistry
and electrochemical activity, a degradation which was also apparent
from changesin the IR spectra of samples of hybridstreated at mild-
ly high temperatures (see Fig. 2).

Comparison of incremental capacity plots for samples with and
without PAni electroactivity alow for an approximate estimate of
the contribution of PAni and V,Oy to the total capacity. For this pur-
pose we have used curves for samples treated for 15 h at 80°C and
for 24 h at 145°C (chosen due to the comparable magnitudes of the
peak at 2.9V in each) (Fig. 5). From the difference of specific charge
of both curves we estimate the contribution of PAni to be ca. 20% of
thetotal capacity for sampleswith full PAni activity (i.e., those treat-
ed at 80°C). This leads to a contribution per formula unit for
60 Ah/kg (0.55 e-) for PAni and 242 Ah/kg (2.18e-) for V,0s. con-
sidering that there are 0.6 aniline rings per formula unit, this results
in 0.9e- per ring in the case of PAni and 2.18 e- per V,05 in the
hybrid. These values are larger than for samples of the gel aone
treated under comparable conditions as the hybrid, which indicates a
synergic behavior between PAni and V,Og in the hybrid materials.

On the other hand, the characteristics of these hybrid materials
are very much dependent on the particular synthetic conditions.
When synthesis is carried out under the exact conditions described
in the Experimental section, we have found the materials can be pre-
pared reproducibly.

We must note that our results differ somewhat from previous re-
ports on the performance of PANi/V,05 materials as lithium-inser-
tion cathodes. Nazar et al. have reported values of 165 Ah/kg (at con-
stant current or 370 Ah/kg at galvanostatic intermittent lithiation at
~C/12) for these materials after treatments at 150°C/8 h under oxy-
gen, but we have found those temperatures to be too high for our
materials and have attained higher specific charges for samplestreat-
ed at lower temperatures.

Finally, we mention preliminary results concerning the cyclabili-
ty behavior of the PAni/V,Og hybrids. Thisis an aspect which has not
been addressed in previous articles by other groups, but it is of con-
siderable importance. Figure 6 shows the variation of specific charge
of the materials with the number of cycles. This results are probably
better than those previoudly obtained for V,O5 xerogels with a simi-
lar thermal history and water content as our hybrids.>"91258 yet our
data show a slow but continued decrease in specific charge and point
out the need for an improved cyclability of these materials.
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Figure 6. Variation of the specific charge of PAni/V,05 hybrids with the
number of cycles. Data shown are for the material as prepared and after treat-
ment at 80°C (C/48 rate).
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Conclusions

We have used the hybrid PAni/V,05 of formula
(CeH4N)g 6V 205°0.3H,0 as the active cathode material in reversible
lithium cells. An optimized procedure for the synthesis of this hybrid
leads to a material with a specific charge as prepared of 161 Ah/kg at
low discharge rate (C/48). Further thermal treatments of the hybrid
under oxygen can substantially improve this result. A mild treatment
at 80°C for 5 h results in an improved specific charge of 302 Ah/kg
at the same discharge rate, which correspondsto the insertion of 2.72
lithium ions per formula unit (CgH4N)geV-05:0.3H,0. With an
average voltage of 2.7 V, this leads to an energy density of
815 Wh/kg. Under higher discharge rates of C/12, the corresponding
value of specific charge is 200 Ah/kg (540 Wh/kg energy density).
Heating at high temperatures |eads to a poorer performance associat-
ed with the suppression of the electrochemical activity of PAni in the
hybrid material.
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