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Abstract

This study reports the electrochemical characterization of non-stoichiometric LiMn,O, spinels (commercial and home-made via the sol—
gel route) covered by poly(3.4-ethylenedioxythiophene) (pEDOT) chemically grown on the oxide particle surface and of spinels without
polymer covering for use in lithium-ion batteries. The results demonstrate that the pEDOT covered spinels can be suitable electrode materials
without addition of conducting carbon, and that they display a slightly higher stability upon cycling than the corresponding spinels without
pEDOT covering, indicating a moderate barrier effect of pEDOT which protects the inorganic particles from degradation.

© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Conducting polymer; Li-ion battery; pEDOT; Non-stoichiometric spinel

1. Introduction

The spinel LiMn,O,, which has been defined as a “green”
material for its non-toxicity, abundance and low-cost, has
been recognized as a suitable alternative cathode to LiCoO,
in lithium-ion batteries and has been the focus of growing
research activities to investigate and overcome its drawback
of high capacity fading, particularly at high temperature, in
ethylene carbonate-dimethyl carbonate-LiPFg, electrolyte,
which is widely utilized in lithium-ion batteries [1-4].

Our research is focused on the development of new
composite electrodes based on LiMn,0, spinels and thio-
phene-based electronically conducting polymers operating
at4 Vin which the polymer serves both as conducting agent
and as binder and, given its electroactivity in the potential
range of LiMn,QOy4, contributes to the composite capacity.
We selected two types of LiMn,O,4, one from Honeywell
and the other home-made by sol—gel procedure (both can be
written as Li; g;Mn; ¢9704). Non-stoichiometric spinels
ensure cell parameters that prevent the Jahn-Teller effect.
Several factors are recognized as responsible for the capa-
city fading of LiMn,Qy, such as the Jahn-Teller distortion,
the dissolving of manganese Mn*" (Mn*" arise from the
disproportionation reaction of Mn>" that is induced by HF
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present in LiPFg-based electrolytes) and electrolyte decom-
position. Different strategies to minimize the spinel capa-
city loss have been pursued, such as partial substitution of
manganese cations with others and of oxygen with fluorine
and by altering the surface chemistry of the spinel particles
by inorganic materials [2,5,6]. The in situ polymerization of
conducting polymer on LiMn,Oy, is another feasible strat-
egy because of the oxidative properties of lithium manga-
nese oxides in an acidic medium. The growth of polypyrrole
on LiMn,O4 operating at4 V [7,8] and of pEDOT into V,05
[9] has already been investigated. By pursuing this strategy,
we produced and characterized a composite based on a non-
stoichiometric spinel and poly(3,4-ethylenedioxythio-
phene) (pEDOT) operating at 4 V [10] for the first time.
We found that this was the best procedure among those
tested for composite electrode preparation with pEDOT
because it assures good electric contact between the inor-
ganic particulate and the organic conductor, which enables
the electronic charge transfer to lithium manganese oxide.

The present paper deals with non-stoichiometric spinels
covered by pEDOT chemically grown on the oxide particle
surface to prevent direct contact of manganese oxide with the
electrolyte. The results of galvanostatic charge/discharge
cycles and impedance spectroscopy measurements on elec-
trodes based on pPEDOT-covered commercial and home-made
Li; 9;Mn; o704 spinels, the latter prepared via the sol-gel
route, are reported and compared to those of electrodes based
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on spinels without polymer covering to investigate the effi-
cacy of a polymer barrier to electrolyte.

2. Experimental

The Li; g;Mn; 9704 was prepared by sol-gel procedure
after [11] starting from lithium and manganese acetates
and glycolic acid as a chelating agent. The product was
calcined at 750 °C for 10 h; the commercial Li; o;Mn; 9704,
with 3.54 as the average Mn oxidation number, was provided
by Honeywell GmbH. The particle size of both spinels, SG
and HW, evaluated by SEM, was ca. 0.5 um. The in situ
preparation of the polymer Li; 3;Mn; ¢7;04/pEDOT composite
was carried out as described in [10] by oxidation and sub-
sequent polymerization of the EDOT on the Li; o;Mn; 9704
particles promoted by the lithium manganese oxide itself,
given its oxidative property. The amount of polymer in the
Li; g;Mn; 9;04/pEDOT composite was evaluated from TGA
measurements. Li; ojMn; 9704 is also indicated infra with the
simplest LiMn,0, formula.

Different types of composite electrodes were prepared by
lamination, at room temperature with a home-made roll
lamination apparatus, on current collectors (Al grid covered
with carbon, Al/C) of pastes prepared by mixing the com-
ponents in a small amount of absolute ethanol; the electrodes
were then dried at 80 °C under vacuum for several hours
before use. Carbon Super P (MMM carbon) with a 40 nm
particle size was used as conductive agent in conventional
composite electrodes, and a mixture of carboxymethylcel-
lulose sodium salt (Aldrich) and Teflon™ (Du Pont) was
used as binder. The polymer composite electrodes with
pEDOT as conductive agent were prepared (with and with-
out binder) with sol-gel or Honeywell Li; o;Mn; 9704 cov-
ered with pEDOT and were indicated as SG/P and HW/P
composite electrodes. The conventional composite electro-
des with carbon as conducting agent were prepared both
with electrosynthesized pEDOT (pEDOT electrochemical
synthesis as described in [10]) and indicated as pPEDOT/C
composite electrodes, and with the sol-gel or commercial
Li; 9;Mn; 970, indicated as conventional SG/C or HW/C

Table 1

composite electrodes. The cells were tested at 32, 55 or
75 °C (£1 °C) using conventional air thermostatic ovens.
Table 1 summarizes the different electrode compositions,
which are labeled with different lower case italic letters and
given in w/w%. The loading of the composite electrodes was
in the range 15-25 mg cm ™~ of LiMn,O,.

The composite electrodes were assembled in dry-box as
per [10] in a “T-shaped” three-electrode Teflon™™ cell with
Li in excess as counter electrode, Li as reference and
Whatman GF/D glass separator in EC:DMC 2:1-LiPFq
1 M (Merck LP31). Charge/discharge galvanostatic cycles
were performed, with cut-off potentials for the working
electrode set versus Li (reference); impedance measure-
ments were carried out in three-electrode mode with a
5mV ac perturbation in the 100 kHz to 10 mHz range,
recording 10 points/decade. The electrochemical tests were
performed with a Perkin-Elmer VMP multichannel poten-
tiostat/galvanostat, an EG&G PAR 273A potentiostat/gal-
vanostat and an EG&G Solartron 1255 frequency response
analyzer.

3. Results and discussion

The electrochemical characterization of composite elec-
trodes started with cyclic voltammetries (CVs) in order to
select the cut-off potentials of the charge/discharge galva-
nostatic cycles on the basis of the redox potentials of the
electroactive materials. Fig. 1 shows the CVs of a polymer
SG/P-c electrode at 0.1 mV s~ ' and of the pEDOT/C elec-
trode (pEDOT 80%, carbon 16.5%, binder 3.5%) at
1 mV s '. The CV of SG/P-c still shows the two oxidation
peaks and the corresponding reduction peaks typical of
the reversible two-step transformation from LiMn,O, to
A-MnO,. The CV of pEDOT/C indicates that we can turn
the pEDOT electroactive properties to advantage in the 3.4—
4.25 V range versus Li, 24 mAh g~ of pEDOT being the
delivered capacity of the pEDOT/C electrode in this poten-
tial range, although the pEDOT can work in a wider potential
window with a capacitor-like behavior [10]. Fig. 2 reports
the delivered charge cycling stability of the pEDOT/C

Electrode compositions (w/w%), average capacity values in mAh g’1 of composite (Qg,composite) and of LiMn;Oy4 (Qq Livn,0,) from galvanostatic charge/
discharge cycles at C/5 between 3.4 and 4.25 V vs. Li (reference) in EC:DMC 2:1-LiPFs 1 M of conventional and polymer composite electrodes at 32 °C

Preparation code LiMn,O,4 (%) pEDOT (%) C (%) Binder (%) Qd.composite (MAD g’l) QdLiMn,0, (MAh g’l)
SG/P-¢ 76.2 20.3 - 3.5 90 118
SG/P-d 79.0 21.0 - - 78 98
SG/C-a 84.7 - 8.4 6.9 98 116
SG/C-¢ 75.0 - 21.5 3.5 90 120
HW/P-¢ 75.0 21.5 - 3.5 83 110
HW/P-d 71.7 22.3 - - 79 101
HW/C-a 84.3 - 8.3 7.4 89 106
HW/C-b 81.5 - 15.0 3.5 98 120
HW/C-c 75.0 - 21.5 3.5 99 132
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Fig. 1. CVs in EC:DMC 2:1-LiPFs 1M of a SG/P-c (15.4 mgcm 2
LiMn,O,) at 0.1 mV s~ ! and of a pEDOT/C (pEDOT 80%, carbon 16.5%,
binder 3.5%, 19.5 mg cm 2 pEDOT) at I mV s~ .

composite electrode to repeated galvanostatic charge/dis-
charge cycles at 2.1 mA cm ™~ between 3.4 and 4.25V
versus Li and demonstrates the high cycling stability of
pEDOT/C (25 mAh g~', >99% coulombic efficiency).

To determine the optimum performance of the two
selected spinels, galvanostatic charge/discharge cycles at
C/5 between 3.4 and 4.25V versus. Li (reference) were
carried out on composite electrodes of different carbon-to-
LiMn,0, mass ratio. In addition to the electrode composi-
tion, Table 1 shows the average capacity values (average of
three to four electrodes) calculated from the second cycle at
C/5 in mAhg™' of composite and of LiMn,O,. These
capacity data show that while in the case of HW/C the
increase of the carbon-to-LiMn,0, ratio results in better
performance of LiMn,0y, in the case of SG/C the carbon-to-
LiMn,O, mass ratio appears to influence the electrode
performance less. The capacity values of polymer composite
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Fig. 2. Capacity at different galvanostatic charge/discharge cycles of a
pEDOT/C (pEDOT 80%, carbon 16.5%, binder 3.5%, 19.5 mg cm ™2
pEDOT) in EC:DMC 2:1-LiPFg 1 M at 2.1 mA cm™ in the 3.4-4.25V
potential range.
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Fig. 3. Galvanostatic charge/discharge cycles of a polymer SG/P-c
composite electrode (18.1 mg cm ™2 LiMn,0,) and of conventional SG/C-¢
composite electrode (18.6 mg cm 2 LiMn,0,) (a) at 0.51 mA cm 2 (C/5,
solid line) and at 0.53 mA cm ™2 (C/5, dotted line), respectively; and (b) at
2.58 mA cm 2 (1C, solid line) and at 2.64 mA cm ™2 (1C, dotted line),
respectively.

electrodes referred to the LiMn,O, mass are overestimated
in that they also contain the pEDOT contribution of ca.
5mAh g~ of composite [10]. Table 1 also reports the data
of polymer electrodes without binder additive (HW/P-d and
SG/P-d), which show that pEDOT can function also as
binder; however, the performance of these electrodes has
to be optimized by improving the adhesion of these com-
posites to the current collectors.

Fig. 3 shows the voltage profiles from galvanostatic
charge/discharge cycles at C/5 and 1C of a conventional
SG/C-c electrode and of a polymer SG/P-c electrode with a
similar ratio between conductive additive (carbon or
pEDOT) and LiMn,0,. The voltage profiles clearly show
that the electroactivity of pEDOT contributes to the charge/
discharge processes throughout the potential range. Indeed,
the polymer SG/P-c¢ electrodes, unlike the conventional
SG/C-c, begin to be charged at potentials lower than 3.9 V
versus Li and discharged at potentials lower than 3.8 V
versus Li. The data indicate that pEDOT is a good con-
ductive agent; a likely different morphology of SG and HW
precursors may affect the homogeneity of the polymer’s
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growth in the corresponding polymer composites, which in
turn reflects on the efficacy of pEDOT as conducting agent.
In the case of commercial LiMn,0O, nanometric carbon
assures better electric contact among LiMn,O, particles.
Because of the higher porosity of the carbon compared to
that of pEDOT, a better electrolyte permeability can be
envisioned in the composite cathode with carbon as con-
ductive additive. On the other hand, a higher electrolyte
permeability in the composite cathode may adversely
affect the cycling stability, while in the less porous polymer
composites pEDOT may act as a barrier to the electrolyte
and protect LiMn,0,4 from the degradation promoted by
HF in EC-DMC-LiPFg.

Repeated galvanostatic charge/discharge cycles at 1C at
32 and 55 °C on polymer composite electrodes were per-
formed and, on the basis of 100 cycles, the capacity fading of
these electrodes was evaluated. For comparison, the same
tests were carried out on conventional composite electrodes
and the results are reported in Table 2, which lists the
average capacity values (average of three to four electrodes)
of the initial cycles at 1C, the percentage average capacity
fade throughout 100 cycles evaluated between the cycle with
maximum capacity and the 100th cycle, and the working
temperature. Fig. 4 compares the capacity values delivered
at different cycle numbers by polymer and conventional
composite electrodes based on sol—gel non-stoichiometric
spinel. A certain dispersion of capacity and coulombic
efficiency (see figure caption) may be ascribed to gaseous
products inside the cell. The data in Table 2 and Fig. 4
indicate that pEDOT has a moderate barrier effect on
LiMn,O,, which is more marked for HW/P than for SG/P.

Efforts to better understand the capacity fade phenomena
of the composite electrodes during cycling were made by
studying the discharge voltage profile modifications upon
cycling. Lithium insertion/extraction in LiMn,O,4 spinel
occurs in two steps: a two-phase process around 4.1V, in
which two cubic phases coexist, and a single phase process
around 3.9V, where the cubic lattice parameter varies

Table 2

Average capacity values of composite electrodes in mAh g~' of composite
(Qd.composite) and of LiMn;O4 (Qq Limn,0,) from galvanostatic charge/
discharge cycles at 1C between 3.4 and 4.25V vs. Li (reference) in
EC:DMC 2:1-LiPFg 1 M, and capacity fade over 100 cycles

Preparation Qd,cnmpnsile Qd,LiMﬂ204 T(°C) CaPaCity fade in
code (mAhg")  (mAhg™") 100 cycles (%)
SG/P-¢ 84 110 32 22

SG/P-d 55 70 32 27

SG/C-c 83 111 32 24

SG/C-¢ 81 108 55 38

HW/P-¢ 72 96 32 24

HW/P-c 71 95 55 33

HW/P-d 73 93 32 20

HW/C-¢ 89 119 32 32

HW/C-¢ 87 116 55 30
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Fig. 4. Capacity at different galvanostatic charge/discharge cycles at the
same C-rate 1C and 32 °C of (@) a polymer SG/P-c composite electrode
(15.4 mg cm 2 LiMn,0y at 2.20 mA cm ™2, 5 = 99.6%, S.D. = 0.8) and of
(O) a conventional SG/C-c¢ composite electrode (19.4 mg em ™2 LiMn,O,
at 2.75 mA cm 2, § = 97.3%, S.D. =0.9).

continuously [12-14]. The capacity fade upon cycling
may be due both to the dissolving of the lithium manganese
oxide promoted by electrolyte decomposition products and
by the losses in the charge transfer process due to the
formation of inactive sites to intercalation and/or of products
inhibiting the active sites. In the former case, a proportional
decrease for the charge involved in the two discharge
plateaus is expected. In the latter, the ratio between the
charge related to the 4.1 V plateau and that related to the
3.9 V plateau should vary.

Table 3 lists for different polymer and conventional
composite electrodes the capacity values for the 10th and
the 100th galvanostatic discharges (Qq rimn,0,), the stoichio-
metric coefficient for the total discharge process (x, calcu-
lated by taking 136 mAh g~ ' as the theoretical capacity of
the non-stoichiometric spinels), the capacities involved in
the two processes at 4.1 and 3.9 V (Q' and Q"), the lithium
fractions involved in the processes at 4.1 and 3.9 V (x’ and
x"), the differences in these parameters between the 100th
and the 10th cycles and, for prompt comparison, the per-
centage capacity fade over 100 cycles evaluated as in
Table 2. The end point of the discharge plateau at 4.1 V
was evaluated by the derivative of the discharge potential
profiles with respect to the involved capacity and taking the
minimum of the dV/dQ4 versus Qg curves. The data in
Table 3 show that the greater capacity decrease between
the 100th and the 10th cycles occurs in the 4.1 V plateau,
given that Ax’ values are higher than Ax” for all the
composite electrodes. Note that the fraction of charge
involved in the 3.9 V plateau is the same for all the electro-
des and remains almost constant (small Ax” values) over
cycling. It thus appears that the manganese’s dissolving is
not the main cause of the capacity fade, given that if the
manganese had dissolved, even the capacity involved in the
3.9V plateau would have decreased proportionally. The
home-made sol-gel LiMn,0, shows improved stability with
respect to commercial LiMn,04 and the pEDOT covering
has a beneficial effect on the inorganic oxide particulate,
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Table 3

Average capacity values for the 10th and the 100th galvanostatic discharges (Qq Limn,0,) at 1C and 32 °C, stoichiometric coefficient for the total discharge
process (x), capacities and Li fractions involved in the processes at 4.1 and 3.9 V (Q’, ¥/, Q" and x'), differences in Li fractions between the 100th and the 10th
cycle (Ax, AX' and Ax") and the capacity fade over 100 cycles

Preparation Cycle  Total process 4.1V process 3.9V process Ax AX Ax’ Capacity fade in
code 100 cycles (%)
QiLiMm0, X Q' (mAhg™) ¥ Q" (mAhg™") X
(mAhg ™"
SG/P-c 10 1105 0.81 46.3 034 642 0.47 —0.15 0.1  —004 22
100 90.0 0.66 30.9 0.23 59.0 0.43
SG/C-¢ 10 107.4 0.79 44.9 0.33 62.5 0.46 —0.17 0.3  -004 24
100 84.3 0.62 272 0.20 572 0.42
HW/P-c 10 106.9 0.79 41.5 0.31 64.9 0.48 —0.17 —0.13 —0.04 24
100 84.0 0.62 25.0 0.18 59.0 0.44
HW/C-c 10 117.5 0.86 50.5 0.37 67.0 0.49 —0.29 —0.25 —0.04 32
100 78.0 0.57 159 0.12 62.1 0.45
being more evident with commercial LiMn,O4. This sug- surface area of the LiMn,0,4 composite electrodes, given
gests that pEDOT may protect the oxide particles on which it that the corresponding capacitance values are in the order
has been grown, especially from the degradation products of tens of uF cm 2. The related resistance was attributed
which have a detrimental effect on the sites of LiMn,Oy4 to both interparticle electronic contact and ionic migration
which are active at 4.1 V. through the passivation layer and the conducting additives.
To further investigate the capacity fade of LiMn,O,4 This resistance has the most effect on the total electrode
composite electrodes, we examined the modifications of resistance and increases with cycle number and tempera-
their resistive components by impedance spectroscopy. ture, approaching initial values when initial temperature is
Fig. 5 shows the impedance spectra of a polymer SG/P- restored. The reversibility of this phenomenon suggests
¢ composite electrode after different galvanostatic cycles the formation of gaseous products which are detrimental
and at different potentials; for comparison, Fig. 6 shows to the interparticle contact. The medium-frequency semi-
the impedance spectra of a conventional SG/C-c compo- circle resistance was ascribed to the faradic charge process
site electrode at different cycle numbers and temperatures. of LiMn,O, and the parallel capacitance to the charge of
All the impedance spectra show a high-frequency semi- the whole mass of the conducting additives—pEDOT for
circle with a maximum at a frequency of a few kHz, a the polymer composites and nanometric carbon for con-
medium-frequency semicircle (<10 Hz in the case of ventional composites. For both composites the charge
polymer composites, >10 Hz in conventional composites) transfer resistance values are ca. 3—5 Q cm?, and for the
and, at low frequencies, the typical behavior of a diffusion polymer composite electrodes a capacitance value two
process inside the electrode materials. The high-frequency orders of magnitude greater than that for conventional
semicircle was ascribed to the charge of the external composites was estimated. The better separation between
10 — T Tt
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Fig. 5. Impedance spectra in three-electrode mode at 32 °C in the 10 kHz to 10 mHz frequency range of a polymer SG/P-c electrode recorded at 3.9 and
4.1 V vs. Li (reference) after 30 and at 4.1 V after 100 galvanostatic charge/discharge cycles at 1C in the 3.4 and 4.25 V potential range.
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Fig. 6. Impedance spectra in three-electrode mode in the 100 kHz to 10 mHz frequency range (if not differently indicated) of a conventional SG/C-c¢
electrode in the charged state at open circuit potential after different galvanostatic charge/discharge cycles at 1C in the 3.4 and 4.25 V potential range. The
impedance spectra were recorded at 32 °C (A\) and 55 °C (Q) at the end of 100 galvanostatic cycles at 32 °C, at 55 °C (@) and 75 °C () after another 15
cycles at 55 °C and at 32 °C (A) after a further 200 cycles at 75 °C and 5 cycles at 32 °C.

the medium- and high-frequency semicircles for polymer
composite electrodes than for the conventional ones is
explained by the higher time constant of the medium-
frequency semicircle, which is due to the higher capaci-
tance values of the polymer composites with respect to
that of conventional composites. These differences reflect
those in the capacitance values of pEDOT (130 F g~') and
Carbon Super P (3 F g'), which confirm the attributions
we did for the semicircles. In all cases the impedance
spectra evolution with cycle number shows about a 20%
increase of electrode resistance, which results in a
decrease of the potential range for electrode charging
and, hence, in a higher capacity fade at the 4.1 V plateau.
Yet, gaseous product formation which is responsible for
the great resistance increase with temperature in all the
systems, masks the impedance response and makes
difficult the evaluation of the LiMn,O, resistive para-
meters.

4. Conclusions

This work investigates the barrier effect of pEDOT on
LiMn,0, in polymer composite electrodes based on com-
mercial and home-made non-stoichiometric spinels. The
capacity fade of these polymer composite electrodes (22—
24% over 100 cycles at 1C and at 32 °C) is slightly lower
than that of corresponding conventional composite electro-
des with nanometric carbon as conducting additive.
Although the pEDOT covering has a beneficial effect on
the oxide particles, its barrier effect is still insufficient to
satisfy the life-cycle target of lithium-ion batteries.

The analysis of the discharge voltage profiles of all the
composite electrodes indicates that their capacity fade is not
due to the dissolving of Mn>" induced by the electrolyte
degradation products, although the latter affect the 4.1 V
charge transfer process of LiMn,O,.

Further investigations on the pEDOT-covered spinels are
in progress.
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